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Abstract

Vertebral development is a dynamic and complicated process, and defects can be caused by a variety of influences. Spinal curvature with no
known cause (idiopathic scoliosis) affects 2–3% of the human population. In order to understand the etiology and pathogenesis of complex human
skeletal defects such as idiopathic scoliosis, multiple models must be used to study all of the factors affecting vertebral stability and deformity.
Although fish and humans have many of the same types of offenses to vertebral integrity, they have been overlooked as a resource for study. The
most common morphological deformity reported for fish are those that occur during the development of the spinal system, and as with humans,
curvature is a common morphological consequence. Here we review spinal curvature in teleosts and suggest that they are an unexploited resource
for understanding the basic elements of vertebral stability, deformity, development and genetics. Fish can be a value to vertebral research because
they are tractable, have a diversity of non-induced vertebral deformities, and substantial genomic resources. Current animal models lack non-
induced deformities and the experimental tractability necessary for genetic studies. The fact that fish are free of an appendicular skeleton should
allow for analysis of basic spinal integrity without the biomechanical constraints observed in quadrupedal and bipedal models. To illustrate the
point we review human idiopathic scoliosis and the potential contribution teleosts can make for the identification of causes, risk factors, and
treatment options.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Many factors can compromise the integrity of the vertebral
system. Because it is integrated into the body both structurally
and functionally, defects of the spinal system have the potential
to produce complex phenotypes for which the primary causes
are convoluted by secondary phenotypes. Models used so far
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Table 1
Types of progressive/structural spinal deformities in humans⁎ and reported
occurrence in teleosts

Deformity types Observed
in fish?

Circumstances

Idiopathic Yes Curvature in aquarium guppy.
Congenital Yes Many types: seen in

cultured and wild fish.
Neuromuscular Yes Laboratory zebrafish
In association with

neurofibromatosis
No Neurofibroma of the

Damselfish is a model for NF1
in humans, although there are no
reports of spinal curvature.

Traumatic Yes In cultured and wild fish.
Due to infection Yes Mycobacterium (M. marinum,

M. chelonei, M.fortuitum)
Due to tumors Yes In cultured and wild fish.
Miscellaneous conditions:

Deformities in adults Yes Curvature in older aquarium fish.
Spondylolistheses ?

⁎According to the Terminology Committee of the Scoliosis Research Society
(1976).

Fig. 1. A: The curveback phenotype is a primary anterior lordosis (L) and a
secondary posterior kyphosis (K) occurring on the sagittal plane. CTscan shows no
vertebral breaks or fusion associated with curvature (some individuals demonstrate
coronal deviation—not shown). B: Normal fish with sagittal plane and dorsal/
ventral axes shown. Digital photos of anaesthetized adult females taken on a
standard light table under 3Xmagnification, CTscans consist of 350 0.4mm slices.
Images taken at the University of Texas High-Resolution X-ray CT Facility,
(datasets of scans available for view at http://www.digimorph.org/index.phtml).
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are insufficient to study all of the factors affecting spinal
stability and deformity, and thus many of the factors that
maintain basic vertebral integrity are unstudied. With regard to
complex disorders in humans, multiple models are critical for
the investigation and manipulation of etiological factors. The
value of teleosts as tools for biomedical research has rapidly
become recognized, partly because genomic tools have shown
strong human/teleost homology. In this review we discuss the
potential of teleost fish as a tool to fill-in some of the gaps in
human vertebral research. Defects of the vertebral system in fish
and humans have many of the same causes including genetic,
physiological (e.g. calcium regulation), developmental (e.g.
fused vertebrae) and infectious (viruses, parasites) (Table 1). In
fact, the most common type of deformity seen in fish is ver-
tebral, and most of these occur during development (Brown and
Nunez, 1998). Fish systems could be of enormous benefit to
vertebral research because they are tractable, exhibit a diverse
range of deformities, are free from an appendicular skeleton,
and substantial genomic resources have been developed for
several species. Here we review spinal curvature in model
teleosts and suggest that they are an unexploited resource for
understanding the basic elements of vertebral stability, defor-
mity, development and genetics. We illustrate this point by our
research into the mutant guppy curveback (Fig. 1) as a model
for human familial/idiopathic curvature.

2. Spinal curvature in humans

The human spine is normally straight in the coronal plane. At
birth there is a slight kyphosis (dorsally directed sagittal curve)
from the crown of the head to the buttocks. As a consequence of
bipedalism four natural curves develop in the sagittal plane.
Control of the head induces cervical lordosis (ventrally directed
sagittal curve), and standing causes a lumbar lordosis. Therefore
in the normal spine there are cervical and lumbar lordoses and
thoracic and sacral kyphoses (Dickson, 2004). There is natural
variation among individuals for the magnitude of sagittal
curves. Exaggerations of normal curvature are considered
abnormalities when they become dysfunctional.

In addition to exaggerations of innate curvature, aberrant
spinal curvature can be caused by a variety of influences. Con-
sequently, deformities are classified according to their presumed
etiology (Terminology Committee of the Scoliosis Research
Society, a glossary of scoliosis terms, 1976). Each etiological
category is defined by characteristics that are imposed by the
pathophysiology of an underlying condition. Structural curves
are those that have the ability to progress during growth
(Dickson, 2004). Congenital anomalies (curvature caused by
vertebral malformation), idiopathic curvature (curvature with no
apparent cause), neuromuscular disorders, neurofibromatosis,
connective tissue disorders, and skeletal dysplasia are structural
curves specific to the pediatric age group. Although not re-
cognized as an etiological category, (the Scoliosis Research
Society) genetics have been identified as the underlying etiology
in an increasing number of structural curves. Such is the case for
Marfan syndrome, a disorder affecting the connective tissue
(Kumar and Guille, 2001; Coucke et al., 2006), and Friedreich's
ataxia, a disorder affecting neurological control (Labelle, 2001;
Pandolfo, 2006). For curvature such as idiopathic scoliosis and
Scheuermann's kyphosis, a genetic basis is widely accepted but
there is still no established etiology (Ogilvie et al., 2006;
Damborg et al., 2006).

3. Idiopathic scoliosis

Human familial/idiopathic scoliosis represents the largest
subgroup of human spinal curvatures. Eighty percent of all
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structural curves are idiopathic (IS [MIM 181800]) making IS
the most common form of spinal deformity in humans. Gen-
erally, its incidence among otherwise healthy school-age
children is between 0.15%–10.0% (Lonstein, 1995; Axenovich
et al., 1999; Reamy and Slakey, 2001; Asher and Burton, 2006).
Since the deformity was first described by Hippocrates, the
diagnosis, cause and treatment of IS have been the focus of a
great deal of research. However, phenotypic variability, curve
pathogenesis that coincides with dynamic growth, and the lack
of an animal model with non-induced curvature has made it
difficult to identify the etiology. The diagnosis is further
complicated by the fact that (without consideration of teleosts)
idiopathic-type curvature appears to be exclusive to humans.
There is a strong suggestion that IS is not a homogeneous group,
but one that is composed of several other subgroups, the exact
etiologies of which have not been described.

Generally, it is a characterized structural curvature with no
vertebral defects that typically occupies all three planes of the
body (the majority of curves exhibiting coronal deviation). The
deformity has unique characteristics such as, phenotypic vari-
ability for age of curve onset, curve morphology, and rate of
curve progression, and a gender bias for girls to develop severe
curves. Because of variable ages for curve onset, the deformity
is classified on the basis of the child's age when curvature is
first identified; for infantile idiopathic scoliosis (IIS) onset is
before the age of four years, juvenile idiopathic scoliosis (JIS)
from age 4 to 9 years, and adolescent idiopathic scoliosis (AIS)
occurs between 10 years and skeletal maturity (James, 1954).
Generally, the majority of curves that appear during infancy
resolve before sexual maturity is reached, while juvenile onset
IS tends to be progressive. Adolescent onset is the most prev-
alent type of IS. The fact that most cases of IS are diagnosed
between 10–14 years may reflect that AIS is present in a latent
form in younger children who manifest a minor degree of
curvature that develops slowly (Stirling et al., 1996).

Hypotheses for the cause of idiopathic curvature include
differences in growth patterns, connective tissue abnormalities,
asymmetries in the central nervous system, distribution of mel-
atonin and calmodulin, hormonal variation, ectomorphy/spinal
slenderness, diet and posture. Familial clustering (Garland,
1934; Fisher and De George, 1967; Wynne-Davis, 1968;
Riseborough and Wynne-Davis, 1973) and concordance among
monozygotic twins (Kesling and Reinker, 1997; Andersen et al.,
2004) has established a genetic basis as a primary causative
factor (Cowell et al., 1972; Beals, 1973; Harrington, 1977),
although the mode of inheritance is still a matter of debate. One
important outcome of understanding the genetics underlying
idiopathic curvature would be earlier detection. There is not an
established method for detection of curves in growing children.
A recent review of screening methodology showed that the most
common method of curve detection was by family or friends.
The majority of cases detected by such means presented a curve
of such magnitude spinal fusion surgery is necessary (Fazal and
Edgar, 2006). Early detection of curvature may mitigate curve
progression so that non-operative therapies are more effective.

The deformity is complicated by biomechanical and
developmental and possibly genetic variability between indivi-
duals (Miller et al., 2006; Ogilvie et al., 2006). Phenotypic
components such as curve magnitude and morphology,
progression risk, and time of onset can vary within a pedigree.
Segregation analysis using human pedigrees has suggested a
single gene for the major determinant of IS (Axenovich et al.,
1999). However, the study only uses pedigrees with a proband
having a reported curve magnitude of at least 15° (Cobb angle;
unit of measure for lateral deviation of spine in human IS).
Therefore only a portion of the phenotype has been con-
sidered in pedigree studies, which is likely to be an effect of
detection difficulty for curves of slight magnitude. There is little
concordance for identified loci among linkage studies using
human pedigrees (Carr et al., 1992; Miller et al., 1996;
Bashiardes et al., 2002, 2004; Chan et al., 2002; Inoue et al.,
2002; Salehi et al., 2002; Justice et al., 2003; Alden et al.,
2006; Ogilvie et al., 2006; Marosy et al., 2006; Miller et al.,
2006; Sharipov et al., 2006; Wu et al., 2006). To date, the
genetics underlying idiopathic curvature have not been iden-
tified. This is most likely a consequence of several factors,
including: inconsistent pedigree construction between human
studies, an arbitrary consensus threshold for proband curve
magnitude that may obscure true heritability, and the lack of a
genetic model.

It is hypothesized that the three-dimensional nature of IS is a
consequence of secondary biomechanical modifications to a
primary lordosis in the mid-sagittal plane (Roaf, 1966;
Perdriolle and Vidal, 1987; Millner and Dickson, 1996;
Ganey and Ogden, 2001; Burwell, 2003). The human spine
must bear the load of the head while tethered at the pelvis, and
so theories such as ‘column buckling’ or the Heuter–Volkmann
principle have been used to explain the three-dimensional
nature of human curvature (Millner and Dickson, 1996; Schultz
et al., 1984; Burwell, 2003; Stokes et al., 2006). If primary
factors cause an imbalance on the sagittal plane of the vertebral
column, then it is predisposed to collapse onto the coronal plane
and in some cases, vertebral rotation is encouraged by the ribs.
According to Millner and Dickson (1996), although idiopathic
scoliosis is a three-dimensional deformity, the problem is more
one of front–back asymmetry as opposed-to right–left. This
idea has been supported by an observed loss of coupling in the
longitudinal growth between the anterior column and the
posterior column (Cheng, 2003; Guo et al., 2003).

In order to understand components of the IS deformity
phenotype, the spine biomechanics has been extensively mod-
eled in vitro by computer and three-dimensional reconstruction
using mammals such as rabbits, goats, and pigs. However,
because curve pathogenesis coincides with development,
simulation modeling can elucidate only a fraction of the entire
deformity. Rates of curve progression and biomechanics are
mitigated by individual morphology, relative growth rate, and
age of curve initiation (Stokes and Windisch, 2006). Hetero-
geneity among patients in different studies has further com-
plicated an innately variable morphology (Escalada et al.,
2005). Attempts to classify a curve's morphology before skel-
etal maturity can be complicated by progression of the primary
curvature and/or the development of secondary curves (Robin-
son and McMaster, 1996).
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4. Animal models for human idiopathic scoliosis

The suggestion that human biomechanics or physiology can
modify primary etiological factors, and the possibility that
human IS may consist of many etiological subgroups, implies
that more than one type of model will be necessary to address all
levels of the complex IS phenotype. Models used to study the
pathogenesis of IS curvature rely on induced curvature and are
therefore limited (Braun et al., 2006); it is controversial whether
conclusions made from such experiments relate to primary or
secondary influences for curvature (reviewed in Kawakami
et al., 1999). In animals with non-induced curvature the type of
scoliosis studied is congenital to other conditions (e.g. hens,
Ruble et al., 2002; scoliosis mouse, Adham et al., 2005), or
occurs in sexually mature animals (Riggins et al., 1977; Naique
et al., 2003), and thus doesn't reflect the human condition.
Because heritable, developmental, idiopathic spinal curvature
has been exclusive to humans, it has been hypothesized to be a
consequence of bipedalism (Burwell et al., 1992; Machida et al.,
1999).

Current developmental modeling is further complicated by
the fact that most of the animals used thus far are quadrapedal.
In these animals, the structure of the spine and the center of
gravity are radically different from humans (Mack and Green-
berg, 1990; Kawakami et al., 1999; O'Kelly et al., 1999).
Despite the fact that the vertebral anatomy of the bird is grossly
different from that of non-avian vertebrates (e.g., no interverte-
bral discs, multiple fused vertebrae), the pinealectomized
chicken is the most common animal model of IS. This is
largely because pinealectomy induces spinal curvature in most
chickens, and because chickens are bipedal. Pinealectomy in
hamsters and monkeys does not induce curvature (O'Kelly
et al., 1999; Cheung et al., 2005). Pinealectomized rats do not
demonstrate spinal curvature unless they are made bipedal
(Machida et al., 1999). Likewise, mice made melatonin-de-
ficient without pinealectomy do not show spinal curvature
unless they are made bipedal (Machida et al., 2006). Due to
conflicting results between human and chicken studies, whether
melatonin plays a role in the formation of curvature is also a
topic of debate (Bagnall et al., 1996). The forces that act on a
bipedal spine are different than those acting on a quadruped. It is
not clear whether genes for idiopathic-type curvature are present
in terrestrial animals but constrained by quadrupedal biome-
chanics, as the studies using the bipedal rat suggest, or if the
primary etiology is exclusive to humans. As all animals used in
orthopaedic modeling thus far are quadrupedal, the latter
assumption has been favored.

Fish are ideal models for studying vertebral deformities. The
most common deformities among teleosts are those that occur
during development of the spinal system, and humans and fish
share many etiological factors for non-idiopathic types of
curvature (Table 1), demonstrating general homology for spinal
deformity. Importantly, pinealectomy in the guppy and salmon
induces spinal curvature with a physiological response the same
as in chickens (Plugfelder, 1953; Mayer, 2000; Fjelldal et al.,
2004), the most common model of IS. Furthermore, the teleost
spine is not weight-bearing, due to buoyancy provided by the
swim bladder combined with the density of water (Fjelldal et al.,
2004). Therefore, fish present the opportunity to investigate
factors that influence curvature without the constraints of
quadrupedal or bipedal biomechanics. Factors that influence
human curvature such as gravity, vertical loading, rib as-
sociation and lumbar tethering can be omitted from the equation
of possible influences for curve progression, thereby illuminat-
ing important primary correlates.

5. Spinal curvature in model teleosts

The abundance of spinal deformities among fish suggests
their innate power to reveal important variables for basic spinal
stability and deformity. To illustrate the point, in Fig. 2 we
review 63 studies from over 20 species showing vertebral
deformities. Types of deformity commonly seen are lordosis,
kyphosis, scoliosis, and broken/cracked vertebrae. Causes can
be physical injury, environmental, nutritional, infection, or
genetic (Fig. 2). Until recently, the ontogeny of fish spinal
curvatures in non-model teleost species has received relatively
little attention and most studies have been largely descriptive.
Consequently, few deformities have been explored beyond the
level of association with particular causative factors (Brown and
Nunez, 1998).

Among Euteleosts, the model fish species guppy (Poecilia
reticulata), medaka (Oryzias latipes) and swordtail (Xiphophorus
maculatus) have been shown to exhibit similar (although not
characterized in swordtail) spontaneous spinal curvature mutants
(Fig. 3). Curvature in these closely related teleosts is similarly
described as a primary dorso-ventral deviation (lordosis and/or
kyphosis), with some fish exhibiting coronal curvature and
vertebral rotation. Clear and stain of medaka wavy and guppy
curveback mutants shows normal vertebrae, and as with human
idiopathic curves, the vertebral centra are warped at the point of
greatest curvature (curve apex) in severe curves (Takeuchi, 1960;
Fig. 1). Historical characterization of non-induced spinal
curvature in the guppy and medaka has been largely descriptive,
with particular focus on inheritance, calcium and phosphorous
ratios in the vertebrae, and tissue analysis (Harrison, 1941;
Rosenthal and Rosenthal, 1950; Rosenthal, 1953, 1954,
Rosenthal et al., 1958; Takeuchi, 1960; Marquet and Sobel,
1969). The fusedmedaka mutant and the stubby and palla guppy
mutants are similarly described as fusion of a variable number of
vertebrae that causes shortening of the spine (Aida, 1930; Schultz,
1963; Lodi, 1978).

A review of the curve phenotypes in Fig. 3 suggests that
multiple genes are associated with curvature, and that some of
the genes may be conserved between medaka and guppy. The
wavy medaka, hunchback swordtail, and curveback guppy
phenotypes have a very similar curve morphology (primary
lordosis/kyphosis), inheritance pattern, as well as trait expres-
sivity (variable penetrance for magnitude of lordosis and
kyphosis). Conservation of gene function has been confirmed
among orders of Euteleosti (Sato et al., 2000), and so it is not
unreasonable to assume that the guppy, swordtail, and medaka
share genes involved in the spinal curvature phenotype. Both
the guppy and medaka genomes have been shown to have
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Fig. 2. Spinal deformities in fish can be caused by a variety of inf luences. Shown here are general categories for insults to vertebral integrity. Because spinal
deformities are so prevalent among fishes, this is not an exhaustive list of publications.
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strong homology with the swordtail genome (Brummel et al.,
2006). The fact that guppy and medaka also exhibit the heritable
fused/stubby vertebral mutants with strong phenotypic and
genetic similarity, further suggests conserved genes for
vertebral development and function among these species.
Interestingly, the zebrafish model is more distantly related
than the guppy and medaka (i.e., is not a Euteleost: Crollius and
Weissenbach, 2005), and has no incidence of heritable,
idiopathic-type curvature. This may be a reflection of genetic
differences, as zebrafish have different copy-numbers and
expression patterns for important developmental genes than
medaka and pufferfish (Schartl, 2004; Gajewski et al., 2006;
Kurosawa et al., 2006).

Differences in curve morphologies and inheritance patterns
between species and/or strains of fish could either indicate
modifying genes or modified expression patterns of the same
genes involved in the phenotype. With all curve phenotypes,
genetic complexity is apparent in curve morphology and the
time of curve onset. As seen in Fig. 3, there are single factor
recessive and complex inheritance patterns observed in different
populations of swordtail and guppy. Analysis by Harrison
(1941) of hunchback guppies revealed two curve phenotypes
with different inheritance patterns, although they segregated in
the same pedigree. The curve phenotype associated with com-
plex inheritance demonstrated a greater propensity for coronal
deviation, and later onset (around 50 days past birth), than
curves that were apparent at birth. Curves present at birth
showed Mendelian recessive inheritance and curvature that
increased steadily with growth. Studies by Rosenthal (1951)
and Goodrich et al. (1934) describe Mendelian recessive
inheritance for curvature present at birth in guppies, but
mention individuals for whom curvature matures after birth
and exhibits a different and more complex inheritance pattern.
However, no further analysis was published. Ando et al. (1995)
demonstrated that different curve morphologies within strains
of guppies are correlated to differential segregation of genetic
markers, demonstrating that multiple genes account for some
curve phenotypes. Furthermore, there are two deformities
involving fused vertebrae in the guppy, one with dominant
inheritance, and one recessive. These studies demonstrate the
genetic complexity of basic spinal stability, reinforcing the
contribution of teleosts to the study of the genetic basis of spinal
deformities.

The studies in Fig. 3 indicate that spinal curvature does not
hinder fitness in laboratory conditions (e.g., lifespan, feeding,
activity). Although not correlated to the propensity for curvature,



Fig. 3. A summary of the research conducted on model teleosts with regard to heritable spinal curvature. For further reading regarding: Medaka fused spinal mutants:
Aida, 1930; Ogawa, 1965. Medada wavy spinal mutants: Aida, 1930; Takeuchi, 1960. Swordtail spinal mutants: Gordon, 1934; Rosenthal, et al., 1958 Guppy spinal
mutants: Lodi, 1978 (palla); Schultz, 1963 (stubby); Harrison, 1941 and Goodrich, et al., 1943 (hunchback); for lordosis in guppies: Rosenthal and Rosenthal, 1950;
Rosenthal, 1951, 1953, 1954, 1958; Marquet and Sobel, 1969; Ando, et al., 1995.
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the eggs of the wavy medaka mutant strain are “weaker” than
normal fish eggs and tend to die during embryonic development
(Takeuchi, 1960). There are no differences in the embryonic
development of the lordotic and normal guppies (Rosenthal,
1953). Rosenthal's report (1951) of semi-lethalism in the male
lordotic guppy is questionable, because he compares the inbred
lordotic guppy strain to wild-caught guppies. Our experience in
the lab with guppies is that fecundity decreases in general as
laboratory strains become more inbred, and thus the lower
fecundity may reflect the inbreeding during the maintenance of
the lordotic lines.

Chemical analysis in curved fish has focused on calcium
and/or potassium levels of vertebral structures and embryonic or
larval calcification (Harrison, 1941; Rosenthal and Rosenthal,
1950; Rosenthal, 1953, 1954, 1958; Rosenthal et al., 1958;
Takeuchi, 1960). Although calcium and potassium levels during
guppy embryogenesis are not different among fish in lineages of
lordotic guppies (Rosenthal, 1953), Rosenthal suggests that
there is an alteration of calcium metabolism in the vertebrae but
not muscle of adult curved fish (1954, 1958). Abnormal calcium
metabolism has been suggested as a possible component of
human IS (Cheung et al., 2006). Excess crystalline inclusions
were found in the endoplasmic reticulum and nuclear envelop of
the spinal cord oligodendroglia of curved guppies (Marquet and
Sobel, 1969). This is interesting because virus-like particles
have been noted in the paraspinal muscle of humans with
idiopathic scoliosis (Webb and Gillespie, 1976; Green et al.,
1979). It is possible that the crystalline inclusions in guppies are
an indication of excess cellular protein. Whether the human
particles indicate a similar cellular process or are an indication
that general cellular disruption can cause curvature has not been
investigated. Morphological analysis in the wavy medaka such
as spine ratios or vertebral structure was measured. In the wavy
mutants the length of the vertebral column is the same as in
normal medaka, but vertebral spines are shorter on the convex
side of curvature (Takeuchi, 1960).

Growing research in fish vertebral ontogeny, a history of
genetic and molecular research regarding spinal curvature of
model teleosts, and the growing field of comparative genomics
can make model teleosts valuable for human vertebral research.
Without many of the complications that have been observed in
previous models, fish offer an opportunity to explore the basic
elements of vertebral stability and deformity. Comparisons
between the human genome and that of non-mammal ver-
tebrates such as fish has proven to be a powerful tool for
identifying DNA sequences that have significant functional
activity in all vertebrates (Boffelli et al., 2004). The fact that
humans and fish share many genes with similar tissue and
temporal expression characteristics is well established (Aparicio
et al., 2002).

6. Curveback as a model for human familial/idiopathic
scoliosis deformity

An experimental model that has a strong genetic component
and does not rely on induced curvature will have significant
value for scoliosis research. Discovery of conserved genes in
humans for idiopathic-type spinal curvature and testing the
effects of suspected risk factors for curve progression may
suggest new therapeutic interventions. In human IS, the con-
tribution of factors such as biomechanical force, load, growth
rate trajectories, hormone levels, spinal length, vertebral dis-
tortion, and sex has been debated. Using the tractable guppy
model, we will be able to test each factor as a separate



Table 2
Parallels between curvesback and human idiopathic/familial scoliosis
phenotypes

1) No vertibral fusion or breaking.

Developmental parallels
2) Born normal, curve develops after birth.
3) Curvature does not hinder fitness of individuals.
4) Curve does not progress after skeletal maturity.
5) Curve magnitude increases with age.
6) Incidence of curve that resolves before maturity.
7) Onset time for curvature is variable.
8) Variability among individuals for rate and propensity of curve progression.
9) Female bias for most severe curve.
10) Angle growth is in spurts instead of linear progression.

Genetic parallels
11) Complex inheritance
12) Major gene effect, but with additional multigenic modifiers.
13) Distribution of curve magnitude in population is continuous.
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hypothesis and determine whether it contributes to the
progression of curvature. We have shown how developmental
trends in the curveback lineage parallel the human condition of
familial/idiopathic scoliosis (Gorman et al., in press). Our
results show the guppy's potential as a tractable model organism
for investigation into genetic and developmental factors that
influence spinal curvature.

Spinal curvature in the curveback guppy develops after birth,
when the skeleton is fully ossified. Guppies are livebearers, and
are born about 3 weeks post-fertilization. The primary force/
load on the guppy spine is directed in a cranial to caudal
(anterior to posterior) direction, principally due to motion
through water, so that the orientation of primary curvature
is perpendicular to the load (similar to human IS). Very
importantly, CT scans and clear and stain analysis of skeletons
show that curvature is not caused by vertebral malformation,
making curveback the first animal model for human IS with
non-induced curvature. As in humans, there is a female bias for
extreme/progressed curves, despite the fact that there is no
apparent gender bias at the time of curve onset. In both the
human and curveback guppy populations the majority of curves
are slight in magnitude, while some progress to a great extent,
and there is a class of curves that resolve before the individual
reaches skeletal maturity. Variability in the curveback guppy
population for age of curve onset, propensity to demonstrate
progression of curvature, and curve magnitude resembles that
described for the human population (Gorman et al., in press).
The observed distribution for curve magnitude is continuous in
both the curveback and human IS populations (Miller et al.,
2005; Gorman et al., in press). The pattern of curve progression
for guppies is similar to humans in that the angle grows in spurts
instead of a linear progression through development (Escalada
et al., 2005). These similarities between the guppy curveback
mutant and human IS are summarized in Table 2.

The guppy has been an important laboratory organism for
genetic analysis since the 1920's (Winge, 1927). A growing
number of genomic resources make gene identification possible
in the near future. Candidate genes identified in teleosts can be
screened in human pedigrees for association with IS. Much of
the work demonstrating human/teleost homology has been done
with medaka, often in systems implicated in the IS phenotype
(e.g.: pineal gland: Alunni et al., 2004; neuronal development;
Okubo et al., 2006; somitogenesis; Gajewski et al., 2006; bone
formation: Wagner et al., 2003; Renn et al., 2006; vertebral
column formation: Ohtsuka et al., 2004; Yasutake et al., 2004).
Medaka is closely related to the guppy, and several lines of
evidence (such as same mode of inheritance, and similar trait
morphology and expressivity) suggest that the mutant wavy is
genetically similar to curveback in the guppy. Using two
models with similar curve phenotypes will increase the
likelihood of identifying genes conserved in human develop-
mental processes that are involved in IS.

7. Conclusion

The growing number of sequenced genomes and overall
genomic resources available for fish has made them an im-
portant tool for the investigation of human genetics, develop-
ment and disease (e.g. reviews from: Danzmann and Gharbi,
2001; Prince and Pickett, 2002; Wittbrodt et al., 2002; Boffelli
et al., 2004; Cossins and Crawford, 2005). Experimental studies
of spinal deformities in fish are an unexploited resource capable
of answering questions of vertebral development, basic stability,
and deformity. The spinal column of fish is free from an
apendicular skeleton, and is not weight-bearing, allowing for an
opportunity to investigate the factors that maintain the vertebral
skeleton without the constraints of quadrupedal or bipedal
biomechanics. Complicating factors such as gravity and load
can be omitted from the equation of possible influences for
curve progression, thereby illuminating important factors for
basic spinal stability.

By using model teleosts for understanding conserved fea-
tures of vertebral stability, research into vertebral deformities
will be able to distinguish between primary and secondary
etiological factors of deformity phenotypes, something that
has been very difficult with the accepted animal models so far.
We expect that with model teleosts it will be possible to
manipulate suspected etiological correlates such as hormone
and mineral (e.g. calcium) levels. With inbreeding not only
can inheritance be investigated in detail, but also selective
breeding will allow for the creation of families enriched for
genes contributing to deformities. Mapping crosses, experi-
mental crosses, and transgenics are all possible in model
teleosts, making them a valuable tool for the understanding of
the development of the vertebral system and the etiology of
deformities.
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