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Homeobox (Hox) genes encode a class of helix-turn-helix DNA-binding
transcription factors characterized by a homeodomain that
participates in the regulation of gene expression requisite for axial
patterning and specification of segmental identity during embryonic
development. Comparison of Hox genes among evolutionarily divergent
taxa has revealed a hierarchical relationship in which increases in
the number of Hox genes, their organization into distinct clusters,
and cluster number expansion, parallel the elaboration of
increasingly complex developmental systems.

The purpose of this thesis was to identify Hox-like genes in
Morone saxatilis, to determine their relationship to similar Hox
genes in other vertebrates, and to estimate Hox cluster number. A
PCR-based method was used to survey a defined subset of Hox-like
genes in the genome of Morone saxatilis (striped bass). Based on DNA
sequence analysis, eight distinct Hox-like genes representing Hox
clusters A, B, and C were identified from striped bass. Analysis of
nucleotide substitution frequencies for selected Hox-like genes among
four species of fish and the mouse were contrary to established
phyletic relationships based on traditional and molecular taxonomic
evidence. These results suggest differences in the evolution of Hox
genes compared to other genes in the evolution of the vertebrates.

Comparison of the eight Hox-like genes from striped bass to similar



genes from the mouse and zebrafish by computational clustering
methods provided evidence consistent with current concepts regarding
early evolutionary divergence of genes from the Hox 3' Hox genes among
vertebrate species.

Based on annealing characteristics of the Hox-specific primers
to corresponding target sequences in mouse and zebrafish, the
recovery of Hox sequences related to Hoxa-3, a-4, a-6, a-7, b-3 to
b-5, c-4, c-6 and d-3-like genes was predicted. The predicted
representatives of Hox clusters A, B, and C were recovered, but there
was a notable absence of the expected Hoxc-6 and d-3-like genes.
These results together with a similar absence of Hox D-like genes in
other fishes, suggests either these genes may have diverged
significantly during evolution or that the Hox D cluster may be
truncated or absent in fishes relative to mammals. It is proposed
that the truncation or absence of the Hox D cluster in fishes may
account for major evolutionary differences in developmental programs
and morphology between the fish and tetrapod lineages. The relevance
of these results to the understanding Hox D gene function in

development and evolution of tetrapods is discussed.
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INTRODUCTION

In order to develop viable progeny animals need a genetic
control system to specify the different cell types necessary for the
formation of differentiated tissues such as muscle, bone, and nerves,
to respond to signals that establish asymmetry during early
embryogenesis (St. Johnston and Niisslein-Volhard, 1992), and
translate those signals into different positional fates. On the
anterior-posterior (A-P) axis of most embryos, genetic control
systems provide cells with specific positional identities that lead
to the development of structures appropriate to the position within
the field, i.e., head structures arising from the anterior region of
the field and tail structures from the posterior end. A fascinating
discovery is a genetic system similar to that identified originally
in Drosophila specifies A-P positional identities in many other
animals, where it apparently serves a similar function (McGinnis and
Krumlauf, 1992). The core of this genetic control system consists of
a set of structurally similar genes (homeotic selector genes)
identified originally in Drosophila through mutations resulting in
homeotic transformations (duplicated A-P positional values) (Kaufman
et al., 1990; Lewis, 1978; Sanchez-Herrero et al., 1985). For
example, deletion of the Drosophila Antennapedia homeotic selector
gene results in the transformation of antennae into legs (Lewis,
1978), whereas mutations within the bithorax complex genes result in

transformation of halteres into wings. The proteins encoded by these



homeotic selector genes are related at the structural level in the
homeodomain motif.

The term "homeodomain" refers to a class of protein domains
that have recognizable similarity to a 60 amino acid motif (encoded
by 180 bp homeobox sequences) originally identified in three
Drosophila homeotic and segmentation proteins (Scott et al., 1989).
Those homeodomains that have been tested, through DNA binding assays,
contain sequence-specific DNA binding activities and are part of
larger proteins that function as transcriptional regulators (Gehring
et al., 1990; Laughon, 1991; Levine and Hoey, 1988). Nuclear
magnetic resonance and X-ray crystallographic studies on two
homeodomains have shown their trihelical structures (o-helices I, II,
and III) to be related to the helix-turn-helix motif of prokaryotic
DNA-binding proteins (Kissinger et al., 1990; Otting et al., 1990).
Examination of amino acid sequence similarities within the
homeodomain and in flanking protein sequence revealed that
homeodomain proteins and the genes that encode them could be grouped
into various classes. One such class is the Antennapedia (Antp)
class, which includes homeodomains that share 60% or more identity
with the Antennapedia-type homeodomain, have identical sequences in
et al., 1987; Mavillo et al., 1986; Regulski et al., 1985).

In Drosophila, the homeobox genes that encode Antp class
homeodomain proteins all map to the Antennapedia and Bithorax

complexes, which are collectively referred to as the Homeotic



complex, or HOM-C (Akam, 1989). These Antp class genes include
labial (lab), proboscipedia (pb), Deformed (Dfd), Sex combs reduced
(Scr), Antennapedia (Antp), Ultrabithorax (Ubx), and abdominal-A
(abd-A). Recessive and dominant mutations in these genes result in
homeotic transformations of the embryonic and the adult body plan,
and are usually lethal. The Drosophila HOM-C contains another
homeotic selector gene, Abdominal-B (Abd-B), whose structure does not
correspond to the established criteria of the Antp class, but whose
sequence is more closely related to Antp class proteins than to other
structural classes of homeodomain proteins, such as the engrailed,
POU, or paired classes (Scott et al., 1989). Other genes encoding
non-Antp class homeobox proteins (e.g., bicoid, fushi-tarazu,
zerkniilt) map within the Drosophila HOM-C region, as do genes that
are structurally unrelated to the homeobox class (e.g. amalgam)
(McGinnis and Krumlauf, 1992). The occurrence of additional
transcripts from HOM-C genomic DNA sequences suggests that other
genes remain to be characterized, although it is likely that all
homeobox genes, in Drosophila, that can mutate to lethality have been
identified (Kaufman et al., 1990; Kuriowa et al., 1985; Sanchez-
Herrero et al., 1985).

The Drosophila homeotic genes are organized in the HOM-C,
wherein the physical order of genes is colinear with their expression
along the anterior-posterior axis, and all except Dfd are transcribed

in the same direction (Lewis, 1978; McGinnis and Krumlauf, 1992).



The most 3' gene of the complex, lab, is required for the most
anterior HOM-C functional domain (in lab mutants structures from the
intercalary segment of the head are missing and there are other head
defects), and the most 5 gene of the complex, Abd-B, is required for
the normal development of posterior abdominal segments (Duncan, 1987;
Kaufman et al., 1990). The only gene whose domain of function and
expression cannot be correlated directly with its position in the
HOM-C is proboscipedia (Putz et al., 1988). Homeotic expression
domains include and usually extend beyond the boundary of the
principal functional domains.

Antp class homeobox genes have been identified in a wide
variety of metazoan genomes (Kappen et al., 1993). In the mouse and
human genomes, the Antp class homeobox (Hox) genes show striking
similarities in their organization and expression to the selector
genes of the Drosophila HOM-C (Duboule and Dollé, 1989; Graham et
al., 1989). Antp class Hox genes are clustered in four unlinked gene
complexes (Hoxa through Hoxd; Boncinelli et al., 1988, 1991;
Schughart et al., 1988). 1Individual genes of the mouse Hox complexes
are arranged and expressed in the same relative order as their
structural homologs in the HOM-C. In particular, it is possible to
confidently define structural homology relationships between the
Drosophila lab, pb, Dfd, and Abd-B genes and specific Hox genes
(Duboule and Dollé, 1989; Graham et al., 1989; Izpisua-Belmonte et

al., 1991; Reqgulski et al., 1987; Rubock et al., 1990). The evidence



for structural homology between specific Drosophila HOM-C genes and
mammalian Hox-C genes is mainly limited to the homeodomain and
immediate flanking regions, although for some genes (e.g., Dfd and
its vertebrate paralog group 4 genes), a moderate amount (60%) of
structural similarity exists outside the homeodomain region (Graham
et al., 1988; Regulski et al., 1987; Schubert et al., 1993). For
Scr, Antp, Ubx, and Abd-A, it is more difficult to identify
individual homologs in each murine complex on the basis of sequence
similarities. The Scr, Antp, Ubx, and Abd-A homeodomain sequences
are very similar to each other and to unrelated Hox genes, and
sequence similarities outside the homeodomain are not extensive
enough to clearly assign homology relationships, although they are
suggestive (McGinnis and Krumlauf, 1992).

Genomic mapping and DNA sequence analysis of Hox genes among
evolutionarily disparate phyla has revealed a hierarchical
relationship between the number of Hox genes per cluster, the number
of Hox clusters per genome, and the developmental repertoire
(Holland, 1992; McGinnis and Krumlauf, 1992; Pendleton et al., 1993).
Thus, it was proposed that Hox genes were organized into a single
cluster composed of either 3 or 4 genes in organisms prior to the
divergence of the diploblasts and triploblasts (Schubert et al.,
1993). Subsequent intra- and inter-cluster duplication events in the
progenitors of primitive cephalochordates are postulated to have

generated at least 2 clusters, each composed of between 11 and 13 Hox



genes (Schubert et al., 1993; Schughart et al., 1989a). Further
cluster duplication events, punctuated by loss of individual cognate
genes, generated four clusters represented by nearly 40 Hox genes in
extant mammalian species (Kappen et al., 1989; Schughart et al.,
1988) .

Although experimental evidence supporting general aspects of
Hox gene and cluster expansion during evolution have been provided,
the specific nature of the evolutionary events leading to the
appearance of four Hox clusters in extant mammalian species remain
unclear. It has been proposed that genomic duplication within
vertebrate progenitors, presumably those expressing only two Hox
clusters, resulted in the appearance of four Hox clusters in all
vertebrates (Ohno 1970; Schughart et al. 1989%a). However, more
recent evidence, based on DNA sequence analysis of PCR-amplified Hox
genes from extant species, including primitive vertebrates and their
presumed evolutionary predecessors, suggested it was equally likely
that cluster duplication involved an arithmetic progression from one
to four clusters in which cluster expansion was marked by appearance
of chordate and vertebrate characters (Pendleton et al. 1993).
If the Hox gene system in vertebrates evolved by genomic duplication
from a progenitor with two Hox clusters, all vertebrates, regardless
of developmental complexity would be expected to have four clusters.
However, if the Hox gene system evolved arithmetically, three

clusters might be expected, particularly, but not exclusively, in



those vertebrates expressing depauperate developmental
characteristics relative to advanced tetrapods. Support for the
arithmetic amplification model is provided by several recent studies
involving the analysis of Hox gene sequences in the agnathan
Petromyzon marinus (lamprey), a primitive aquatic vertebrate lacking
a well developed skull and paired appendages, and the euteleost Danio
rerio (zebrafish), a ray-finned fish with a well developed skull and
paired appendages (Molven et al., 1990). Although these two aquatic
vertebrates differ in developmental complexity, evidence suggests
there are only three Hox clusters (Hox A, B, and C) in each species,
a result consistent with an arithmetic amplification model of Hox
gene-related vertebrate evolution. In contrast, Hox genes in both
amphibians and mammals have been assigned to each of the four
recognized Hox gene clusters (Hox A, B, C, and D); suggesting, either
divergent cluster duplication events for non-mammalian aquatic and
terrestrial vertebrate lineages; a common vertebrate ancestor with
three clusters; or incorrect estimation of Hox cluster number for
aquatic vertebrates. Although it is difficult to discriminate among
these likely alternatives, a more complete understanding of
vertebrate Hox cluster composition and number would provide
additional information concerning the evolutionary steps leading to
Hox cluster organization among extant vertebrates and further insight
into the function of the four Hox clusters found in tetrapod species.

An objective of my investigation was to examine the Hox gene-related



sequences of a neoteleost fish striped bass, both to discern the most
probable number of Hox clusters, and to compare the characteristics
of Hox genes in a higher teleost with those of other vertebrates,
particularly fishes and tetrapods.

Based on the high degree of sequence conservation of vertebrate
Hox genes among distantly related species (Akam, 1989; Kappen et al.,
1993), definite homologues of human and murine Hox genes have been
identified in avians (Wedden et al., 1989), amphibians (Fritz et al.,
1989; Harvey et al., 1986), fishes (Njelstad et al., 1990) and
invertebrates (Lobe and Gruss, 1989). The highly conserved nature of
Hox genes allowed Pendleton et al. (1993) to develop a PCR-based
screening assay facilitating identification and characterization of
Hox-like genes in hemichordates, cephalochordates, and primitive
vertebrates.

I have used a similar approach to survey a defined subset of
Hox-like genes, i.e. those genes related to mouse Hoxa-3 to a-7, b-3
to b-7, c-4 to c-6, and d-3 cognate groups in striped bass, a higher
teleost fish. My results show that representatives of Hox genes
corresponding to Hoxa-3 to a-7, b-3 to b-5, c-4 and c-6 appear to be
present in the genome. The notable absence of a predicted Hoxd-3-
like gene, in conjunction with statistical cluster analysis of the
Morone saxatilis Hox genes, indicate either truncation or absence of
the Hox D cluster. This view is consistent with my analysis of Hox D

cluster genes in other fish, and recent analysis of Hox D function in



mice and chickens (Dollé et al., 1993; Lufkin et al., 1992; Morgan et
al., 1992; Pendleton et al., 1993). I propose that the truncation or
absence of Hox D cluster genes in fishes may be related to
evolutionary differences in the developmental repertoire and

morphology between the fish and tetrapod lineages.

MATERIALS AND METHODS

DNA Isolation

Genomic DNA was isolated from whole blood (100 pl)Morone saxatilis
(striped bass) according to the protocol described by Kan et al.
(1977). To 100 pl of whole blood was added 100 pl of lysis buffer
composed of 640 mM sucrose, 20 mM Tris (pH 7.8), 10 mM MgCl,, and 2%
Triton X-100. After lysis nuclei were collected by centrifugation
for 20 min at 2,000 rpm (4°) using a Sorvall HB-4 rotor. The nuclear
pellet was suspended in 2 ml saline-EDTA-SDS (75 mM NaCl, 24 mM EDTA
0.5% SDS) and treated with proteinase K (1 mg/ml) at 54°C overnight.
Proteinase K treated samples were extracted once with an equal volume
of phenol, phenol:chloroform:isoamyl alcohol (25:24:1 v/v), and
chloroform. DNA was precipitated from the aqueous phase by addition
of 2 volumes of absolute ethanol, collected by centrifugation, dried

and suspended in 2 ml 10 mM Tris (pH 7.5), 0.1 mM EDTA.
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Polymerase Chain Reaction (PCR) Amplification
Genomic DNA (100 ng) was used as a substrate for the PCR. The
primers used were:

Hox48-71: 5'-GAGAAAGAGTTYCATTTCAACCG-3'

Hox141-163: 5'-CATGCGICGRTTCTGGAACCAG-3'
(Y =Cor T, R=Aor G, and I = inosine). These primers were
directed toward highly conserved regions of the homeobox and were
based on conserved sequences within the Drosophila melanogaster
Antennapedia and zebrafish Hox BS5, B6, C5 and C6 gene cognate groups.
The Hox48-71 primer corresponds to basepairs 48-71 within helix 1 of
the Drosophila Antennapedia homeobox, whereas the Hox141-163 primer
corresponds to a region within recognition helix 3. Together the
forward and reverse Hox primers had an overall degeneracy of 16-fold,
thus providing the potential for highly specific amplification of
defined target Hox sequences. The PCR reaction buffer consisted of
20 mM Tris (pH 7.5), 10 mM KCl, 10 mM (NHgq)2SO4, 1.5 mM MgClp, 0.1%
Triton X-100, final reaction concentrations. In addition to buffer,
reaction mixtures contained 30 pmol of each primer, 2.5 units Tag DNA
polymerase (Stratagene, La Jolla, CA), 200 puM of each dNTP,
100 pg BSA, and template DNA in a total volume of 100 pul. PCR was
carried out for 30 cycles in which the cycling parameters were 94°C
for 1 min, 52°C for 1 min, 72°C for 1 min using an M.J. Research
thermal cycler (M.J. Research Minicycler, Watertown, MA). A single

band corresponding in length to approximately 114 bp was observed
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upon agarose and polyacrylamide gel electrophoretic analysis of the

PCR products.

Cloning and Sequencing of PCR products

PCR products were extracted twice with phenol/chloroform/iscamyl
alcohol (50:48:2 vol/vol) and ethanol precipitated. PCR products at
a concentration of 100 ng/pl were ligated directly into the pGEM-T
vector (pGEM-T, Promega; Madison, Wisconsin) using a insert-to-vector
ratio of 5. Ligation products were transformed into Escherichia coli
XLl Blue and 120 insert-containing transformants were selected for
further analysis. The number of insert containing transformants to
be screened was established according to the formula: N=1ln(1-P)/ln
(1-f) where N is the necessary number of recombinants to be sampled,
P is the desired probability, and f is the fractional proportion of
the genome in a single recombinant (in this case P=0.999 and f=1/10
where 10 is the number of Hox genes predicted to be amplified; Clarke
and Carbon, 1976). Plasmids containing inserts were sequenced using
the PRISM Ready Reaction Dyedeoxy Terminator Cycle Sequencing Kit
(Applied Biosystems Inc.). The PRISM protocol was shortened to
include twenty rather than the recommended 25 cycles. The sequencing
reaction products were analyzed on an automated DNA sequencer (Model
373A, Applied Biosystems Inc.). The predicted PCR product of 114

base pairs yielded 69 bp of informative DNA sequence.
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DNA Sequence analysis
DNA sequences from 100 independent clones were compiled and grouped
according to nucleotide sequence data using the Genetics Computer
Group programs (GCG; Devereux et al., 1984). A single representative
DNA sequence from each group was compared to homeobox sequences from
other vertebrates using the BLASTx search program (NCBI; Altschul et
al., 1990; Gish and States, 1993). Based on BLASTxX search results the
most homologous mouse homeobox sequence was identified and used to
provide a tentative Hox-like gene assignment for the corresponding
striped bass sequence. Within each nucleotide sequence group,
certain individual DNA sequences differed by 1 or 2 random nucleotide
changes. Most of these differences were attributed to sequencing or
amplification errors.

Nucleotide substitution frequencies for the Hox and Hox-like
a-4 and b-5 genes from the mouse, striped bass, zebrafish, goldfish,
and lamprey were determined by pairwise reciprocal comparison of DNA
sequences bracketed by my forward and reverse PCR primers. The total
number of nucleotide substitutions were then divided by the total
number of nucleotides to determine the frequency of substitution per
base pair.

Unrooted evolutionary trees for mouse, striped bass and
zebrafish Hox and Hox-like sequences were constructed from nucleotide
substitution matrices using the two-parameter model of Kimura (1980)

from the REAP program (version 4.0; McElroy et al., 1991). Hox and
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Hox-like gene sequences were clustered by a neighbor-joining
algorithm using the NJOIN program of NTSYS-pc (version 1.70; Rohlf,

1992).

RESULTS

Based on the annealing characteristics of the Hox-specific
primers, as determined by comparison to corresponding target
sequences in the mouse Hox cognate groups, and assuming conservation
of cognate groups and a maximum of two base substitutions within the
region corresponding to the PCR primer annealing sites, the
amplification of sequences similar to ten Hox genes representing four
Hox clusters was predicted (Geada et al., 1992; Graham et al., 1988;
Kessel et al., 1987; Krumlauf et al., 1987; Lonai et al., 1987;
Mavillo et al., 1986; Schughart et al., 1989b; Wolgemuth et al.,
1986); including Hoxa-3, a-4, a-6, a-7, b-3 to b-5, c-4, c-6, and
d-3. However, based on published target sequences from zebrafish Hox
cognate groups (Molven et al., 1992; Njelstad et al., 1988a, 1988b,
1988c, 1990; Runstadler and Kocher, 1991), amplification of only
eight Hox genes representing three Hox clusters; including Hoxa-3,
a-4, a-6, a-7, b-3 to b-5, and c-4 was predicted. Alignment of
nucleotide sequence data obtained from 103 independent clones
provided evidence for eight distinct sequences corresponding to Hox
genes a-3, a-4, a-6, a-7, b-3 to b-5 and c-4, but not c-6 or d-3

(Table 1). The number of individual clones corresponding to each
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Hox-like gene was as follows: a-3, 15 clones (Figure 1); a-4, 1 clone
(Figure 2); a-6, 27 clones (Figure 3); a-7, 2 clones (Figure 4); b-3,
5 clones (Figure 5); b-4, 20 clones (Figure 6); b-5, 29 clones
(Figure 7); and c-4, 1 clone (Figure 8; Table 1). 1In addition to the
100 Hox-like clones, 3 clones derived from PCR amplified DNA had
inserts greater than 114 bp in length (250, 330, and 1050 bp).
However, none of these three sequences were similar to Hox sequences
(A.M.P., personal observations). Although the number of striped bass
clones corresponding to Hox genes from mice or zebrafish varied
significantly, ranging from a low value of one for Hoxa-4 and c-4 to
an upper value of 29 for Hoxb-5, 100% of the expected sequences
related to zebrafish Hox genes and 80% of the sequences related to
mouse Hox genes were recovered (Table 1). The high efficiency
recovery of predicted Hox-like genes from striped bass provided
direct support for the effectiveness of my PCR-based assay.

Based on informative DNA sequence bracketed by the forward and
reverse PCR primer sequences it was determined Hox-like genes
a-4, a-6, a-7, b-3, b-4, and c-4 were represented by single or
multiple invariant DNA sequences (Table 1). However, sequences
corresponding to Hox-like genes a-3 and b-5 were divided into two
subgroups each, a-3.1 and a-3.2 as well as b-5.1 and b-5.2. The
Hoxa-3.1 subgroup (11 clones) was differentiated from the
Hoxa-3.2 subgroup (4 clones) on the basis of a C to G transversion at

bp 92 relative to the Drosophila melanogaster Antennapedia homeobox
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sequence, whereas the Hoxb-5.1 (17 clones) and Hoxb-5.2 (12 clones)
subgroups were differentiated by a C to T transition at bp 87. These
results suggested that the Hoxa-3.1l and -3.2 as well as the Hoxb-5.1
and -5.2 subgroups represented alleles at the Hoxa-3 and Hoxb-5 loci.

Reciprocal pairwise comparisons of the similarities and
differences between the nucleotide sequences in the region between
the forward and reverse primer annealing sites for the Hox and Hox-
like genes a-4 and b-5 genes of the mouse, striped bass, zebrafish,
goldfish and lamprey were used to estimate the extent of Hox gene
divergence among these species. These two genes were chosen for
analysis because they are the only two characterized Hox genes common
to each of these vertebrate species. Comparisons to the mouse
revealed far less nucleotide substitution between the Hoxa-4 and b-5
like genes from the lamprey, a petromyzontiform, and striped bass, a
perciform fish, than between these two genes in the zebrafish and
goldfish, two cypriniform species (Table 2). However, nucleotide
substitution frequencies between the Hoxa-4 and b-5 sequences were
far less frequent between the lamprey and the mouse than between the
lamprey and any of the teleosts (Table 2). A restricted comparison
including only the teleosts demonstrated there was less nucleotide
substitution between the Hoxa-4 like sequences of the striped bass
and goldfish, members of two different taxonomic orders, than between
the zebrafish and goldfish, members of the same taxonomic family

(Table 2). The virtually identical nucleotide substitution
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frequencies of Hoxb-5 like sequences among the teleosts contrasted
markedly with the Hoxa-4 results and demonstrated that the Hox
nucleotide substitution frequencies between these two genes were
dissimilar in identical pairwise comparisons between species
(Table 2).

Comparative analysis of the eight Hox-like genes from Morone
saxatilis to related genes from mice and zebrafish by computational
clustering yielded trees composed of two major branches. Similar
analyses of lamprey, goldfish, and salmon were not conducted for
various reasons including the absence of genes from an entire Hox
cognate group in the lamprey (Pendleton et al., 1993), restricted
representation of Hox central class genes in the goldfish (Levine and
Schecter, 1993), and a very limited number of characterized Hox genes
(3 genes) in Atlantic salmon (Fjose et al., 1988, 1990). Of or among
the species analyzed, Hox genes linked to the two major branches
corresponded either to members of the 3' (Hox cognate group 3 genes)
or central class (Hox cognate groups 4-7) of homeobox genes (Figs. 9-
11). Hox cognate group 3 and 3-like sequences from all three species
were located on a distinct branch separate from the other major
branch represented by Hox central class genes. Comparison of related
mouse and striped bass Hox and Hox-like central class genes revealed
considerable variation in the topology of the branches linked to
these genes. Despite the variability in topology of the branches

corresponding to central class genes, Hoxb-5 and c-4 genes from mouse
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and striped bass shared a single branch. Direct comparison of the
branching patterns between striped bass and zebrafish central class
Hox and Hox-like genes was precluded because only 6 of the 13
characterized Hox-like central class genes were shared between these
two species.

I predicted the isolation of sequences similar to mouse
Hoxc-6 and d-3 based on intracognate sequence conservation of the
mouse Hox genes. Although a significant number of sequences
corresponding to Hox genes in both cognate groups were identified, I
was unable to recover sequences corresponding to the mouse Hoxc-6 and

d-3 genes.

DISCUSSION

The nearly 40 Hox genes constituting the 4 Hox clusters of
extant vertebrate species are postulated to have been derived from a
single ancestral Hox gene by repeated duplication (Schubert et al.
1993). As a consequence, Hox genes in each of the four clusters are
evolutionarily related and form paralogous groups. The extent to
which the identity of Hox gene paralogs is preserved reflects the
evolutionary relationships among individual genes and the degree to
which different genes in the Hox network differ.

PCR-based surveys of Hox genes offer a relatively rapid and
widely applicable method for identification of Hox type genes among

diverse taxa (Levine and Schecter, 1993; Murtha et al., 1991;



18

Pendleton et al., 1993). As such, these surveys provide valuable
information for comparative studies of Hox gene evolution. However,
application of this methodology is restricted to so few species that
details of Hox gene number and evolution, particularly among
vertebrates, remain uncertain (Levine and Schecter, 1993; Murtha et
al., 1991; Pendleton et al., 1993 ). 1In this study a modification of
the PCR-based Hox gene identification method developed by Murtha et
al. (1991) was employed to screen for a defined subset of Hox-like
genes from striped bass. Based on the primer annealing sequences
from the Hox genes of zebrafish and the sequence of the Hox-specific
PCR primers, 100% of the predicted Hox-like genes were recovered from
among my striped bass clones. The eight Hox-like genes recovered
from striped bass represented three Hox clusters A, B, and C, and
they numerically equal, or exceed, the number of Hox-like genes
characterized for any aquatic vertebrate with the exception of the
lamprey. Isolation and characterization of the eight Hox-like genes
from striped bass provides the opportunity to compare Hox genes among
vertebrates. Further, recovery of all the genes targeted by the
assay provides direct support for the accuracy of the PCR-based
method and suggests this method may provide a generally applicable
and effective approach for identification of defined subsets of Hox
genes among related vertebrate species.

Based on the theoretical annealing characteristics of the Hox-

specific PCR primers, amplification of only those templates with
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fewer than two mismatches in the primer annealing sequences of target
genes was predicted. Because all Hox-like genes predicted based on
zebrafish were recovered, the results suggest the primer annealing
regions of the Hox-like genes a-3, a-4, a-6, a-7, b-3 to b-5, and c-4
from zebrafish and striped bass diverged less than 10% since the
evolutionary separation of the cypriniform and perciform fishes. 1In
this regard, it is noteworthy that only 80% of the predicted mouse
Hox genes targeted by the assay were recovered from striped bass.
The two genes related to mouse Hoxc-6 and d-3 were not identified
from the clone collection. Provided the number of PCR-derived clones
surveyed (103 clones) and the predicted number of Hox genes available
as targets for amplification based on mouse (10 Hox gene targets),
there was a 99.997% probability that each of the 10 target genes
should have been recovered if present in the clone collection (Clark
and Carbon, 1977). Although striped bass homologs of the mouse
Hoxc-6 and d-3 may have been absent from the clone collection as a
result of evolutionary gene loss or intron insertion precluding their
amplification, the results suggest evolutionary divergence within the
primer annealing target sequences as a likely explanation for their
absence. Moreover, my results suggest that the primer annealing
sequences of the mouse diverged from striped bass more extensively
than the primer annealing sequences of the zebrafish.

Reciprocal pairwise comparison of nucleotide substitutions in

the region between the forward and reverse primer annealing sites
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from the Hox and Hox-like a-4 and b-5 genes of the mouse, striped
bass, zebrafish, goldfish and lamprey revealed these regions differed
in the extent of nucleotide substitution in a species and gene
dependent manner. Unexpectedly, nucleotide substitution frequencies
among the four species of fish and the mouse reflected differences
that were contrary to established phyletic relationships (Jamieson,
1991). Based on current views of vertebrate taxonomy, the lamprey,
an agnathan, is thought to have diverged from the gnathostomes,
represented by the mouse, striped bass, zebrafish and goldfish, prior
to the divergence of the teleosts (striped bass, zebrafish, and
goldfish) and the tetrapod, mouse (Levtrup, 1977). However,
comparison of the Hoxa-4 and b-5 like sequences from the five
vertebrate species, demonstrated a lower nucleotide substitution
frequency between the Hoxa-4 and b-5 like sequences of the lamprey
and the mouse than between the lamprey and the teleosts (Tables 2 and
3). This result suggests a closer relationship between the Hoxa-4
and b-5 genes of the lamprey and the mouse than between the lamprey
and the teleosts. Further, comparisons of the nucleotide
substitution frequencies of the Hoxa-4 and b-5 sequences within the
teleosts revealed reduced levels of nucleotide substitution between
members of two different taxonomic orders, the perciforms (striped
bass) and cypriniforms (zebrafish and goldfish) than between the
individual cypriniforms. These results are contrary to accepted

views of vertebrate phylogeny based on traditional and molecular
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taxonomic evidence (Hillis and Dixon, 1989; Levtrup, 1977). It is
interesting to speculate that Hox gene evolution among vertebrates
transcends the boundaries of traditional phylogenetics.

Evolutionary trees were constructed for those species from
which a sufficient number of related 3’ and central class Hox genes
were available. Consequently, evolutionary trees were prepared for
the mouse, zebrafish, and striped bass, but not the lamprey (no
cognate group 3 genes), goldfish (paucity of central class genes), or
Atlantic salmon (only three Hox genes characterized). Comparison of
evolutionary trees revealed a similar deep division separating
branches corresponding to the 3’ and central class Hox genes were
available. Consequently, evolutionary trees were prepared for the
mouse, zebrafish, and sriped bass, but not the lamprey ( no cognate
group 3 genes), goldfish (paucity of central class genes), or
Atlantic salmon (only three Hox genes characterized). Comparison of
evolutionary trees revealed a similar deep division separating
branches corresponding to the 3’ (cognate group 3) and central
(cognate groups 4-7) class genes in all three species. This
arrangement is consistent with the view that members of the 3' class
were related and diverged from the central and 5 classes of the
ancestral homeobox complex early in metazoan evolution (Schubert et
al., 1993). Further, deep subdivisions within individual cognate
group 3 genes of striped bass and the mouse suggest that, although

related, these genes diverged from one another early in the evolution
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of Hox cognate genes. Shallower subdivisions among members of the
cognate group 4 relative to the cognate group 3 genes from striped
bass and the mouse provides evidence that indicates cognate group 4
genes diverged from one another later than corresponding cognate
group 3 genes.

Further comparisons of evolutionary trees were restricted to
the mouse and striped bass because they were the only two species for
which a sufficient number of related Hox 3' and central class genes
were available for analysis. Considerable variation in the topology
of the branches linking Hox and Hox-like central class genes suggests
marked differences in the evolutionary divergence among these genes
between striped bass and the mouse. However, preservation in the
topology of the branching patterns corresponding to Hoxb-5 and c-4 in
evolutionary trees from both striped bass and the mouse indicates a
possible restricted evolutionary divergence between these two genes
compared to other Hox central class genes.

My analysis and comparison of Hox gene sequences from various
fish and tetrapod species revealed a distinct difference in the
genomic complement of Hox cluster genes between these two groups of
vertebrates. 1In addition to this study, one agnathan and three other
teleost species have been examined for genomic composition of Hox
genes including; lamprey, goldfish, zebrafish, and the Atlantic
salmon. The four fish species all differ in the number of Hox genes

isolated and cluster representation. In the lamprey, Pendleton et
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al.(1993) provide evidence for three Hox clusters but state that the
presence of a fourth cluster could not be rigorously excluded.
Conclusions in the lamprey study must be considered tentative because
a statistically significant number of clones was not sampled. The
PCR survey attempted to identify all (40) Hox-related sequences,
however, only 97 clones were sampled (80% identification probability)
instead of the 400 clones necessary to be screened to assure a 99%
probability of identifying all Hox-like genes. Interestingly though,
none of the clones that were isolated contained sequences similar to
any Hox D gene.

Levine and Schecter (1993) used a PCR approach similar to that
described here, but just as Pendleton et al (1993) they only sampled
a small number of clones (52). Levine and Schecter (1993) believe
that they had isolated sequences in the goldfish that were similar to
human Hox D genes. In my interpretation of their data, I discovered
that the clones they identified as similar to Hoxd-10 were actually
most similar to Hoxc-10. The authors also identified two sets of
clones that they classified as similar to Hoxb-5. Because the
authors provide evidence for alleles to each of the b-5-like groups
and it is only possible to have one allele per gene (goldfish are
diploid), it is unlikely that the goldfish genome contains four
copies of a Hoxb-5-1like gene. Based on amino acid similarity
between the two goldfish b-5-like groups and murine Hox genes, I have

reclassified one of the groups as a Hoxa-4-like group. Therefore,
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this apparent misclassification of Hox-like clones (Hoxd-10 and two
Hoxb-5 like clones) does not provide evidence for the existence of
four Hox clusters in fish, but it does agree with other data
suggesting only three Hox clusters in fish.

Drosophila Antp and Scr homeoboxes have been used as probes to
identify and clone Hox genes from zebrafish and Atlantic salmon
recombinant DNA libraries (Fjose et al., 1988, 1990; Njelstad et al.,
1988a, 1988b, 1988c, 1990). Hox genes representative of clusters A,
B, and C have been identified in both species using the Drosophila
probes. Again, notably absent is any evidence for the existence of
Hoxd-like genes or a fourth Hox cluster in fish. Therefore, fish
species, including members of the most primitive and advanced
lineages, appear to be notably devoid of Hox D-like sequences.

Based on statistical clustering, chromosomal arrangement, and
nucleotide sequence evidence from Drosophila, Tribolium, C. elegans,
mice and humans, the progenitor to the vertebrates and invertebrates
seems to have possessed a single homeobox gene complex (Schubert et
al., 1993). Throughout invertebrate evolution a single HOM cluster
has been maintained, and alternative RNA splicing mechanisms are used
to generate the numerous gene products necessary to specify position
and cytodifferentiation within the invertebrate embryo (Schubert et
al., 1993). Conversely, the vertebrate lineage has expanded the
number of individual Hox genes through amplification of individual

clusters in order to generate the requisite number of developmentally
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important genes (Schubert et al., 1993). However, the mechanism of
cluster expansion from one Hox cluster to the four clusters present
in extant mammals is not known. The favored hypothesis is that Hox
cluster number increased from one to four in all vertebrates by
geometric amplification accomplished through total genome duplication
(Ohno, 1970; Schughart et al., 1989a). Alternatively, arithmetic
amplification of the Hox clusters is equally feasible and tentatively
supported by the apparent lack of Hox D-like genes in fish. A third
possibility is that all vertebrates possess four Hox clusters,
obtained through geometric amplification, and that there has been a
secondary loss or truncation of the fourth Hox complex in fishes.

The reasoning supporting geometric Hox cluster amplification is based
on concordant duplication of all gene loci creating no problem with
regard to the dosage relationship of functionally related genes and
their regulatory cistrons. Gene dosage imbalance does have profound
effects on the vitality of an organism and total genome duplication
is indeed a ﬁechanism of avoiding such problems (Ohno, 1970).
However, if related regulatory and structural genes are juxtaposed on
the chromosome or if a gene has autoregulatory capabilities, then it
or they are not limited to functional amplification only through
total genome duplication because duplication of that region results
in proportional duplication of related regulatory and structural
genes. Autoregulatory genes along with physically linked structural

and regulatory genes would be able to be amplified through tandem
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duplication along a chromosome or duplication of an individual
chromosome. Such a system of linked auto- and cross-regulatory genes
exists in the Hox and HOM gene networks (McGinnis and Kuziora, 1994).
For example in Drosophila, the Deformed gene is autoregulated; the
Ultrabithorax protein represses the expression of the Antennapedia
gene; and Abdominal-B regulates itself and other genes in the HOM
complex, including Antennapedia, Ultrabithorax, and Abdominal-A.
Furthermore, transgenic expression of human and mouse Hox genes in
Drosophila exhibit similar patterns of expression or mis-expression
suggesting that vertebrate Hox genes regulate themselves and others
similarly to the methods used in invertebrates (McGinnis and Kuziora,
1994). sSince many of the Hox genes possess auto- and cross-
regulatory functions, duplication of a single cluster would not
result in an imbalance between the expression of regulatory and
structural genes. Therefore, assuming that total genome duplication
is the only mechanism to alleviate problems associated with gene
dosage instability is fallacious. It is possible that Hox cluster
amplification and genome expansion proceeded via arithmetic
amplification.

Differences in the number of Hox clusters among extant
vertebrate species representative of fish and tetrapod lineages would
suggest that Hox cluster evolution in vertebrates may have proceeded
along either congruent or divergent paths. The presence of Hox

clusters A, B, and C, but not D in fishes would be consistent with a
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congruent evolutionary path marked by arithmetic Hox cluster
amplification in which the progenitor of the fishes possessed two Hox
clusters and the fishes, with three Hox clusters, served as
progenitor to the tetrapods. Alternatively, it is equally possible
that Hox cluster evolution in vertebrates proceeded along divergent
paths by way of a common progenitor possessing two Hox clusters.
Proceeding from a common two Hox cluster-containing progenitor, the
fishes could have arisen by arithmetic amplification of the Hox
clusters, whereas the tetrapods could have arisen by geometric
amplification. Although it is impossible to discriminate among these
alternative Hox gene expansion mechanisms, further elucidation of Hox
gene organization and cluster number, particularly Hox D genes, in
evolutionary pivotal species will provide additional insight into the
possible evolutionary dynamics of Hox cluster amplification.

Despite a high probability of recovery, based on nucleotide
sequence conservation in other vertebrates, I was unable to identify
sequences in Morone that were similar to Hoxd-3. My recovery of
clones from Hox-like genes that are evolutionarily more divergent
than the Hox 3 cognate group infers that the more conserved Hox
cognate group 3-like genes, including the presumptive Hoxd-3-like
gene, should have been recovered, if present. The likely absence of
a Hoxd-3-like paralog in Morone is compatible with my sequence
analysis of Hox-like genes in other fishes. This analysis revealed

that Hoxd-3-like sequences, and perhaps all Hox D-like sequences, are
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absent in those fish species examined. Based on the results of the
present and previous studies of Hox genes in fish, it would be
consistent with empirical observations to propose that either the
Antennapedia-related Hox D cluster central class region or, more
generally, the entire Hox D cluster is absent in fish. Although
rigorous proof of the absence of the Hox D cluster in fish will
require additional genomic mapping and expression studies, the
available evidence suggests the Hox D cluster may be truncated or
absent in fishes.

Truncation or absence of the Hox D cluster in fishes would also
provide an explanation for the fundamental differences in development
and morphogenesis between fishes and tetrapods. It has been
established that mammalian Hox D cluster genes are expressed during
critical phases of head morphogenesis (Hunt et al., 1991) and limb
ontogeny (McGinnis and Krumlauf, 1992). Disruption of the Hoxd-13
gene in the mouse has been demonstrated to result in defective limb
development, manifested by reduction in morphological complexity of
limb structures characteristic of neoteny. Moreover, expression of
the Hoxd-11 gene under control of the type-A replication-competent
avian retroviral vector (RCAS) promoter after transfection into
chicken limb buds resulted in posterior homeotic transformation in
which an anterior digit was converted to a more posterior-like digit
along with reduction of the distal leg segment and aberrations in

foot morphology (Morgan et al., 1992). In addition to the limb
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skeletal abnormalities induced by disruption or mis-expression of Hox
D genes, ectopic expression of the Hoxd-4 gene under the control of
the Hoxa-1 promoter in mice resulted in a homeotic posteriorization
of the occipital bones in which affected mice were observed to have
developed a skull resembling that of the adult lamprey, a primitive
jawless fish (Lufkin et al., 1992). These observations suggest that
Hox D cluster genes are involved in specification of limb and skull
morphology in advanced tetrapods, and that defects in Hox D gene
function are evident as palingenetic reversions, perhaps reflecting
ancestral phylogenetic relationships among vertebrates. Based on
these results, truncation or absence of Hox D cluster genes would be
expected to severely restrict the developmental potential of tissue
primordia responsible for specification of those limb and cranial
structures characteristic of tetrapods. This view of Hox D gene
function suggests fish may lack the complement of Hox genes necessary
for elaboration of tetrapod-related structural features including
limbs and a neocranium. According to this view, it would be
appropriate to conclude that the tetrapod limb and fish fin are
evolutionarily analogous. In support of this interpretation, is the
observation that the mesenchyme of the fin bud is derived from
mesodermal and neural crest tissue, whereas the mesenchyme of the
tetrapod limb is derived solely from mesodermal tissue (Tabin, 1991;
Thorogood, 1991). Furthermore, the transition from fin to limb

involves loss of any trace of the dermal (neural crest or mesodermal)
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component and considerable variability would be expected in the fin-
limb transition in a situation where the basal cartilaginous elements
were expanding to replace apical elements (Hall, 1991). Within the
fishes the differences between the two fin types (ray and lobed) are
so great, however, that it is very difficult to imagine what
structural intermediates would be like or how they could function.
It is easier to envisage the replacement as a single-step event
caused by a simple "switch" in gene expression (Ahlberg, 1992). A
major aspect of coelacanth morphology, lobed fins instead of ray
fins, may thus have arisen quite suddenly, rather than through
gradual change. The mixed germ layer derivation of the mesenchyme
found in the appendages of non-tetrapod vertebrates, in contrast to
the single germ layer derivation of mesenchyme associated with the
tetrapod limb, and lack of paleontological evidence for ray fin to
tetrapod limb transition supports an interpretation favoring
independent evolutionary origins for fish fins and tetrapod limbs.
It is interesting to speculate that Hox D cluster genesis may have
been the "single evolutionary step" allowing for the morphological

elaboration that has resulted in tetrapod limbs and the neocranium.
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Figure 1: Multiple sequence alignment of Morone Hoxa-3-like
sequences. All Morone sequences are shown in reference to
the Drosophila Antennapedia homeobox sequence. Dashes

signify identity with the Drosophila Antennapedia sequence.
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Figure 2: Multiple sequence alignment of Morone Hoxa-4-like
sequence. All Morone sequences are shown in reference to
the Drosophila Antennapedia homeobox sequence. Dashes
signify identity with the Drosophila Antennapedia sequence.
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Figure 3: Multiple sequence alignment of Morone Hoxa-6-like
sequences. All Morone sequences are shown in reference to
the Drosophila Antennapedia homeobox sequence. Dashes

signify identity with the Drosophila Antennapedia sequence.
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Figure 4: Multiple sequence alignment of Morone Hoxa-7-like
sequences. All Morone sequences are shown in reference to
the Drosophila Antennapedia homeobox sequence. Dashes

signify identity with the Drosophila Antennapedia sequence.



Droso.
Psc047
Psc056
Psc001
Psc222
Psc232

Droso.
Psc047
Psc056
Psc001
Psc222
Psc232

1
GAGAAGGAGT

61

GCCCTGTGCC
ctg--taa—-—
ctg--taa--
ctg——taa—--—
ctg==taa==
ctg--taa--

TTCACTTCAA TCGCTACTTG ACCCGTCGGC
s P i e——g-———¢c—— tg———g—C——
el ce=g=s=gss LgEssgrcs=
~——=fr———- c--g---c-- tg---g-c--
e L———— C-=—g~=—Cc—-— tg———g—-Cc——
S e S gs=g===c== LgE=E=geEc==
TCACGGAGCG CCAGATAAAG ATTTGGTTCC
-gt-E-~a~— ——~——=C—— ——G———————
=gt=crar= ssssesomss eogmmmemns
-gt-¢c--a-- ----———c--- -—-c——————-
=gbt=cr~a~= =====- C=== == Crssais
-gt-c--a-- -————- Cc——=— -- C——————-

GAAGGATCGA
-cc-tg-g--—
=eC=Eg=gT==

—cec~-tg—g——
-cc-tg-g-g

AGAATCGGCG
————e——c——
o —

60

GATCGCCCAC
-——g---a--
-——g---a--
-——g---a--
-——g---a--
-——g---a--
114
CATG



Figure 5: Multiple sequence alignment of Morone Hoxb-3-like
sequences. All Morone sequences are shown in reference to
the Drosophila Antennapedia homeobox sequence. Dashes

signify identity with the Drosophila Antennapedia sequence.
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Figure 6: Multiple sequence alignment of Morone Hoxb-4-like
sequences. All Morone sequences are shown in reference to
the Drosophila Antennapedia homeobox sequence. Dashes

signify identity with the Drosophila Antennapedia sequence.
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Figure 7: Multiple sequence alignment of Morone Hoxb-5-like
sequences. All Morone sequences are shown in reference to
the Drosophila Antennapedia homeobox sequence. Dashes

signify identity with the Drosophila Antennapedia sequence.
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Figure 7 continued: Multiple sequence alignment of Morone
Hoxb-5-1ike sequences. All Morone sequences are shown in
reference to the Drosophila Antennapedia homeobox sequence.
Dashes signify identity with the Drosophila Antennapedia
sequence.



61l 114

Droso. GCCCTGTGCC TCACGGAGCG CCAGATAAAG ATTTGGTTCC AGAATCGGCG CATG
PSC044 ———m=mmmmm mmm e s oo e ——em

PSE042 ———@r————— m——m i immmm— e s —— e e
Psc0]]l ====mrorce mrmmsamsmm semaasmiss



Figure 8: Multiple sequence alignment of Morone Hoxc-4-like
sequence. All Morone sequences are shown in reference to
the Drosophila Antennapedia homeobox sequence. Dashes
signify identity with the Drosophila Antennapedia sequence.
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Figure 9. ©Unrooted evolutionary tree for selected striped
bass Hox sequences. The distance matrix resulted from the
calculation of pairwise distance of the nucleotide
sequences. The unrooted evolutionary tree was constructed
by applying the NJOIN and NTSYS programs to the distance
matrix. Hox gene designations are provided at the end of
the respective branch. Scaled numbers represent relative
distance values.






Figure 10. Unrooted evolutionary tree for selected
zebrafish Hox sequences. The distance matrix resulted from
the calculation of pairwise distance of the nucleotide
sequences. The unrooted evolutionary tree was constructed
by applying the NJOIN and NTSYS programs to the distance
matrix. Hox gene designations are provided at the end of
the respective branch. Scaled numbers represent relative
distance values.
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Figure 11. Unrooted evolutionary tree for selected mouse
Hox sequences. The distance matrix resulted from the
calculation of pairwise distance of the nucleotide
sequences. The unrooted evolutionary tree was constructed
by applying the NJOIN and NTSYS programs to the distance
matrix. Hox gene designations are provided at the end of
the respective branch. Scaled numbers represent relative
distance values.
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Table 1. Comparison and homology assignments of Hox PCR
clones from striped bass All sequences are relative to

the Drosophila Antennapedia homeobox sequence found at the
top of each column with hyphens indicating identical amino
acids. @ The mouse Hox genes and cognate groups are
indicated in the left column and the Drosophila homologs

in the right column. b The number of individual striped

bass clones recovered is indicated to the right of each
sequence. € ZF-114 has been assigned as an a-3 paralog in
this chart (Molven et al., 1992). d Based on our analysis
ZF-13 has been assigned as a paralog to group a-4,

however, it is unclear whether ZF-13 is a paralog of a-4

or b-4 (Njglstad et al., 1988a).
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Table 1 continued. Comparison and homology assignments of
Hox PCR clones from striped bass. All sequences are
relative to the Drosophila Antennapedia homeobox sequence
found at the top of each column with hyphens indicating
identical amino acids.
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Table 2. Pair-wise comparison of Hox and Hox-like a-4 and
b-5 gene nucleotide sequences. Hox and Hoxa-4-like
nucleotide sequence identities are reported above the
dashes and b-5 nucleotide sequence identities are reported
below the dashes.



SPECIES MOUSE STRIPED BASS ZEBRAFISH GOLDFISH | LAMPREY
MOUSE = 0.23 0.32 0.32 0.20
STRIPED BASS 0.21 - 0.27 0.21 0.32
ZEBRAFISH 0.26 0.19 - 0.34 0.35
GOLDFISH 0.31 0.18 0.16 = 0.34
LAMPREY 0.22 0.34 0.31 0.37 -




