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SUMMARY

We have used a morpholino-based knockdown approach to
investigate the functions of a pair of zebrafish Hox gene
duplicates,hoxblaand hoxb1h which are expressed during
development of the hindbrain. We find that the zebrafish
hoxblduplicates have equivalent functions to mouddoxbl
and its paralogue Hoxal Thus, we have revealed a
‘function shuffling’ among genes of paralogue group 1

knockdown experiments demonstrate that the zebrafish
hoxbl duplicates have partially redundant functions.
However, using an RNA rescue approach, we reveal that
these duplicated genes do not have interchangeable
biochemical functions: only hoxblacan properly pattern
the VIith cranial nerve. Despite this difference in protein
function, we provide evidence that thehoxbl duplicate

during the evolution of vertebrates. Like mouseHoxbl,
zebrafish hoxblais required for migration of the VIith

cranial nerve branchiomotor neurons from their point of
origin in hindbrain rhombomere 4 towards the posterior.
By contrast, zebrafish hoxblh like mouse Hoxal, is
required for proper segmental organization of
rhombomere 4 and the posterior hindbrain. Double

genes were initially maintained in the genome because of
complementary degenerative mutations in definedcis-
regulatory elements.

Key words: Zebrafish, Hox, Hindbrain, Rhombomere,
Branchiomotor neurons, Reticulospinal neurons, Morpholino, Sub-
functionalization, DDC model

INTRODUCTION and chick suggest that an equivalent organization is shared by
all the tetrapods (Godsave et al., 1994). By contrast, Hox gene
Clustered Hox genes encode a conserved family afrganization in the teleosts appears to be more variable
transcription factors implicated in conferring regional identity(Aparicio et al., 1997; Amores et al., 1998). This variation is
along the anteroposterior (AP) axis of all bilaterian animathe result of differing patterns of gene losses within the teleosts
embryos (McGinnis and Krumlauf, 1992; De Rosa et al.subsequent to the third duplication event. Within the lineage
1999). Invertebrates have a single cluster of Hox genes (Deading to zebrafish, loss of many individual duplicate genes,
Rosa et al., 1999; Garcia-Fernandez and Holland, 1994), bas well as loss of one entire cluster, has produced an
vertebrates have multiple Hox clusters as a result of large-scabarangement of 48 Hox genes arrayed over seven clusters
possibly genome-wide, duplications during their evolutionaryAmores et al., 1998). Despite the loss of many duplicates in
history. Duplication events are believed to have occurred closebrafish, there are ten instances where both products of the
to the time of vertebrate origins, around 500 Mya (millionthird Hox gene duplication have been retained.
years ago) (reviewed by Holland, 1999), leading to a four The precise time at which the third duplication event
Hox cluster organization that has been maintained in theccurred is not yet clear, although comparison of tetrapod Hox
tetrapod vertebrates (Garcia-Fernandez and Holland, 1994)uster organizations with those of several teleost fish species
Examination of several teleost fishes has suggested that @ebrafish, pufferfish, medaka and striped bass) (Amores et al.,
additional, more recent, duplication event (henceforth referretl998; Aparicio et al., 1997; Naruse et al., 2000) (E. Stellwag,
to as the ‘third’ duplication) occurred early in or prior to thepersonal communications) has allowed a broad time window
lineage leading to teleosts. This event has given rise to a sevienbe delineated. The duplication occurred after the divergence
Hox cluster arrangement in both zebrafish and medakaf the ray-finned fishes (which include teleost fish) from the
(Amores et al., 1998; Naruse et al., 2000). lobe-finned fishes (which include tetrapods), but before the
The Hox cluster organizations of mouse and human havadiation of the euteleosts (the group to which all the teleost
been fully described, and they share an identical arrangemesyiecies analyzed belong): i.e. between about 410 Mya and 110
of 39 genes over four clusters, termed A-D (reviewed byya (Carroll, 1988) (C. Jozefowicz, J. M. M. and V. E. P.,
McGinnis and Krumlauf, 1992). Available data frofenopus unpublished). Investigation of the mechanisms underlying
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retention of specific duplicates ideally requires comparisothe ancestraHoxbl gene before the third duplication event.
with the ancestral, pre-duplication, condition. In the case of th&hus, if hoxbla and hoxblb were retained due to sub-
zebrafish Hox genes, this is most likely to be exemplified byunctionalization, we might expect to find complementary
primitive ray-finned fishes, such as sturgeon, gar or bowfirdegenerative changes in these regulatory elements.
Unfortunately, Hox genes have yet to be studied in such Hoxbl, together withHoxal and Hoxdl, comprise the
primitive fish. members of mouse Hox paralogue group 1 (PG1). While
However, the Hox genes of the horn shatdetérodontus Hoxdlis not expressed during mouse hindbrain development
francisc), a member of the cartilaginous fishes, sister group t¢Frohnman and Martin, 1992Hoxb1 and Hoxal both play
both ray-finned and lobe-finned fishes, have been investigat@dportant roles in patterning this structure. The hindbrain is
(Kim et al., 2000). To date, only two horn shark Hox clustersubdivided along its AP length during its early development
have been described, but these clusters very closely resembito a transient array of segments termed rhombomeres (r1-r7,
the mouse and human A and D clusters, with respect to boffom anterior to posterior). Rhombomeric organization allows
gene organization and sequence. These data suggest that ébmblishment of specific segmental identities, which facilitates
four Hox cluster organization of the tetrapods has changegaroper neuronal organization in both the hindbrain and its
little since the divergence of this lineage from cartilaginougeriphery (reviewed by Lumsden and Krumlauf, 198&)xal
fish. Thus, the mouse provides a suitable comparison group &amdHoxblare co-expressed in the mouse hindbrain from the
examine the spectrum of changes that have occurred in Hearly stages of gastrulation, with an identical anterior
genes within the ray-finned fish lineage. We can thereforexpression limit at the presumptive r3/4 boundary (Wilkinson
usefully compare zebrafish Hox genes to mouse Hox geneséb al., 1989; Frohman et al., 1990; Murphy and Hill, 1991,
infer the mechanisms that have facilitated retention of specifiBarrow et al., 2000}Hoxalexpression is very transient in r4,
Hox gene duplicates in the zebrafish. retracting posteriorly out of the hindbrain during early somite
Gene duplication has long been thought to play an importastages. By contrasitjoxbl expression is stably maintained in
role in evolution by providing new genetic material forr4, while expression is gradually lost from r5 and r6 to leave
selection to act upon (Ohno, 1970). Classical models hawmn r4 ‘stripe’ of Hoxb1 expression. This rdHoxbl domain
assumed that after a duplication event, one gene copy is under maintained by an autoregulatory positive-feedback
selection, leaving the other free to drift (reviewed by Wagnemechanism, which is dependent on three defined Hox/Pbx-
1998). As harmful mutations are far more likely than beneficiabinding sites upstream éfoxb1 (Pdpperl et al., 1995).
ones, in many cases one gene copy will accumulate deleteriousMutant analysis of mousdoxal and Hoxb1 has revealed
changes to become a pseudogene or be completely lost (ndhat these two paralogs play divergent, but partially redundant,
functionalization). In rare cases, one duplicate may acquirerales in patterning the hindbrain. The prime function of the
key novel function (neo-functionalization), leading toHoxblgene is to confer proper r4 identity, as losdHokbl
preservation of both duplicates. However, vertebrate genomésnction results in major alterations to the r4-derived facial
appear to contain many more ancient gene duplicates th@vllth) motoneurons (Goddard et al., 1996; Studer et al., 1996;
classical models would predict (Nadeau and Sankoff, 1997%aufo et al., 2000). By contrast, lossHzixalfunction causes
Force and colleagues (Force et al., 1999; Lynch and Forca, radical reduction in the AP extent of r4 and r5, with an
2000) have proposed that this finding may be explained by @acompanying reduction in the size of the adjacent otic vesicle
model of sub-functionalization. They suggest that the modulaiLufkin et al., 1991; Chisaka et al., 1992; Carpenter et al.,
nature of eukaryotic gene enhancers may lead to a partitionid®93; Mark et al., 1993Hoxalalso plays a role in setting the
of gene functions following duplication, such that appropriate anterior expression limitlébxbl(Barrow et al.,
complementary expression domains are lost for each duplicat2000): in the absence &foxalfunction the anterior limit of
Such changes would lead to both duplicates being necessaryHoxbl is shifted towards the posterior, accompanied by a
preserve the function of the single ancestral gene, thus ensuriogncomitant posterior shift of the r3 territooxalfunction
that both gene copies are retained. This has been termed thethus required for the most anterior component of normal
duplication-degeneration-complementation, or ‘DDC’ model.Hoxbl expression, acting through the threé Hox/Pbx-
An important component of the model is that the alterations ibinding sites that are also required for autoregulation (DiRocco
cisregulation underlie only the initial retention of the duplicateet al., 1997).
genes; thus the DDC model does not preclude subsequentAnalysis of mice mutant for bothloxal and Hoxb1 has
alterations to coding sequences and protein functions. shown that the functions of these two paralogues are
To explore the mechanisms that underlie retention o$ynergistic (Studer et al., 1998; Rossel and Capecchi, 1999);
duplicated Hox genes, we have investigated the zebrafish double null mutants the loss of posterior hindbrain territory
hoxbla and hoxblb genes. These genes are particularlyis greatly exacerbated. Gain-of-function experiments with
appropriate for such a study because the function anmouseHoxal and chickHoxbl have shown that these PG1
regulation of the orthologous murine gadexbl, as well as genes have similar functional capacities when ectopically
its paralogueHoxal, have been described in great detail. Inexpressed (Zhang et al., 1994; Bell et al., 1999). Based on these
order to determine whether duplicated genes have bedimdings, Rossel and Capecchi (Rossel and Capecchi, 1999)
retained because of sub-functionalization, it is necessary tmave suggested that the primary difference between murine
have information regarding the transcriptional regulation of thédoxalandHoxb1lies not in their coding sequences, but in the
ancestral pre-duplicated gene. Hexblregulatory sequence precise regulation of expression of the two genes. However,
elements have been shown to be conserved in mouse, chick ahis cannot be concluded without directly demonstrating that
pufferfish (Marshall et al., 1994; Popperl et al., 1995; Langstothe two gene products have equivalent biochemical functions.
et al., 1997), we can infer that these elements were presentSnch a demonstration has been performedHoxra3 and
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Hoxd3 using ‘knock-in’ experiments, and in this particular were generated for the production of ‘rescue’ mRNAs. Each rescue
case, the two paralogues have equivalent functional capacitiegnstruct had 6 N-terminal Myc epitopes provided by pCS2myc (Turner
(Greer et al., 2000). and Weintraub, 1994) and no HOXWBTR sequence was incorporated,

In the zebrafish there are a total of four PG1 gemesala such that Myc was fused directly to the ATG, to avoid sequence
hoxbla hoxblb and hoxcla. These genes have been complementary to .the morpholinos. The pCS2mycbla construct
unambiguously assigned to their appropriate clusters based Eeéamed 12 nucleotides that are complementary to MObla and the

both d link Vsis (A t al. 199 CS2mycblb construct retained seven nucleotides that are
oth sequence and linkage analysis (Amores et al., omplementary to MOb1b. However, it has previously been determined

McClintock et al., 2001). The zebrafish ortholog of Mmousgnat morpholinos act most efficiently when binding at, or immediately
Hoxal,zebrafishhoxala is not expressed in presumptive r4, ypstream of, the start of translation (www.gene-tools.com/). Thus, the
and thus cannot play a role in early patterning of this hindbrain-terminal tags ensured that the first codon of the Hox protein lay
territory (McClintock et al., 2001; Shih et al., 2001). Hloxb1l internally within the transcript and thus translation was unlikely to be
duplicate geneshoxblaand hoxbllh are both expressed in affected by any residual annealing of the morpholino.

rhombomere 4 of the hindbrain (Alexandre et al., 1996; Prince To confirm that the morpholinos were capable of blocking
etal., 1998a). Intriguinglyyoxblaandhoxblbhave expression translation of the target Hox genes, we also gen_erated expression
profiles that are similar to those of mou$exblandHoxal, —constructs based on pCS2GFP (Turner and Weintraub, 1994), in
respectively (McClintock et al., 2001), although zebrafish’"ich the 5 UTR plus approximately the first 300 bp of coding

hoxblalacks the early gastrula stage expression shown bS{equence of eadmoxblduplicate gene was fused in frame to GFP

. . ; . sing standard PCR-based cloning. Injection ofugnl of mMRNA
mouseHoxb1 Our gain-of-function experiments with each of generated from each of these constructs produced prominent
the zebrafishhoxbl duplicates showed that either has theflyorescence, which was assayed at 8-9 hours of development. We
capacity to repattern r2 to an r4 phenotype (McClintock et althen used co-injections to test the ability of ehokblmorpholino
2001). Taken together, our previous findings suggested th&tknock down expression of the corresponding mRNA. We found that
zebrafish hoxbla and hoxblb could be the functional 1 mg/ml of MObla or 4 mg/ml of MOblb (the concentrations used
equivalents of mousdoxblandHoxal, respectively. in our functional experiments) completely abrogated fluorescence of
We have used a morpholino-based ‘knockdown’ approach tye target mMRNA, such that injected embryos were indistinguishable
test directly the functions of the zebrafisbxbl duplicates from uninjected embryos (data not shown). An unrelated control

. morpholino had no effect on the fluorescence levels from either
O_ur_ results demonstrate that zebrahehblaandho_xblbplay construct. These control experiments confirmed that the morpholinos
similar roles to mouséioxbl and Hoxal, revealing that a . able to knock down the target Hox genes
‘function shuffling’ among paralogues has occurred during ’

vertebrate evolution. Although we find that the zebrdfstbl  In situ hybridization analysis

duplicates have partially redundant roles, a series of rescuesitu hybridization was performed as previously described (Prince
experiments reveals that the proteins do not have completedyal., 1998a). In situ probes for the following genes were ks@®0
interchangeable biochemical functions. In spite of thigOxtoby and Jowett, 1993)nariposa(Moens et al., 1996)isletl
difference in protein function, we provide evidence that initial(lnoue et al., 1994)hoxbla (Prince et al., 1998a)hoxblb
retention of the duplicates occurred via sub-functionalizatiofgMcClintock et al., 2001) andoxb4(Prince et al., 1998b). Images
of definedcis-regulatory elements, as predicted by the DDdf/i\{;re photographed on a Zeiss Axioskop using 100 ASA Ektachrome
model. :

Retrograde labeling
Reticulospinal neurons were revealed by retrograde labeling from the

MATERIALS AND METHODS spinal cord at 5 days of larval development as previously described
(Alexandre et al., 1996). Labeled brains were visualized by confocal

Micro-injections microscopy.

Antisense ‘morpholinos’ were designed by Gene Tools to target the )

hoxblaandhoxblbgenes: Confocal and fluorescence microscopy
MObla: 3GGAACTGTCCATACGCAATTAA Confocal analysis was performed on a Zeiss LSM510 scanning
MOblb: BAATTCATTGTTGACTGACCAAGCAA confocal microscope. Fluorescence and bright-field images were
(The complement of the start of translation is underlined.) photographed on a Zeiss Axioskop using 1600 ASA Ektachrome film,

Approximately 100 pl of morpholino was injected at the images were merged using Adobe Photoshop 5.5.

yolk/blastoderm interface at the one- to four-cell stage, at . )

concentrations ranging from 0.5 mg/ml to 4 mg/ml in phenol redmMunohistochemistry

buffer (0.25% phenol red, 120 mM KCI, 20 mM Hepes-NaOH pH7.5)The  following antibodies were used for whole-mount

A secondhoxblbmorpholino, complementary td §TR sequences immunochemistry as previously described (Prince et al., 1998b):

but not incorporating the ATG start of translation, was also designe@A10 antibody recognizes the Mauthner neurons (Furley et al., 1990);

This reagent did not produce any phenotype when injected alone. RMO44 antibody recognizes a subset of RS neurons, including the
Synthetic capped mMRNAs were micro-injected alone or togetheélauthners (Pépperl et al., 2000).

with morpholinos, in phenol red buffer. MRNA was produced from

linearized DNA templates using the Ambion Megascript kit according

to manufacturer's instructions. mRNAs were generated fro"RESULTS

the previously described pCS2hoxbla, pCS2hoxblb and

pCS2AmphiHox-1 constructs (McClintock et al., 2001). In addition, . . . :

a pCS2mouseHoxbl construct was generated by cloning fuII-|engtlf'loss"Of'mnCtlon of zebrafish  hoxbla q!ﬁerent|ally

mouseHoxblcoding sequence (Accession Number, NM 008266)""ffectS two classes of rhombomere-specific neurons

into pCS2+ (Turner and Weintraub, 1994). The zebrafisthoxblagene has a stable r4 expression domain,
N-terminal Myc-tagged pCS2mycbla and pCS2mychlb constructsimilar to the later expression of mows$exbl This conserved
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expression domain, taken together with the results of out986; Hanneman et al., 1988) (see Fig. 4A). By contrast, the
gain-of-function analyses (McClintock et al., 2001) and theRS neurons of the mouse are far more complex and do not
phenotypes of mouseHoxbl null mutants, led us to display a simple ladder-like array (Auclair et al., 1999). In
hypothesize thdioxblais necessary for normal r4 identity. To zebrafish, r4 is characterized by several distinct RS neurons:
test directly the function ofioxbla we used a morpholino- the large, contralaterally projecting Mauthner neurons that lie
based knockdown approach. Morpholinos are stabilizedne on each side of the midline, clusters of smaller medially
antisense oligos that have been shown to block effectively aridcated Mi cells, and cells of the lateral vestibular nuclei
specifically translation of mRNAs in botiXenopusand (Metcalfe et al., 1986; Mendelson, 1986a; Mendelson, 1986b;
zebrafish embryos (Heasman et al., 2000; Nasevicius amthnneman et al., 1988).
Ekker, 2000). Using a GFRexbla fusion construct, we To investigate the function @foxblain patterning these r4-
confirmed that the morpholino targeted toxbla(MObla) specific neurons, we micro-injected embryos at the one- to
was able to efficiently block translation of ectofioxbla four-cell stage with a morpholino (MO) targeted hoxbla
message (see Materials and Methods). We then examin€@dObla). We assayed the character of the BM neurons by
hindbrain segmental identity in embryos whehexbla using embryos transgenic for asletl reporter construct,
function was knocked down, by assaying the specification anagthich directs green fluorescent protein (GFP) expression
behavior of two classes of neurons with rhombomere-specifigpecifically within the cell bodies and projections of the
identities. branchiomotor nerves (Higashijima et al., 2000), or by in situ
In the zebrafish, both the branchiomotor (BM) neurons ohybridization toisletl mRNA (Fig. 1). We found that over the
the cranial nerves and the reticulospinal (RS) interneurons havange of concentrations tested (0.5-4 mg/ml) almost every MO-
a rhombomere-specific disposition and thus provide markers afjected isletl transgenic embryo exhibited profound and
segmental identity. The organization of BM nerves is generallgpecific alterations to the facial (VIith) nerve, as assessed by
well conserved between zebrafish and mouse (Chandraseklilaiorescence or confocal microscopy (116 out of 117 embryos
et al., 1997). Each BM nerve consists of groups of neuronalssayed). Our primary finding was thaixblafunction is
cell bodies that lie in clusters within specific rhombomereshecessary for normal posterior migration of facial (VIith) nerve
projecting axons that fasciculate and leave the hindbrain aell bodies, as has been shown for mukioxbl(Goddard et
defined exit points to innervate the muscles of the adjaceat., 1996; Studer et al., 1996)
pharyngeal arches. Thus, the facial (VIlith) nerve has cell We examined MObla-injected embryos over a range of
bodies that differentiate in r4 and r5, and project axons out attages up to 5 days, and found them to have normal gross
r4 to innervate the second pharyngeal arch. The cell bodies wforphology; our molecular analysis showed that overall
these VIIith nerve BM neurons undergo a characteristiorganization of the hindbrain was also normal (data not
migration towards the posterior, along a medial pattshown). No alterations were found in the r2- and r3-derived
immediately adjacent to the floorplate, followed by a shori/th (trigeminal) nerve neurons, nor in the Xth (vagal) nerve
lateral migration, to ultimately form nuclei in r6 and r7 (Fig. neurons that lie posterior to r7. However, the cell bodies at the
1) (Chandrasekhar et al., 1997; Higashijima et al., 2000). Thesé level showed a spatial distribution remarkably similar to
VIIith nerve cells differentiate at around the 16-hour stagethose of the r2-characteristic cell bodies of the Vth nerve (Fig.
commence their posterior migration at about the 19-hour stagg). Thus, the cells were located more laterally within r4 than
and begin to arrive at their r6 and r7 destinations by 24 hoursormal, and did not undergo their characteristic posterior
By the 36-hour stage, the VIith nerve neurons have reachedigration behavior. Rather, a cluster of cells formed in r4, with
their final positions. The BM neurons characteristic of r2 ané similar shape and mediolateral location to the r2
r3, the neurons of the Vth (trigeminal) nerve, have a vergharacteristic Vth nerve cells (Fig. 1A-H). Even after 5 days
different organization. The cell bodies of the Vth nerveof development, the VIith nerve cell bodies remained in r4
differentiate as a major anterior group in r2 (Va) and a smallerather than migrating posteriorly towards r6 and r7 (data not
later differentiating, posterior group in r3 (Vp); neither of theseshown). Transplantation of neurons between wild-type and
groups undergoes any migration towards the posterior (Fig. Tyorpholino-injected embryos has demonstrated that the
(Chandrasekhar et al., 1997; Higashijima et al., 2000pnormal migration of VIith nerve neurons requires cell-
However, both the r2 and r3 groups of Vth nerve cells dautonomous function dfoxbla(K. L. Cooper, V. E. P. and C.
migrate laterally within their rhombomeres of origin. By 24 B. Moens, unpublished).
hours for r2, and 30 hours for r3, the Vth nerve BM neurons As the hoxbla-deficient embryos showed major alterations
are distributed in a mediolateral array that is not immediatelin VIith nerve cell body location, we used confocal microscopy
adjacent to the floor plate; by 36 hours, these BM neurons hate trace their axon projections isletl transgenic embryos at
completed their lateral migration. Both r2 and r3 neuronshe 48-hour and 72-hour stages (Fig. 1G-J). In wild-type 48-
project axons to an exit point in r2 to innervate the adjaceritour stage embryos, the Vth nerve axons, which exit the
first pharyngeal arch. hindbrain via r2, have formed a single fasciculated bundle that
The second major class of neurons that displayprojects along the posterior of the eye into the first pharyngeal
rhombomere specific identity is the reticulospinal (RS)arch (Fig. 11). The Vlith nerve axons course anteriorly from
interneurons, which provide the major route through which théheir cell bodies, which lie in r6 and r7 at this stage, to exit the
brain communicates with the spinal cord to control locomotionhindbrain via r4. These axons project ventrally into the second
Zebrafish RS neurons form a ladder-like array along the ABharyngeal arch, their pathway bifurcating ventrally (Fig. 11).
extent of the hindbrain and comprise distinct cell typesGFP-positive VIlith nerve/octavolateralis efferent (OLe)
characteristic to each rhombomere, recognizable by sizegurons are located in close proximity to the VIith nerve
mediolateral location and axonal projection (Metcalfe et al.neurons, and their axons follow the same tract as the VIith
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Fig. 1. Loss-of-function ohoxbZlaalters MO bia iniected
the disposition of r4-derived
branchiomotor neurons. The disposition
the BM neurons is revealed by expressi
of isletl, either in liveisletGFP transgeni
embryos (A-D,G-J) or bisletlin situ
hybridization (E,F). Uninjected (wild-typ
control embryos are shown in left-hand
panels and embryos injected with MOb:
at 1 mg/ml in right-hand panels. The BN
neurons of the following cranial nerves ¢
indicated: Ill, occulomotor; 1V, trochlear;
V, trigeminal; VII, facial; IX,
glossopharyngeal; X — vagal.
Rhombomeres (r) are numbered.
(A-H) Embryos are dorsal-side uppermc
with anterior towards the left. (A-D3let
GFP transgenic embryos at 24 hours of
development. (A,B) Merged bright-field
and fluorescent images. o, otic vesicle;
n, notochord. (C,D) Fluorescent images
alone. In wild-type embryos (A,C), the \
(trigeminal) nerve cell bodies lie in r2 (V.
cluster; see E-J) and r3 (Vp cluster; see
J); the VIith (facial) nerve cell bodies
migrate posteriorly, close to the floorplai
from r4 and r5, to ultimately reach r6 an
r7. In MOb1la-injected embryos (B,D), tt
VIith nerve cell bodies do not migrate, a
instead lie in laterally positioned cluster:
similar to Vth nerve cell bodies. In both
control and injected embryos, axons cal
seen exiting the hindbrain at the r4 leve
and projecting towards the second
pharyngeal arch. (E,Bletlin situ
hybridization at 30 hours reveals the sal
neuronal disposition. Severaletl
expression sites additional to those in tt
GFP line can also be seen. These inclu
the laterally located cranial ganglia, as \
as the r6 and r7 located glossopharynge
(IXth) nerve cell bodies. In the absence
r6/7-located VIIth nerve neurons, the IX
nerve neurons are revealed after MOb1
injection (F). These neurons expresdstl
mMRNA but are not labeled by tiset GFP
transgene (compare F with D). (G,H)
Merged confocal images of 40 hour

ype control

wild-t
- 0

r2 r3 rd r5 r6r7

islet1 islet1

islet1 islet1

islet1

embryos. In wild-type specimens (G), V eye / 18t . X
and VIith nerve neurons have now reac 2nd 4th-7th % “and 4th-7th
their final locations. In MObla-injected | a8h J 3 : 48h

embryos (H), the r4-derived neurons
remain at the r4 level (VIl) and show a similar mediolateral localization to r2-derived Vth nerve neurons. (1,J) Confatsbad@your larvae
in lateral view; anterior towards the left. In wild-type larvae (1), the VIith nerve neurons are localized significantlgrgodtesi Vth nerve
neurons (red labels); Vth nerve neurons project axons out of r2 to innervate the first pharyngeal arch; Vlith nerve necrarsips@nteriorly
to exit the hindbrain in r4 and innervate the second arch; the Xth (vagal) nerve neurons innervate arches 4 througltlicgtec iy ired
arrows). The red arrowhead indicates VIlIth nerve/octavolateralis efferent (OLe) axons projecting into the otic regionatim)déed larvae
(J), the projections into the pharyngeal arches are indistinguishable from normal (red arrows). However, the r4-derilied ¢éll)omntinue to
be localized in r4, immediately posterior to Vth nerve cell bodies, and the VIlith/OLe axon tract is absent (red asteBibknélthien axons
followed the same general pathways into the arches in all specimens analyzed, but we observed occasional individuatisaiayeveonst
fasciculated with the main bundles in both wild-type and injected embryos.

nerve before turning posteriorly into the otic regionembryos, projecting into the first and second pharyngeal
(Higashijima et al., 2000) (Fig. 11, red arrowhead). In 48-houarches, respectiveln£10; Fig. 1J). However, the VIlith/OLe

MObla-injected embryos, the axons of both the Vth and Vlitlaxon tract was absent from the injected embryos, with just a
nerves follow similar trajectories to those of wild-type few unfasciculated axons entering the otic region on occasion
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wild-type

.

Fig. 2. Maintenance of zebrafidioxbla
transcription requires Hoxb1la protein.
Transcription of endogenot®xblawas assayed
by whole-mount in situ hybridization in
uninjected control embryos (left-hand panels) or
in embryos injected with 1 mg/ml MOb1a (right-
hand panels). (A,B) 24 hour embryos: (fgxbla
is expressed at high levels in r4 of control
embryos; (B) in the MObZla-injected embryos,
there is a reduction in transcript levels in the
medial part of the neural tube. (C,D) At 36 hours,

. O ]
loss of medial transcription in response to MObla = 3
is more severe. (E,F) Transverse sections (planes ﬁ . W
indicated by red arrows in C,D, dorsal towards the o N s
. T e e . . _jS
top) encompassing the whole of r4 were hand cut R R e ot
from 36 hour embryos post in situ. E b, ~  36h F“ﬂ AU ag36h

(n=10; Fig. 13). At the 72-hour stage, the BM neuron axon$ioxblbgene may be responsible for RS neuron specification
have projected further ventrally along their pathways. At thisn r4.

later stage, we again found that the axon pathways within the ] )

pharyngeal arches of MObla-injected embryos did not diffek0ss of Hoxbla protein causes down-regulation of

from those of wild type, but that the VIIIth/OLe tract was hoxbla transcription

absent1=10; data not shown). In the mouselHoxblexpression is maintained at high levels in

Our confocal analysis showed that the axonal projections ot by an autoregulatory feedback loop (Pdpperl et al., 1995).
the hoxbladeficient VIith nerve neurons did not differ from Our previous gain-of-function analysis has shown that ectopic
those of wild-type embryos, revealing that the axons of thboxblacan induce transcription of the endogentwasbla
mislocated neurons remained capable of responding to tlgene in rhombomere 2 (and in other anterior regions of the
pathfinding cues used by normal VIith nerve axons. Wembryo when introduced at high concentrations) (McClintock
conclude that whehoxbZlafunction is knocked down, the r4- et al., 2001), suggesting that zebrafigixblais subject to a
derived BM neurons lose the capacity to migrate posteriorlysimilar autoregulatory mechanism. We therefore investigated
yet their axons project normally into the second pharyngedloxblamRNA levels in MObla-injected embryos. Using in
arch. We also conclude thhbxblafunction is required for situ hybridization, we found thatoxblamRNA levels were
establishment of the VIIIth/OLe axon tract. However, as thequivalent in control and MO-injected embryos up to the 20-
individual neurons of the Vlith and VIlith nerves cannot behour stage r=9; data not shown), but by the 24-hour stage
distinguished, we are unable to determine whether VIlith nervéhere was significant reductionfioxblamRNA levels in MO-
neurons are absent from MObla-injected specimens, dmjected embryos nE15; Fig. 2A,B). Levels ofhoxbla
whether they fail to migrate posteriorly, as do VIith nervetranscript were reduced still further at the 36-hour stage,
neurons. particularly in the most medial part of the neural keellg;

By contrast, injection of MObla did not cause anyFig. 2C-F), consistent with the idea that zebrafiskblais
identifiable change to the appearance of the reticulospinaideed subject to autoregulatory control. In wild-type embryos,
(RS) neurons, as assayed by immunohistochemistry (3Allfloxblaexpression levels up-regulate in r4 at around 11 hours
antibody;n=17) or retrograde labeling from the spinal cordof development, shortly after the onset of expression
(n=9, data not shown). The lack of alterations to RS neuron@icClintock et al., 2001). Yet, our morpholino injection results
suggests thahoxblafunction is not necessary for proper suggest thahoxblaautoregulation is not important until after
differentiation, localization or axonal projection of this class20 hours of development. However, we cannot preclude an
of early born interneurons. However, we have previoushearlier role for Hoxbla protein in maintenance hafxbla
demonstrated that mis-expressionhafxbla,or other PG1 transcription: the MObla morpholino acts by binding directly
genes, is sufficient to induce differentiation of ectopic r4to hoxbla mRNA and may therefore act to stabilize the
characteristic neurons, including Mauthner neurons, at the rdessage.
level (McClintock et al., 2001). The Mauthner neurons are Our injection experiments with MObla have revealed that
born at approximately 7.5 hours (Mendelson, 1986a), shortlgebrafish Hoxbla function is required both for proper
after the onset dioxblbexpression (Alexandre et al., 1996), migration of VIith nerve BM neurons and for proper
but shortly before the onset bbxblaexpression (Prince et transcriptional regulation ohoxbla In the mouseHoxbl
al., 1998a). These results suggest that the earlier expresdetwckout, similar inhibition of migration of VIith nerve
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size of the adjacent otic vesicle (Lufkin et al., 1991; Chisaka
et al., 1992; Carpenter et al., 1993; Mark et al., 1993), whereas
Hoxblloss-of-function does not affect hindbrain segmentation.
The zebrafislhhoxblbgene shows transient expression in r4 and
the posterior hindbrain during gastrulation, very similar to the
earliest aspect of both mouktoxal and Hoxb1 expression.
Thus,hoxb1bis the only zebrafish Hox gene expressed during
early gastrulation stages, when hindbrain segmentation is
presumably being set up. We have therefore hypothesized that
hoxblh like mouseHoxal, may be required for normal
segmentation of the hindbrain.

To test the hypothesis thiadxblbis functionally equivalent
to mouseHoxal, we have used a morpholino (MOblb) to
knock downhoxblbfunction. We confirmed that MOb1b was
able to block translation of ectopimxblbmessage using a
GFP-hoxb1b fusion construct (see Materials and Methods). We
then investigated hindbrain organization in embryos injected
with 4 mg/ml MOblb. Rhombomeric organization was
assessed by in situ hybridization with the r3/r5 makkex20

MOb1b MOb1a+MOb1b

wild-type

krox20 + hoxb4a

bright-field

Fig. 3. Loss-of-function ohoxblduplicate genes causes alterations
in segmental organization of the posterior hindbrain. (A-C) In situ
hybridization withkrox20(a marker for r3 and r5) artbxb4

(Oxtoby and Jowett, 1993), together witbxb4 a marker for
r7 and posterior (Prince et al., 1998b). We found a significant
reduction in the AP extent of r4, r5 and r6, accompanied by an

(expressed in r7 and posterior) at 20 hours, anterior towards the topglongation of the AP extent of r3 (Fig. 3A,B; Table 1 — note
rhombomeres r3-r6 and their AP extent are indicated (red double- that il measurements presented are based on a minimum of 20
hea}d‘?dM%’ﬂ"t’)s)' (A) ng'type FORtFr,O'; (B) er?biyos'me‘:jteg W'tg 4 specimens). In the mouse, the early transient phasexil
mg/m , hote reduction In extent of r4, r5 and r6 an H ' . :
. L X r4 expression has been shown to be important for setting the
expansion of r3; (C) Embryo co-injected with 1 mg/ml MOb1a + 4 anterir())r limit of Hoxb1 expression; thus pin the absencegof
d p I [

mg/ml MOb1b, note exacerbation of reduced size of r4 and r6, an . ! . . .
further expansion of r3 towards the posterior. (D-F) Bright-field Hoxal function the anterior expression limit éfoxbl lies

lateral views of live embryos at the 24-hour stage, anterior towards More posteriorly than normal (Barrow et al., 2000). Similar to
the left. The AP extent of the otic vesicles is indicated by white barsthe mouseHoxal knockout, we found that when zebrafish

(D) Wild-type embryo; (E) MOb1b-injected embryo; (F) hoxblbfunction was knocked-down, the r3/r4 boundary was
MObla+MOblb-injected embryo. Arrows indicate otoliths. shifted towards the posterior, leading to a reduction in AP
extent of r4 and an expansion in AP extent of r3 (Fig. 3A,B).
A similar shift in the r3/r4 boundary was revealed usiogbla
neurons and progressive loss of autoregulation have beemrpression as a marker for r4 (data not shown).
demonstrated (Studer et al., 1996; Studer et al., 1998). Thus,The otic vesicle, which lies adjacent to r5, was also reduced
the functions we have identified for zebrafisbxblaare in AP extent in MOblb-injected embryos (Fig. 3D,E), again
identical to those previously described for mous$exbl, similar to the phenotype of the moustoxal knockout
supporting our hypothesis that these genes have equivalg@hisaka et al., 1992). However, analysisstétl transgenics
functions. showed minimal changes in BM neuron character, with the
) ) ) only alteration being a slight reduction in the AP extent of the
Morpholinos targeted against zebrafish  hoxb1b projection from the VIith nerve cell bodies to their exit point,
cause alterations in hindbrain segmentation consistent with a reduced AP extent of r4 and r5 (data not
In the mouseHoxalloss-of-function causes altered segmentalshown). Furthermore, we did not find any alterations in the
organization of the hindbrain, and concomitant reduction irtharacter of the RS neurons as assessed by retrograde labeling

Table 1. Loss-of-function ofhoxblduplicate genes alters segmental organization of the hindbrain
AP length (um)

Treatment Rhombomere 3 Rhombomere 4 Rhombomere 5 Rhombomere 6
Uninjected 52.7 (s.d. 2.6) 47.5 (s.d. 3.7) 57.4 (s.d. 3.5) 41.2 (s.d. 2.1)

MOb1lb 66.8 (s.d. 6.6) (+27%) 36.5 (s.d. 5.5) (-23%) 50.6 (s.d. 3.7) (-12%) 31.8 (s.d. 3.7) (-23%)
MObla+blb 73 (s.d. 5.5) (+39%) 24.0 (s.d. 6.2) (-50%) 46.8 (s.d. 3.1) (-19%) 27.5 (s.d. 2.1) (-33%)
RNA rescue

MOb1b + hoxblb mRNA
MOb1b + hoxbla mRNA

49.0 (s.d. 5.3) (+3%)
50.6 (s.d. 3.8) (+7%)

52.1 (s.d. 4.5) (~9%)
55.3 (s.d. 2.9) (=4%)

37.1 (s.d. 2.1) (~10%)
36.5 (s.d. 6.9) (~11%)

In situ hybridization with probes fdrox20andhoxb4was performed on 20-hour stage embryos to allow visualization of r3, r4, r5 and r6. A minimum of 20
samples was used for each measurement. Images in dorsal view were digitized, transferred to Adobe Photoshop and rhonrswetnesniceameters.
Measurements were taken at a halfway point between the midline and the lateral margin of the rhombomere. The standasldi@wbtanh set of
measurements is noted, as is the percentage change with respect to wild-type control embryo measurementsteStuzteriirsned that the MOb1b or
MOb1a+MOblb morpholino-treated rhombomeres had statistically different AP lengths from wild-type rhombomeres (for each ragPiiodde1).
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(n=7) or by 3A10 antibody stainn€30), suggesting that rhombomere identity available. Thus, as r5 is reduced in AP
hoxblb function is not required for proper RS neuronextent by knockdown ohoxbllh we cannot rule out the

specification. possibility that the r5 RS neurons spread into adjacent
rhombomeric territories.

Knockdown of both  hoxb1 duplicates leads to Our results reveal that the presence of at least one normal

alterations in reticulospinal neuron disposition and hoxblduplicate is required to confer appropriate identity to the

exacerbates segmentation defects RS neurons in r4 and more posteriorly. The r4-specific

As some, but not all, rd-specific characters were affected bylauthner neurons are born at about 7.5 hours, and the r5 RS
knockdown ofhoxblaor hoxblbindividually, we wished to neurons at about 9.5 hours (Mendelson, 1986a).hbxé1b
determine whether the duplicate genes might have songene is first expressed at 6 hours (early gastrulation) (Alexandre
redundant functions. To test this hypothesis, we co-injected bott al., 1996; McClintock et al., 2001), before the time at which
MObla and MOb1b. In response to knockdown of tatkbl  the r4 Mauthner neurons are born. However,hibeblagene
duplicate genes, we observed significant alterations to the RSnot expressed until about 2 hours after their birthday (Prince
neurons in r4 and posteriorly, using both immunohistochemistrgt al., 1998a). Nevertheless, eitmxblbor hoxblahas the
(RMO44 antibody,n=74) and retrograde labelingi=19). In  ability to allow normal Mauthner neuron differentiation. This
uninjected control embryos, we observed bilateral contralateralfinding suggests that Mauthner cell identity is not necessarily
projecting r4-specific Mauthner neurons in 100% of embryogstablished at the time the neurons undergo their final cell
using either technique (RM044=30; retrograde labeling=16).  division, but rather can remain labile for several hours.
By contrast, in injected embryos we found that Mauthner neurons In the mouse, loss-of-function of bothoxbl and Hoxal
were absent, either unilaterally (43%) or bilaterally (39%) (Figexacerbates the segmentation phenotypes associated with
4B-D). In cases where unilateral Mauthners
remained, they were frequently displaced a ¢ .
distance towards the posterior (Fig. 4B). WIId-type MOb1a+MOb1b

We also observed ectopic neurons at th
level, which were smaller than Mauthner neul
and did not project contralaterally; between
and three of these cells was observed on eac
of the hindbrain, lying just lateral to the me
Mi neurons (Fig. 4B-D, ectopic cells indicated
asterisks). Our analysis of three-dimensi
confocal projections and confocat-series
revealed that the ectopic neurons lay vent
within r4, at a similar dorsoventral level to
Mauthner neurons of uninjected specimens
three specimens, ectopic r4 neurons ar
Mauthner neuron were present together in
same hemisegment, and at the equivi
dorsoventral level; this finding suggests that
ectopic r4 neurons are unlikely to form
additional cell divisions of a Mauthner neu
precursor cell. Co-injected embryos also shc
a radically reduced number of r4-specific lat
vestibular neurons, as revealed by retrog
labeling (between 0 and 4 cells were labele:
comparison with approximately 16 cells in wi
type specimens) (Fig. 4A-D). This may refl
loss of the vestibular neurons, but could
reflect an inability to label the cells becaus:
changes in their projections. As the RMC(
antibody does not recognize these cells we c:
distinguish between these possibilities. N
posteriorly, we observed that the r5 RS neu

tended to be distributed more broadly t ] . ) . e
normal. This altered distribution included Fig- 4. Thehoxblduplicates have redundant functions in RS neuron specification.

; ; Retrograde labeling of 5-day larvae, merged confocal images, anterior towards the

2%5612&%;3;2{'?%; s élrsvgtljone?nthi(na d?/l:i)dﬁglls. top, rhombomeres are numbered. (A) Wild-type control, note the bilateral r4-specific

: L Mauthner neurons (M), the more lateral vestibular neurons (nV), and the smaller,
lying more lateral than normal within F5’ althou laterally located r2-specific rol2 neurons. (B-D) Larvae injected with MObla at 1
the average number of r5 cells remained con  q/m| and MOb1b at 4 mg/ml. Note loss of Mauthners (*) and their replacement
(Fig. 4B-D). It should be noted that by the 5  with smaller more medially located cells. In B, a unilateral Mauthner remains,
stage, when retrograde labeling was perfor  although it is displaced posteriorly (MIn C, ectopic lateral cells at the r5/6 level are
that there are no independent markers indicated (red arrowhead).
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Hoxalknockout (Gavalas et al., 1998; Studer et al., 1998). Thexogenous hoxbla is sufficient to rescue the loss of normal
mouse Hoxbl and Hoxal genes have similar onsets of VIith nerve neuron migration that results from MObla
expression, and are both transiently expressed durinigjection, verifying that this phenotype is a result of loss-of-
gastrulation stages in the hindbrain primordium, with arfunction ofhoxbla.

anterior limit at the presumptive r3/4 boundary (Barrow et al., The embryos co-injected with MObla ahdxblamRNA
2000). In the zebrafish, theoxblbgene is also transiently also showed the previously described gain-of-function
expressed in the posterior hindbrain primordium duringohenotype (McClintock et al., 2001). Thus, the r2-specific
gastrulation stages (between 6 and 10 hours of developmemtigeminal (Vth) nerve neurons showed alterations from their
(Alexandre et al., 1996; McClintock et al., 2001). By contrastnormal phenotype, with a more medial localization
the hoxblagene has a later onset of expression, at around ¢haracteristic of facial (VIIith) nerve neurons (indicated a§ VI
hours of development, but is also transiently expresselig. 5B,D) (McClintock et al., 2001). Other aspects of the gain-
throughout the hindbrain primordium posterior to theof-function phenotype at the r2 level, such as ectopic r4-
presumptive r3/r4 boundary (Prince et al., 1998a). Asharacteristic Mauthner neurons and activationhokbla
rhombomere boundaries may not be fully established befoteanscription, were also observed (data not shown). These

the onset ohoxblaexpression, we wished to investigate

whether hoxbla and hoxblb might have synergist
functions in hindbrain segmentation. We found

following co-injection of MObla and MOb1b, defect:
segmental organization were indeed exacerbate
comparison with those observed after injectior
MODb1b alone (Fig. 3C; Table 1). Thus, r4, r5 and r6"
all significantly further reduced in AP extent at the
hour stage, and the r3 territory became still ful
extended. The rhombomere boundaries shifted in pe
with these altered expression domains, as revealed
situ hybridization with themariposaboundary marke
(data not shown), and the AP extent of the otic ve
became further reduced (Fig. 3F). At ea
developmental stages (12 and 15 hours, data not s
we observed similar altered sizes of r3 through 1
response to knockdown of bdtlexblgenes, suggestil
that mis-specification of rhombomere identity occu
from the very earliest stages of hindbrain regionaliza

RNA rescue experiments confirm specificity of
morpholino function

To confirm that the MO phenotypes were caused by
of-function of the individual Hox genes, we perforr
rescue experiments using co-injection of mMRNAs
encoded the knocked-down gene products. To preve
MOs from blocking translation of the ectopic:
introduced transcripts, we used N-terminal Myc-tag
constructs with no Hox genélblR sequences prest
(see Materials and Methods). We found that t
constructs produced transcripts that function identi
to untagged transcripts in a gain-of-function a:
(McClintock et al., 2001).

We found that co-injection of 1 mg/ml of MObla w
15 or 20 pg/ml of hoxbla mRNA (generated frol
pCS2mycbla) at the one-cell stage led to highly effi
rescue of the loss-of-function phenotype. In the pres
of MObla alone, nearly 100% of specimens lost na
migration of the facial (VIith nerve) BM neurons
revealed bysletlexpression, Fig. 5A,C). By contrast
the co-injected embryos the VIIth nerve neurons shi
migration towards the posterior (97%37; Fig. 5B,D)
In some cases the rescue of neuronal migration
partial; this most probably reflects some mosaicis
RNA distribution, as previously reported by
(McClintock et al., 2001; Bruce et al., 2001) and ot
(Blader et al., 1997). These results confirm

MOb1a + hoxb1a

krox20

hoxb1b

MOb1b

MOb1b
+ hoxb1b

Fig. 5.Morpholino generated loss-of-function phenotypes are rescued by
ectopic protein. (A-D) Rescue of MObla phenotype, disposition of BM
neurons is revealed witkletl (A,B) isletGFP transgenics; (C,Dgletlin

situ hybridization at 28 hours, anterior towards the left. (A,C) Embryos
injected with MOb1a alone at 1 mg/ml, note lack of migration of r4-derived
BM neurons (VII). (B,D) Embryos co-injected with MObla at 1 mg/ml and
hoxblamRNA at 15ug/ml, note rescue of migration of r4-derived neurons
(VII), plus posteriorizing transformation of r2-derived neurons (VII').

(E-H) Rescue of MOb1b phenotype, embryos at 20 hours, anterior towards
the top krox20in situ hybridization. (E) Uninjected wild-type control, note
approximately equal AP extents of r3, r4 and r5; r4 size indicated with
double-headed arrow. (Rpxb1bmRNA injected (2Qug/ml) embryo, note

no change in r4 size but increase in r3 AP extent, as we have previously
described for gain-of-function experiments (McClintock et al., 2001).

(G) MOb1b injected (4 mg/ml) embryo, note shift in r3/4 boundary towards
the posterior, resulting in a significant reduction in AP extent of r4, together
with increase in AP extent of r3. (H) Embryo co-injected \mitixb1b

mMRNA plus MOb1b, note rescue of r4 AP extent to wild-type proportions,
together with increased size of r3 AP extent as seen with RNA alone.

wild-type
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Fig. 6. Thehoxblaandhoxblbgenes have non-
identical biochemical functions. BM neurons are
revealed withisletl (A,B) isletGFP transgenics,
(C,D)isletlin situ hybridization, embryos at 28
hours with anterior towards left. (A,C) Embryos
injected withhoxb1bmRNA at 20pg/ml show
posteriorizing transformations at the r2 level (V
neurons are transformed to YjI(B,D) embryos
co-injected with MOb1la (1 mg/ml) arbxblb
MRNA do not show either rescue of tiexbla
loss-of-function phenotype, or any gain-of-
function phenotype. o, otic vesicle.

findings demonstrate that ectopically provided Hoxbla i®f-function phenotype with regard to the BM neurons (Fig.
sufficient to cause gain-of-function phenotypes in the absen@B,D). Thus,sletlpositive neurons did not migrate posteriorly
of endogenous Hoxbla function. from r4 in co-injectedsletltransgenic embryos (100%+16),

We similarly tested whethdroxb1lbmRNA can efficiently  nor in non-transgenic embryos assayed by in situ hybridization
rescue the MOb1b phenotype. In embryos co-injected witfor islet1(100%;n=32); the r2 and r3 located Vth nerve neurons
mRNA and MOb1b, we found that the AP lengths of r4 througlalso appeared wild-type in these co-injected embryos. A trivial
ré increased towards the wild-type measurements (Table 1; Figxplanation for these results would be that Hoxb1lb protein is
5H). This confirmed that exogenous Hoxblb is sufficient tdess stable than Hoxbla protein, and is therefore not present at
rescue the segmentation phenotype that results from injecti@nsufficient concentration to compensate for lack of Hoxbla at
of MOb1lb, and verified that this phenotype results from lossthe stage when BM neurons begin to migrate. However, we have
of-function of hoxblb The co-injected embryos also showedpreviously shown by western blot analysis that mis-expressed
the previously described gain-of-function phenotypes, whictMyc-tagged Hoxbla and Hoxblb proteins are present at
include an increase in the AP extent of r3 caused by a shift efjuivalent concentrations in 20- to 22-hour stage embryos
the r2/3 boundary towards the anterior (McClintock et al.(McClintock et al., 2001), shortly after the onset of VIIth nerve

2001) (Fig. 5F,H). neuronal migration at around 19 hours.

Although co-injection ohoxb1bmRNA and MObla did not
The hoxbla MO knockdown phenotype cannot be alter r2-specific BM neurons, we did observe other gain-of-
rescued by the hoxb1b duplicate gene, but the function phenotypes associated with ectopic Hoxblb. Thus,
hoxb1b MO knockdown phenotype can be rescued ectopic Mauthner neurons formed at the r2 level (40243),
by hoxbla as previously described for injection lséxb1bmRNA alone

Paralagous Hox genes often show partially redundar(icClintock et al., 2001). This result is consistent with our
functions, suggesting that paralogues can have equivaledémonstration that either duplicate is sufficient to allow
biochemical functions. This has been demonstrated for twproduction of Mauthner neurons. We also found that co-
mouse Hox PG3 genes, which have been shown to aittjection of hoxblb mRNA and MObla led to ectopic
synergistically (Condie and Capecchi, 1994); the mous&anscription ofhoxblaat the r2 level at the 20-hour stage
Hoxa3coding sequence can functionally substitute for thg92%;n=36), again as observed in responskaxblbmRNA
Hoxd3coding sequence (Greer et al., 2000). NeverthelesaJone (McClintock et al., 2001). Thiwxblatranscription was
individual null mutants for either moustoxa3or Hoxd3have  downregulated at both the r2 and r4 levels by the 36-hour stage
phenotypes that affect completely independent structurgglata not shown), consistent with an increasing requirement for
(Condie and Capecchi, 1993; Manley and Capecchi, 19953n autoregulatory feedback loop to maintahoxbla
Thus, the differences in the patterning functions of these twtwanscription. These gain-of-function phenotypes confirmed
genes must be mediated at the levetisfregulation, rather thathoxb1bmRNA was functional in the co-injections. We can
than by differences between the proteins. We therefore wishekerefore conclude that Hoxbla and Hoxblb do not have
to investigate whether the zebraffebxblduplicate genes also equivalent biochemical functions: only Hoxbla is capable of
share equivalent biochemical functions. mediating migration of the VIIth nerve BM neurons.

To test whether hoxblb has equivalent functional capacities We also attempted rescue of tiexb1aMO phenotype using
to hoxbla, we attempted to rescue lib&blaloss-of-function other PG1 gene mRNAs. In each case, we used an RNA
phenotype by co-injection dfoxb1bmRNA. When MObla (1 concentration that produced gain-of-function BM neuron
mg/ml) was co-injected withoxb1bmRNA (at 20 or 4Qug/ml; phenotypes in at least 70% of embryos when injected alone. We
concentrations that produce a high incidence of gain-offound that mouseloxb1mRNA efficiently rescued the MObla
function phenotypes when injected alone; Fig. 6A,C), we sawhenotype (85%)=39; data not shown). The single amphioxus
neither rescue of tHeoxblaknock-down phenotype nor a gain- PG1 geneAmphiHox-1 also rescued th@oxblaknockdowns,
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albeit with lower efficiency (25%p=25; data not shown). In the capacity to allow the hindbrain to segment properly.
each case, co-injection of both MObla and the mRNA led tblowever, in the normal situation, endogenbaxsblais not able
rescue of the lack of VIIth nerve BM neuron migration, as welto compensate fully for knockdown lodxb1h and therefore the
as gain-of-function phenotypes at the r2 level. Thus, unlikdlOblb alone causes significant reduction in the sizes of
hoxb1h the mousdHoxblor AmphiHox-1RNAs do have the posterior rhombomeres. We suggest that this reflects either the
capacity to substitute functionally fooxbla The results of our later expression onset bbxblaor limiting concentrations of
experiments to rescue thexblaknockdown phenotype reveal hoxbla protein in a normal embryo, rather than any differences
evolutionary conservation of the capacity of Hox PG1 genes tim the capacity of the two duplicate gene products to confer
pattern BM neurons. However, they also reveal that Hoyroper segmental organization to the posterior hindbrain. Thus,
paralogues are not necessarily functionally interchangeable: while hoxblbis unable to allow migration of r4 BM neurons,
this case the products of the duplicate gemesblaand because of differences at the protein level, the lesser role for
hoxblb,do not have equivalent function. hoxblain hindbrain segmentation appears to be solely a function
In complementary experiments, we tested the capacity daf differential regulation.
PG1 genes other th&woxblbto rescue the MOb1b knockdown .
phenotype. We found that zebrafisbxblamRNA (n=20;  Regulatory sequence analysis suggests sub-
Table 1) or mouskloxbImRNA (n=20, data not shown), could functionalization of the  hoxb1 duplicate genes
efficiently rescue the reduction in size of rnombomeres 4-6 thathe spatial and temporal expression patterns of zebrafish
results from the knockdown dfoxblb However, if mis- hoxblaandhoxblbtogether resemble the expression pattern
expressedhoxbla/HoxbIesulted in extensive upregulation of of mouse Hoxbl Thus, thehoxblb expression pattern is
hoxblbtranscription, ectopiboxb1bRNA could theoretically similar to the early, gastrula phase of mou$exbl (and
cause a rescue by titrating out the morpholino targeted agairtdoxal) expression, while théoxblaexpression pattern is
hoxbl1h To test this possibility, we investigated the expressiosimilar to the later, stable r4 expression of maddegbl The
pattern, and levels, ohoxblbin hoxbla mRNA-injected cis-regulatory elements controlling transcription of mouse
embryos. We detected no differences between injected amtbxblin the neuroectoderm have been well defined, and have
wild-type embryos by in situ hybridization fbloxblb(using been shown to be conserved in mouse, chick and pufferfish
two-color double in situ with the r3/r5 markkiox20,at 10 (Marshall et al., 1994; Popperl et al., 1995; Langston et al.,
hours (=30) and 12 hours30) (data not shown)). Thus, we 1997). The early phase of mousl®xbl expression, during
conclude that either zebrafish hoxbla, or mouse Hoxbl, hasstrulation, is dependent on retinoid signaling through a
the capacity to allow proper segmental organization of theetinoic acid response element (RARE) locateaf $he coding
posterior hindbrain in the absence of hoxb1b. sequence (Studer et al.,, 1998). By contrast, the stable r4
Our demonstration thahoxblacan rescue the defect in expression domain ofHoxbl is maintained via a '5
hindbrain segmentation is consistent with our finding thatutoregulatory control element (Pépperl et al., 1995). The
knockdown of bothhoxbl duplicates disrupts segmentation sequences of the regulatory elements of zebrhfighlaand
more profoundly than knockdown dioxblb alone. Thus, hoxblbare available from the zebrafish genome sequencing
although onlyhoxblais capable of allowing proper Vlith nerve group at the Sanger Institute. We have therefore been able to
BM neuron migration, the two zebrafisbxblduplicates share analyze these sequences for the presence of RAREs and
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autoregulatory elements similar to those described for othenouseHoxb1Hox/Pbx-binding site by targeted point mutations
vertebrateHoxb1 genes, as well as to compare the completéPopperl et al., 1995) suggests that the changes seen in zebrafish
regulatory sequences of the two duplicate genes (Fig. 7). hoxblbare sufficient to explain the lack of a stable r4 expression

RAREs consist of two direct repeat sequencesgdomain for this gene. The complementary degenerati@isof
(A/G)G(GIT)TCA (X)n (AIG)G(GIT) TCA, where (X)n regulatory elements for the twmxblduplicate genes, such that
represents the number of nucleotides separating the repeditexbla has lost a RARE element andoxblb has lost
The mouséHoxb1RARE that mediates early neuroectodermalautoregulatory elements, is consistent with the DDC model, and
expression lies about 3 kb downstream of the translational statiggests that the initial retention of the duplicates was dependent
and has two nucleotides separating the repeats @¥RE).  upon sub-functionalization.
A DRs RARE is also present’ 3of Hoxbl, about 7 kb
downstream, but this sequence is important primarily for
proper transcription in the developing gut (Huang et al., 1998PISCUSSION
Early neural expression bfoxalis also dependent on a RARE
located 3of the coding sequence (Langston et al., 1997; Dup®ur knockdown experiments have shown that the zebrafish
et al., 1997). The dependence of bdibxal and Hoxbl hoxblagene is required for proper migration of the neurons of
transcription on retinoid signaling explains the very similarthe r4-derived facial (VIith) nerve, whereas tuxblbgene is
early expression domains of these mouse PG1 Hox genes inrefuired for proper formation of r4 and more posterior
and more posteriorly. In zebrafistoxbllh we have found a rhombomere territories. These roles are very similar to those
DRs RARE sequence in the' 3egulatory sequences lying of the mousédoxblandHoxalgenes, respectively, revealing
2459 Dbp downstream from the start of translationthat ‘function shuffling’ has occurred during evolution of the
(GGTTCACttggAGTTCA), as well as a DRRARE lying 4752  vertebrate PG1 genes. Nevertheless, inspectioncisf
bp downstream (GGGTCAggGGGTCA). Thus, similar to theregulatory sequences strongly suggests that initial retention of
murine Hoxb1 gene,hoxblbhas two RARESs, one or both the hoxblaand hoxblb duplicate genes relied upon sub-
of which may be important for mediating the early functionalization. We have also found that there is significant
neuroectodermal expression phase. By contrasthétkvbla functional redundancy between the zebrafiskblduplicate
duplicate lacks the early expression showhdmyblbor mouse gene products: either duplicate is sufficient for Mauthner
Hoxbl In hoxbla only one intact RARE sequence is presenineuron differentiation, and either duplicate is capable of
within 10 kb downstream of the end of the coding sequenceescuing the segmental defects caused by knockdown of
This is a consensus BRARE (GGTTCAcacagAGTTCA), hoxblb Nevertheless, the two gene products do not have
which lies approximately 6 kb downstream from the start obquivalent biochemical functions, as only Huxblagene has
hoxbla translation. Thus, both moudexbl and zebrafish the capacity to allow proper migration of VIith nerve neurons.
hoxblb have two RARE elements in their 3egulatory Thus, thehoxblaandhoxblbgene products have diverged in
sequence, whildhoxblahas only one, with a location and biochemical function since their duplication. However, we
spacing between the half elements similar to the gut enhancguggest that this divergence probably occurred subsequent to
of Hoxb1l We therefore suggest that loss of a2BRRE may initial sub-functionalization of the two genes, because of
be sufficient to explain the absence of gastrula stage neuredmplementargis-regulatory mutations.
expression ohoxbla

If the hoxblduplicate genes were retained because of subZebrafish hoxbl duplicate genes are required for
functionalization, we would expect to find degeneration of @roper hindbrain segmental organization and
separatecis-regulatory module inhoxblb As the hoxbl rhombomere identity
duplicates differ in the duration of their expression in r4, wélMe have previously proposed, based on indirect evidence, that
examined their regulatory sequences for autoregulatorgebrafisthoxblaandhoxblbmight be the functional equivalents
elements; such an element is crucial for stable r4 expressionaf mouseHoxb1 and Hoxal, respectively (McClintock et al.,
mouse. The mousdoxbl autoregulatory element consists of 2001). In this study, we made use of morpholino-based
three conserved sequence repeats, which lie between 200 &mbckdown technology to test this hypothesis directly. In strong
300 bp upstream of the translational start (Fig. 7A), and arsupport of our hypothesis, we find that the knockdowns of
bound by Hoxbl protein together with a Pbx co-factorhoxblaandhoxblbdo indeed share many properties with the
Mutations in these sequences are sufficient to disrupt stable kéhockouts of mouskloxblandHoxal
expression of mouséloxbl with alterations to repeat 3  The primary phenotype caused by loss-of-function of
causing the most severe defects; furthermore, oligomerizexkbrafishhoxblaor mouseHoxbl is loss of normal Vlith
repeat 3 is sufficient to drive autoregulation (P6pperl et algranial nerve patterning. We find that in the absence of
1995). Our inspection of the genomic sequence lyingp5 zebrafish Hoxbla protein, the r4-derived BM neurons that
hoxblahas revealed that all three of these Hox/Pbx-bindingvould normally comprise the motor component of the facial
sites are conserved in the zebrafish (Fig. 7A), consistent wiivlith) nerve do not undergo their characteristic posterior
our demonstration thatoxblais subject to autoregulatory migration, but rather remain at the r4 level, similar to the
control. However, the'Segulatory sequence dbxblbshows behavior of Vth nerve neurons in r2. These results suggest that
alterations in each one of these repeats, with repeat 3 haviirgresponse tdoxblaknockdown, the VIith nerve neurons
the most extensive changes (Fig. 7A). have either lost their normal identity and undergone an

Despite these distinct changes inllogblbHox/Pbx-binding  anteriorizing homeotic transformation, or have simply lost
sites, there remains extensive homology betweeri thglatory  their capacity to migrate. In support of the latter hypothesis,
sequences dfoxblaand hoxblb(Fig. 7B). Disruption of the we find that inhoxblaknockdown zebrafish, the r4-derived
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BM neurons retain their usual axonal trajectory, exiting fronrdomains, and, in turn, argues against the alternative model of a
r4 to enter the second pharyngeal arch. Nevertheless, vpeogressive reduction in rhombomere sizes, either as a result of
suggest that theoxbladeficient r4 neurons have taken on Vthreduced cell division rates, or of increased cell death. Our
nerve identity, but that they retain the ability to respond to locgbreliminary TUNEL analyses have not revealed any major
VIIth nerve axon pathfinding cues. Consistent with this ideaywaves of cell death in the hindbrains bbéxbladhoxblb
Guthrie and colleagues have shown using a transplantatiateficient zebrafish embryos (J. M. M. and V. E. P., unpublished).
approach that when chick Vth nerve neurons are placed As morpholinos may not be able to block translation
posterior to their normal location, they too can project to theompletely, it is possible that the different phenotypes that
second pharyngeal arch, rather than pathfinding anteriorly t@sult from mouse and zebrafish loss-of-function experiments
their normal target (Guthrie and Lumsden, 1992; Warrilow anére caused by incomplete knockdown of the zebrafish genes.
Guthrie, 1999). Thus, axons of Vth nerve neurons are capabittowever, we propose that the milder zebrafish phenotypes may
of responding to the pathfinding cues normally used by Vlithnstead reflect the contrasting manners in which mouse and
nerve neurons. Until distinct molecular markers are availableebrafish embryos respond to the presence of cells with
to allow the neurons of the zebrafish Vth and VIIth nerves tinappropriate identity within the CNS. We hypothesize that
be unambiguously distinguished, it will not be possible tazebrafish embryos are tolerant of mis-patterned cells within the
discriminate between a requirement fooxblato confer CNS, whereas these cells tend to be eliminated by apoptosis in
neuronal identity, versus a requirementiforblain migration  mouse. There is some precedent for this model: the mouse
of the r4-derived BM neurons. kreisler mutant loses cells posterior to r4 as a result of cell
When zebrafish hoxbla is knocked down, transcription ofleath (McKay et al., 1994), whereas zebrafish mutant for
hoxbla is progressively downregulated, revealing positivevalenting the zebrafish homolog &feisler,were not found to
autoregulation. In mouse, a direct autoregulatory feedbacthow unusual levels of apoptosis (Moens et al., 1996). These
mechanism has been documented, mediated through thrééferent types of responses to mis-patterned cells may explain
defined Hox/Pbx-binding sites upstream of tioxbl the retention of unmigratedletpositive BM neurons in the
regulatory elements (Popperl et al., 1995). An identical set dfoxbla knockdown zebrafish, while equivalent cells are
regulatory elements is present upstream of zebrafisihla eventually eliminated by apoptosis from thie®xbl mutant
(Fig. 7), suggesting that an equivalent direct feedbackiouse. Tolerance of mis-patterned cells may also help to
mechanism underlies positive autoregulatiohmtbla Taken explain whyHoxalmutant mice lose a larger proportion of the
together, our results are consistent with the hypothesis thposterior hindbrain than dwoxblbknock-down zebrafish.
zebrafisthoxblais the functional equivalent of moublexbl ) . .
The only obvious difference between the loss-of-functiolRedundant and unique functions of ~ hoxbl1 duplicate
phenotypes is thaHoxbl knockout mice show significant 9enes
progressive reduction in the numbeisiét-positive r4-derived We have demonstrated that the zebrafisixbl duplicates
BM cells due to apoptotic cell death (Gaufo et al., 2000). Bghare some redundant functions. Although there are
contrast, we have not observed any obvious lossslefl  segmentation defects in the absence of Hoxblb, these are
positive cells in zebrafish lackirgpxblafunction. worsened by removal of hoxbla, and conversely can be rescued
The primary phenotype caused by knocking down zebrafishy providing additional hoxbla. Thus, either gene product can
hoxblbis altered segmental organization of the posterior half ofunction to allow proper hindbrain segmentation if provided at
the hindbrain. When zebrafifloxb1bis knocked down, we find the appropriate time at sufficient levels. Similarly, eithexbl
that rhombomeres 4, 5 and 6 are all significantly reduced in A@uplicate is sufficient to allow differentiation of r4-
extent, as is the adjacent otic vesicle. bgblbknock-down characteristic Mauthner neurons; only when the functions of
phenotype is similar to that caused by mutations in mdaogal  both duplicates are disrupted are these cells lost.
(Lufkin et al., 1991; Chisaka et al., 1992; Carpenter et al., 1993; We have also established thaixblahas a unique function,
Mark et al., 1993), although both the different mobkxal not shared byoxblb Only hoxblahas the capacity to allow
mutants investigated show more severe defects. Interestingly, theoper migration of the VIith nerve BM neurons. Thus, the
reduction we observe in AP extent of rhombomeres 4-6 does ndtiplicates do not have completely interchangeable
result in discernable changes to neuronal identity within thed@iochemical functions. This non-equivalence of function for
rhombomeres. This finding suggests that precise placement thie hoxbla and hoxblb proteins was previously suggested by
rhombomere boundaries is not absolutely required for propemur gain-of-function experiments, where we demonstrated that
rhombomere identity to be attained. ectopic hoxbla has the capacity to cause more extensive
Knockdown of both zebrafishoxblduplicates produces a posteriorizing transformations thaoxb1lb(McClintock et al.,
phenotype that is again comparable with that of double moug901). The role oHoxb1 genes in BM neuron migration is
mutants for bothHoxal and Hoxbl (Goddard et al., 1998; very likely to be an ancestral one, as it is shared by the mouse
Studer et al., 1998), where the r4 and r5 territories become yidbxblgene (Goddard et al., 1996; Studer et al., 1996); mouse
further reduced. In these embryos, we do find changes tdoxblis also able to facilitate migration of zebrafish neurons,
rhombomere identity: there are alterations to the reticulospinals we have shown in our rescue experiments. While the
neurons in r4-r6, including absence of the r4-specific Mauthnerapacity to confer proper Mauthner neuron specification has
neurons. Importantly, we have observed reduced rhombomebeen retained by both zebraftstxblduplicates, the ability to
sizes inhoxbldhoxblbdeficient zebrafish embryos from the facilitate proper BM neuron migration has been lost by
earliest stages at which molecular markers can discriminatebrafishhoxblb Our alignment of the protein sequences of
rhombomeric territories. This suggests a fundamental change zebrafish Hoxbla and Hoxblb, and mouse Hoxbl has not
allocation of the hindbrain primordium to specific rhombomericrevealed any obvious regions of identity that are specific to
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Fig. 8. Model outlining the evolutionary mechanism of Hox PG1 gene ‘function
shuffling’. Thecis-regulatory elements characterized for the mouse and human
HoxalandHoxblgenes [BRARESs (blue), Hox/Pbx binding sites (red)] are

@ RARE assumed to be present in the ancestral, pre-'third’-duplication, condition. We

O nputative midbrain domain regulatory elements also postulate the presence of a regulatory domain directing midbrain expression

of Hoxal(purple), although no such domain has yet been characterized. The

duplication event in the lineage leading to teleosts produced redundant copiestbdxathindHoxblin an ancestor of the zebrafish. The
hoxalbduplicate was eventually lost by accumulation of deleterious mutations (‘non-functionalization’) as predicted by clasd&dBynode
contrast, thdvoxblaandhoxblbgenes accumulated complementary degenerative changes tishegulatory elements, such thaixbla
lost early RARE-mediated expression dmblblost autoregulation. This led to retention of the duplicate genes, as both were required to
maintain the expression pattern and function of the sidgidlancestral gene (sub-functionalization), as predicted by the DDC model. As
hoxalaandhoxblbshared similar coding sequences and expression patterns, these two genes were now functionally redundant with respect to
a role during gastrulation in setting up segmental organization of the hindbrain. These non-orthologous genes were tiushableyto
another ‘sub-functionalization’ event, such thakalalost its early RARE-mediated expression, which was retainduebklylb.Thus,hoxblb
became essential for proper hindbrain segmentation, the role played in the ancestratsiagd. iyetention of théhoxalagene in the lineage
leading to zebrafish was presumably dependent on a function that was not redundamthtithpossibly a role in midbrain patterning. We
term this rearrangement of PG1 gene roles ‘function shuffling’.

@ Autoregulatory sequences

those proteins that allow migration. However, future domairikely to occur within modularcis-regulatory elements,
swapping experiments between zebrafish Hoxbla and HoxbHiowing independent changes in a subset of expression
should allow us to establish which domains of Hoxbla ardomains. In the case of thitoxblgene, extensive comparative
required for BM neuron migration. studies have revealed that specific regulatory modules were
The divergence in functions of Hoxbla and Hoxblbpresent in the common ancestor of tetrapods and teleosts
proteins is in contrast to the retention of equivalent functiorfMarshall et al., 1994; Pdpperl et al., 1995; Langston et al.,
demonstrated by mouse Hox paralogues from group 3. Two dB97). In accordance with the DDC model, we find that
the mouse PG3 genes$joxa3 and Hoxd3 have coding different conserved regulatory modules have degenerated in
sequences that are functionally interchangeable: when tleach of the two zebrafistoxblgene duplicates. Thulspxblh
coding sequence of one is replaced with that of the other, but nothoxbla has acquired changes to the autoregulatory
the normal genomic context, no abnormalities can be detectetements responsible for stable r4 expression, wiukbla
in the resultant animals (Greer et al., 2000). The two zebrafidhut nothoxblh has lost a RARE that may be necessary for
Hoxbl genes are the result of a duplication event that occurregrly neural expression (Fig. 8). These complementary changes
within the lineage leading to teleosts, a maximum of 410 Myaare likely to have been sufficient to allow preservation of the
whereas the duplication events that produced the tetrapod Hoxo genes as postulated by the DDC model.
paralogues are thought to have occurred earlier in vertebrateNevertheless, the results of our experiments suggest that the
origins, about 500 Mya (Carroll, 1988; Holland, 1999).functions of the twdioxblgene products have also diverged
Nevertheless, despite their more recent origin, the zebrafigignificantly, such thahoxblbhas lost the ability to mediate
Hoxb1 proteins have diverged to a greater extent than have thegration of VIith nerve BM neurons. Thus, in an alternative

mouse Hox PG3 proteins. model, sub-functionalization of the duplicates could have
) resulted from complementary changes in ti®regulatory
Hox PG1 gene evolution elements ohoxbla and in the coding sequence faixbl1b

We have made use of available data from mouse and oth&ccording to this scenario, thexblagene lost the capacity
vertebrates to develop a model to explain the mechanism @ perform a gastrula stage role in hindbrain segmentation due
retention of the zebrafishoxbl duplicate genes. The DDC to loss of a RARE element, exactly as posited above. However,
model (Force et al., 1999; Lynch and Force, 2000) predicts thétte hoxblbgene lost the capacity to perform a later role in r4
complementary degenerative changes to duplicate genes g@&terning not as a result of changes to citsregulatory
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