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HyAlx, an aristaless -related gene, is involved in tentacle formation in hydra
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SUMMARY

Developmental gradients are known to play important
roles in axial patterning in hydra. Current efforts are

directed toward elucidating the molecular basis of these
gradients. We report the isolation and characterization of
HyAlx, an aristalessrelated gene in hydra. The expression

formation. The use of RNAI provides more direct evidence
for this conclusion. The different patterns of HyAlx
expression during head regeneration and bud formation
also provide support for a recent version of a reaction-
diffusion model for axial patterning in hydra.

patterns of the gene in adult hydra, as well as during bud
formation, head regeneration and the formation of ectopic
head structures along the body column, indicate the gene
plays a role in the specification of tissue for tentacle

Key words: Hydraaristaless Reaction-diffusion model, Tentacle
formation

INTRODUCTION while the lower half, the tentacle zone, is the region from which

the tentacles emerge.

Developmental gradients play a central role in some processesWe have identified and characterized aistalessrelated

of pattern formation. A prominent example is the gradedjene in hydra, termedyAlx, which is expressed exclusively

distribution of the bicoid protein, which functions as ain the head or a developing head. The expression patterns of

morphogen in establishing the anteroposterior axis of thelyAlxwere examined during the formation of a head in several

Drosophila embryo (for a review, see St Johnston anddevelopmental contexts. The results along with an RNAI

Nusslein-Volhard, 1992). Hydra, a Cnidarian, is anothemnalysis indicate thaHyAlx is directly involved in the

example where developmental gradients play a pivotal role ispecification of tissue for tentacle formation. To take into

axial patterning. account the separate patterning of the two parts of the head,
The body plan of a hydra is very simple, consisting of aMeinhardt (1993) constructed a more refined version of the

single apicobasal axis with radial symmetry. The structureseaction-diffusion model for axial patterning in hydra. The data

along the axis are the head, body column and foot. Becausealitained here witHyAlx are remarkably consistent with the

the tissue dynamics in an adult hydra, the axial patterningrocess and dynamics of tentacle formation as predicated by

processes must be continuously active to maintain the pattetime model.

and morphology of the animal. An extensive body of

transplantation and regeneration experiments (for a review,

see Bode and Bode, 1984) has indicated that a pair ®IATERIALS AND METHODS

developmental gradients governs head formation. One, termed

the head activation gradient, stimulates head formation, whildydra culture

the other, the heat inhibition gradient, prevents head formatiorhe Zurich L2 strain oHydra vulgaris(Grens et al., 1996) was used

The behavior of these gradients can be explained in terms ofa@ most experiments, while the Basel strainHofvulgarisand the

reaction-diffusion model (e.g. Gierer and Meinhardt, 1972105 strain oH. magnipapillata(Grens et al., 1996) were used where

Meinhardt, 1982). indic_ated. All three strains were cultured as described previously
More recently, with the identification and characterization ofSmith et al., 1999).

molecular markers for the head, it has become clear that the, . ion and characterization of a hydra

patterning of the head cannot be considered in terms of thg o

patterning of a single entity (Bode et al., 1988; Technau anlg fragment of anaristalessrelated gene was isolated from hydra
Holstein, 1995; Mitgutsch et al., 1999). Instead, headsing the touchdown PCR method (Don et al., 1991). The
patterning needs to be considered in terms of its two parts: thiggenerate oligonucleotide primers used corresponded to the first
hypostome and the tentacle zone. The hypostome, a domd third helices of paired-like homeoboxes were: forward, AA(A/G)
shaped region where the mouth is located, is the upper ha{B/C)GI(A/C)(A/T)(AICIT)(AIC)GIAC(A/T)GCNTT; reverse #1,

aristaless -related
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TT(C/IT)TG(A/IG)AACCANA(C/T)(C/IT)TTNAC; and reverse #2 made using an RNA in vitro transcription labeling kit (Boehringer

(for nested PCR), GTNC(G/T)(A/G)TT(C/T)TG(A/G)AACCA. The Mannheim). Two probes were generated: one with and the other

template used was first strand cDNA transcribed from total RNAwithout the homeobox. In situ hybridization was carried out on hydra

isolated from adult hydra heads. The PCR reaction was carried owhole mounts as described previously (Smith et al., 1999), using a

using Taq polymerase (Fisher) and standard reaction conditions. TFieal probe concentration of 0.1 pdifor hybridization. Both probes

reaction cycle was 94°C, 1 minute; annealing temperature, 2 minutegave the same results.

72°C, 1 minute. Successive annealing temperatures were every degree ) )

from 58°C to 46°C, with 3 cycles performed at each temperatureliSsue manipulations

Resulting PCR products were TA-cloned using the pGEM-T clonind-or head and foot regeneration experiments, adult polyps of the Zurich

vector (Promega) and sequenced using the Thermo Sequendszstrain ofH. vulgariswere bisected directly beneath the tentacles,

Radiolabeled Terminator Cycle Sequencing Kit (Amersham). halfway down the body column, or just above the foot. For bud
To obtain full-length clones, a hydra lambda ZAPII cDNA library regeneration experiments, animals with stage 4 buds were selected.

(Sarras et al., 1994) was screened under moderate stringency, basée apical half of the bud was removed, and the basal half (attached

on standard protocols (Sambrook et al., 1989). The probe used wasoathe parent) was allowed to regenerate. All regenerates were

32p-labeled 150 bp fragment éfyAlx, the hydraaristalessrelated  incubated in HM at 18°C and samples were periodically taken for in

gene obtained with PCR. Filters were washed witlx @SC, 0.1%  situ hybridization.

SDS at 45°C, and inserts were sequenced as above. Treatment with diacylglycerol (DAG) was carried out on adults of
Southern analysis was carried out using standard procedurstain 105 oH. magnipapillataas previously described (Smith et al.,

(Sambrook et al., 1989). A genomic Southern blot was probed with #999).

32p-labeled full-length cDNA dflyAlx and washed at high stringency

in 0.2x SSC, 0.1% SDS at 60°C.

RNAI RESULTS

HyAlx dsRNA or fireflyluciferasedsRNA was introduced into stage

2-3 developing buds with a novel localized electroporation procedurtsolation of HyAlx, a hydra aristaless -related gene

as described by Fire et al. (1998). Adults of the Zurich L2 strain ofyiiqtajessrelated homeobox was isolated from hydra head first
H. vulgariswere chilled to 4C for 30 minutes, and then exposed to strand cDNA via a touchdown PCR method (Don et al., 1991)

3 mM heptanol in &C hydra medium for 10 minutes to immobilize - .
them. An immobilized hydra was placed on a piece of plastic mes his fragment was then used to screen a hydra cDNA library

mounted at an angle to the floor of the petri dish containing thé>arras etal., 1994). One of the clones isolated, natpatk,
heptanol solution. The angle chosen placed the animal ax@gontained a complete open reading frame of 810 bp encoding
perpendicular to the micropipette bearing the dsRNA to be delivere@ predicted protein of 270 amino acids. Southern analysis
Using a micromanipulator, the micropipette was placed firmly againdhdicated the existence of only one of these genes in hydra
the adult body column thereby enclosing the entire developing bufflata not shown).

and a small ring of body column tissue surrounding the bud. The The HyAlx protein has two salient features (Fig. 1). One,
dsRNA at a concentration ofpig/ul in DEPC water was introduced the homeodomain belongs to the paired-like class of

itﬂtr% thﬁ tﬁgﬂqqcsreod'ti:tstge'niftr:glg;ﬁi\lggsl ?fﬁt;?‘:ﬁe"r‘?irghfegg meodomains as it has a glutamine at position 50 of the
g Icropipette | utl ICropIpelie cognition helix. Among the genes of this class, the HyAlx

tip, while the second electrode was inserted into the hydra mediu L . ;
surrounding the animal. Using conditions of 100 V and 250 uf omeodomain is closely related to the aristaless family of

delivered by a BioRad Gene Pulser with a Capacitance Extenddtomeodomains, which can be loosely grouped into three
dsRNA was then introduced into the bud tissue. After electroporatioubfamilies (Fig. 1A). HyAlx appears to be most similar to the
the animal was immediately transferred t€4ydra medium for 30  first group of proteins, which includes theosophilaaristaless
minutes, and thereafter, incubated at as usuarP@x Meither bud nor  (AL) and mouse Arx proteins. HyAlx shows less similarity to
the adult suffered any visible damage. the Cartl group of proteins, and even less with the third group,
To determine the effect dlyAlx dsRNA, the level oHyAIXRNA  the CVC class of proteins (Chx10/Vsx1/Ceh-10). Phylogenetic
was measured using RT-PCR as described previously (Technghalysis supported the identificationtbfAlx as araristaless
and Bode, 1999). After introduction &fyAlx dsRNA into stage 2-3 éelated gene as it clearly grouped more closely with the

buds, periodically samples of ten animals were collected, total RNA . _ : .
isolated from each sample, and RT-PCR carried out using primers f Irlstaless related proteins than with other members of the

HyAIx RNA (forward, 3 TTCGGAAATTCCCCTAGTAAS: reverse,  Paired-like class (Fig. 2). .
5 ATGATCAGTATGGTCTGAAA3) and the hydra EFel gene The HyAlx protein also has an ehl/GEH domain located

(Technau and Bode, 1999) for 30 cycles. near the N-terminus, which is involved in repression of gene
. . function (Mailhos et al., 1998). This heptapeptide has been
Phylogenetic analysis identified in engrailed and other paired-like proteins. Some

The evolutionary relationships amorgistalessrelated genes and aristaless-related proteins also contain the domain (Fig. 1B),
other paired-like genes were examined using phylogenetic analysigithough it is not found in the Cartl proteins or some of the
Phylogenetic trees were constructed by parsimony analysis usifgst group of proteins. The HyAlx eh1/GEH domain is highly
PAUP 3.1.1 (Swofford, 1993) using the 60 amino acids of theongarved as it contains 7 of the 8 amino acids of the consensus
homeodomain wittbrosophila NK-2(vnd— FlyBase) as the outgroup sequence of this domain (Fig. 1B).

(Jimenez et al., 1995). A heuristic search was performed, with tree Th th d / istal lated
bisection and reconstruction branch swapping (100 replicates, random €re areé otner conserved regions among aristaless-relate

addition). proteins. The CVC proteins, for example, have a conserved
motif, the CVC domain, which is located adjacent to the
In situ hybridization homeodomain (Svendsen and McGhee, 1995). Others contain

HyAlx sense and anti-sense digoxigenin-labeled RNA probes wer@ paired-tail (Mathers et al., 1997), which is found in several
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paired-like proteins. HyAlx does A
not contain either of these

domains. HyAlx Hv LRRNRTTFTT YQLHQLERSF DKTQYPDVFT RENLALKLDL SEARVQVWR NRRAKWRKRE % identity
. . . Al DM QY-S F--EE--KA- SR-H----- ~-E--M-IG- Tr-rl-rens ~-eneee-Q- 70

HyAlx is assoqlated with Spalx SpQQ__Y _____ S wEE-a-A- Co-Hememee - 78

tentacle formation ArX  Mm Q--Y----S -~-EE---A- Q--H------ --E~- 80

Because hydra are amenable 10 @0 XI KeeHer- L-EE--KV- QerHerroYV <-QeeoRTEx Terererrrs woeerrrees 72

number of manipulations, theaixa Mm K--S- F-EE--KV- Q--H--YA —Q---RT-x Tecreemes worememen 75

role of a gene can be exploredhix4 Mm K--—-- -—EE-KV- Q-H-—YA --Q--MRT-- T-ro-oomr —-omovomes 75

by examining Its = expression ., ., c, K--H--1--Q ~-IDE--KA- QDSH--IYA -VV--G-TE- Q-D-l----- --------T- 60

pattern in several developmentalsyi pr K--H--V--8 H--EE--KA- NEAH--YA --M--M-TE- P-D-l-xecr <ccreerees 63

contexts. Initially, the expressionchxi0 Mm K--H--I--S ---EE--KA- NEAH----YA --M--M-TE- P-D-l----- ---------- 65

pattern oHyAlxwas examined in

the ‘adult, during bud formation B Fig. 1. Comparison of the homeodomain and eh1l/GEH domalitysix

and head regeneration, to gain an with other proteins. Horizontal lines indicate residues identical to HyAlx.
indication of its role. Consensus FSIDNIL (A) Alignment of the homeodomains BliyAlx and other aristaless-related

. proteins. The conserved glutamine at position 50 is underlined and in bold.
Adult animal Qx(Alme' YCMS (B) Alignment of theHyAlx and other eh1/GEH domains. The organisms
The possible role oHyAIX in  cen-10ce -A-HE-- represented ardydra vulgaris(Hv), Drosophila melanogast€bm),
hydra patterning can be explored/sxl Dr -A-TDL- Strongylocentrotus purpurat{Sp), Mus musculugMm), Xenopus laevis
in adult hydra, because of thethx10 Mm -G-QE-- (XI), Caenorhabditis elegan(€e) andDanio rerio (Dr). GenBank Accession

unusual tissue dynamics of the. m- o Numbers are HyAlx (AF295531); Al (L08401); Spalx (D85080); Arx
animal. E ithelialy cells of theeggscng $S (NM_007441); Cart-1 (L14018); Alx3 (NM_007441); Alx4 (NM_007442);
- EP Ceh-10 (AAA93063); Vsx1 (AF025348); Chx10 (NM_007701); En

L. . X ) (—
?ggyngg'eﬁ{mlcggg; C‘g‘;‘\zzofr%&szc D -H-5D- (ML10017); Dgsc (U52968); Xgsc (M81481); and Nk-2 (X87141).

Campbell, 1972), resulting in a
constant displacement of tissue towards the extremities ar Al (Dm)
onto developing buds (Campbell, 1967b). As cells change the

axial location, they undergo changes in cell division anc A D
differentiation (Campbell, 1967a; Diibel et al., 1987). Since th Chx10 (Dm)
morphology and the distribution of dividing and differentiated Vsx1 (Dn)
cell types remain constant within this dynamic context, the Ceh10 (Ce)
patterning and differentiation processes of the animal must t
continuously active. Thus, genes that affect patterning may A3 (Mm)
investigated in the adult. Albx4 (Mm)
Using in situ hybridization on whole mount$jyAlx Cart1 (XI)
expression was detectable only in the tentacle zone (Fig. 32 A (M)
the lower part of the head from which the tentacles emerg {:
(Fig. 3C). More specificallylyAlx expression is confined to a Sealx (Sp)
band of ectodermal epithelial cells that is 3-4 cells wide an : HyAlx (Hv)
bridges the tentacle zone/tentacle border (Fig. 3B and C). # Drx (Dm)

part of the normal tissue movements, tissue from the tentac
zone is displaced onto the tentacles, and eventually slough _E R (Vm)
at the tentacle tips (Campbell, 1967b). Thus, these cel RxL (X1)
transiently expressiyAlx as the cells traverse the tentacle- otd (om)
tentacle zone border, suggesting the gene plays a role in t {

. 2 Otx2 (Mm)
steady state patterning of the tentacle in the adult.

Prx2 (Mm)
Bud formation [ Pax7 (Mm)
To determine ifHyAlx was also involved in the de novo ' L praom)
patterning of tentacles, its expression was examined during bi Eyeless (Om)
formation, the form of asexual reproduction present in hydre , {:
Budding begins with the formation of a circular placode in the Pax6 (Mm)
ectoderm of the budding zone, which is two-thirds of the wa) | Nk2 (Dm)

down the body column. The placode and surrounding tiss i i : . . :
%blg. 2.Maximum parsimony tree illustrating relationships among

evaglngte and sut_)sequently extend to _form a cylindric ristalessrelated genes and other members of the paired class.

protrusion perpendicular t_o the parent axis. Thereafter, h‘? ferences for organism names andtalessrelated genes are as

and foot develop at the apical and basal ends of the protrusiqeq in Fig. 1. Additional accession numbers are Alx (U62898);

respectively, and eventually the young polyp detaches from thgyeless (X79493); Otd (X58983); Otx2 (P80206); Pax7

parent (Otto and Campbell, 1977). (AAAG4491); Pax6 (P32117); Prd (P06601); Prx2 (CAA37055); Drx
Buds at different stages of development were examined f@AJ223300); Rx (AF001906); and Rx1 (AAB62325).
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HyAlx expression. The gene first appeared as a faint band belimtensely as soon as it appeared as there was no gradual
the apical tip of the bud at stage 4 (Fig. 4A) when the bud hascrease in intensity. By 24 hours the stain in the cap was
begun to elongate into a cylindrical protrusion. Since the bud tigiminishing and spots appeared in a ring at the lower edge of
corresponds to the future hypostome (Otto and Campbell, 197Tpe cap (Fig. 5B). Then, by 28-32 hours, the cap stain had
theHyAlxband appeared to mark the presumptive tentacle zondisappeared completely and only spots remained (Fig. 5C).
By stage 5, the band became resolved into spots of a high lewehich were located in the presumptive tentacle zone of the
of expression (Fig. 4B), which are the sites of future tentacleegenerate. They resembled the spots observed during budding.
evagination. The diameter of each spot appeared to correspohldereafter, the spots evolved into rings just prior to tentacle
to the diameter of the emerging tentacle (data not showrformation (Fig. 5C), and tentacles subsequently evaginated
During this stage, the centers of some spots began to clekom within these rings. By 48 hours of regeneration, fully
resulting in rings oHyAlx expression (Fig. 4B). By stage 6 all developed tentacles were present Biyé\x was expressed in

of the spots had changed into rings (Fig. 4C), and tentacles begamgs at their bases as in an adult (Fig. 5D).

to evaginate from the centers of the rings. As the tentacles To determine if both phases éfyAlx expression were
continued to elongate, the perimeters of the original spowirectly involved in head regeneration and/or tentacle
remained as the final rings of expression at the tentacfermation, additional regeneration experiments were carried
zone/tentacle border (Fig. 4D), thereby establishing the adubut. Bisection of the body column at any axial level results in
pattern ofHyAlx expression.

The timing of the appearance of tentacle |
provides further support for the correlat
betweenHyAIx expression and the initiation
tentacle formation. The first two tentacles of tt
young buds form on the side of the bud facing
foot of the parent (Otto and Campbell, 19
Similarly, the first twoHyAIx spots appeared
this side of the bud (data not shown).

A B

Head regeneration

When decapitated, a hydra regenerates a
thereby providing another context for
examination of the role dflyAlx during tentacl
formation.HyAlx was expressed in two sepal
phases during head regeneration.

During the first phase;lyAlx was transientl
expressed as a cap extending across the ; :
regenerating tip. Two hours after decapitat I & .
expression was visible as a faint cap, wl Tentacle
gradually increased in intensity to react
maximum by 6 hours (similar to Fig. 5/
Thereafter, expression faded disappearing b
16 hours of regeneration.

The second phase began with the reappea
of HyAlx about 20 hours after decapitati
Again, the gene was expressed in a cap covV  Fig. 3. Expression pattern ¢dyAlxin an adult hydra as detected by whole-mount in
the regenerating tip (Fig. 5A). Unlike the f  sijtu hybridization. (A) Whole animal; (B) high-magnification view of the head;
phase, howeverHyAlx was expressed ve (C)diagram of a hydra head. Arrows in C indicate direction of tissue displacement.

Hypostome
Mz

............

Body
Column

g s e

5 > 43 : I

YhSegy !_.'t . “'I‘.,J ‘ i LAY

i e i

i 1 rz*..ff{.‘? A _')*’3%4 ALY E

Fig. 4. Expression pattern ¢fyAlxduring bud development. (A) Stage 4; (B) Stage 5; (C) Stage 6, with tentacle rudiment (double arrowheads);
(D) Stage 9, shortly before detaching. Arrows indicate rings of expression and single arrowhead$liydicapots.
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Fig. 5. Expression pattern ¢iyAlxduring head regeneration. Time after decapitation: (A) 20 hours; (B) 24 hours; (C) 30 hours; and (D) 48
hours. Arrows indicate rings of expression and single arrowheads indicate spots.

the regeneration of a head at the apical end of the basal piedering the early stages of budding and as a cap during head
However, the initiation of regeneration is increasingly delayedegeneration could suggest a more complex role in the
with increasing distance from the head (Webster and Wolpepatterning of the head. To determinélifAlx was specifically
1966). Thus, if a gene were closely related to the processesassociated with tentacle formation, animals were treated with
head regeneration, one would expect that its expression woullAG, which results in the formation of ectopic tentacles on the
be delayed in mid-body column regenerates when compardmbdy column (Miller, 1990). Longer treatments with DAG will
with more apical regenerates. also induce the formation of ectopic heads.

In regenerates initiated by bisecting animals half way between Hydra were treated with DAG for 12 days, and samples
head and footHyAlx was expressed in the same two phases asxamined periodically for expression diyAlx Ectopic
found in animals bisected directly below the head. The changésntacles, but no secondary heads, formed in these animals. The
in the patterns for each of the two phases were the sanwhanges inHyAlx expression that occurred during the
However, they differed in the timing of the initiation of the latterdevelopment of DAG-induced tentacles strongly resembled the
expression pattern. The first phase began 2 hours after bisect@xpression pattern of this gene observed during the later stages
in animals bisected either directly beneath the head or in miaf tentacle development in buds and regeneratgdlx was
body column. In contrast, the initiation of the pattern of thdirst expressed in spots along the body column (Fig. 6A), which
second phase was delayed by 8-12 hours in the mid-bodyibsequently hollowed out to form rings (Fig. 6A). Shortly
column bisection compared with the beginning of this phase ithereafter, ectopic tentacles emerged from the rings (Fig. 6B).
decapitated animals. This change in the initiation of phase twBeveloping and fully formed tentacles had the characteristic
is consistent with the slower rate of head regeneration after mittyAlx pattern at the tentacle zone/tentacle border, as normally
body column bisection. Hence, phase two is correlated with heddund in the adult head (Fig. 6B).
regeneration, whereas phase one is not. Thus, theHyAlx spot pattern is specifically associated with

That phase one expressionthfAlx was unrelated to head the formation of tentacles, and is not related to the formation
formation was supported by two other experiments. Followingf a whole head.
bisection of the body column, the basal end of the upper half ) )
always regenerates a foot. As a foot regenerated at the babafect evidence for the role of ~ HyAlx in tentacle
end in animals bisected in the lower part of the body columrformation
the pattern and timecourse lafAlx expression was identical To obtain more direct evidence thiyAlx plays a role in
to the first phase described above. Further, the second phdsetacle formation the RNAi procedure was employed.
did not occur in these foot regenerates (data nnt
shown). In a second experiment where both F
and feet were removed from animals, the apica A
basal regenerating tips displayed the first pha
expression while the second phase appeared ¢
the head regenerating tips (data not shc
Therefore, the first phase of expression was
head- or foot-specific, and instead appeared
related to a local injury effect that has been st
to occur at sites of bisection (MacWilliams, 198

HyAlx is specifically associated with
tentacle formation

The patterning of a hydra head during
formation and head regeneration entails :
formation of a hypostome, tentacle Z0n€  Fig. 6. Expression pattern diyAlxfollowing DAG treatment. Animals were
tentacles. ThoughlyAlx appears to be associa treated for 4 days (A) and 8 days (B). An arrow indicatdgAlx ring; a single
with tentacle formation, its expression as a | arrowhead indicates a spot; and double arrowheads indicate an ectopic tentacle.
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—_ ' ' ' ' ' Fig. 8. Transient reduction of the
\o\f/ 100F T T] 4 level of HyAIXRNA in developine EF1a
e [ — —iq— —_T buds after the introduction of
@ o T JPEE HyAlx dsRNA as measured by F
3 /| o ﬁ PCR. Levels OHyAIXandEF1a — pro o |
= 80r / o | Yo RNA were examined 12, 24 anc YAIX
I S 48 hours after introduction of
= / ]" I dsRNA. Controls were examine 1224 48 12 24
2 60 o - at 12 and 24 hours. dsRNA control
= /A
= / ! { as a result of the initiation of head formation as normally
o 40F / . ® 7 occurs during budding. Since the early expressioiyofix
15 ! ‘ differs during head regeneration (a cap) and budding (a band),
c / K I an analysis of the expression of this gene could distinguish
-g 20 S ® - between these two possibilities.
g T" 1 The apical halves of stage 4 buds were removed, and the
L 1 basal halves attached to the parents allowed to regenerate. After
H 1 1 1 1 24 hours of regeneration, all buds displayed intdigalx
24 48 72 96 120 expression in a cap covering the regenerating tip (Fig. 9A).
Time after electroporation (hours) Later, as the apical tip cleared, intense spots appeared at the
base of the caps, which subsequently hollowed out to form
Fig. 7. Effect of HyAlx dsRNA (black circles) duciferasedsRNA rings as tentacles began to evaginate (Fig. 9B). Finally, by 64-

(grey circles) on tentacle formation in developing buds compared 72 hours, the normaflyAlx pattern was established (data not

with untreated controls (open circles). Each data point is the averagghown), and the fully patterned buds detached from the parent

value £s.e.m. for three to five experiments. Number of animals Use%olyps. Thus, thélyAlx expression pattern was similar to the

for a particular condiition in each experiment was 10-20. pattern observed during head regeneration, rather than that seen
in normal bud development. This suggests that the gradient of

Lohmann et al. (1999) have shown that the method ikead formation capacity has been established by stage 4 of bud

applicable to hydra. By introducing dsRNA of tk&lgene, a formation. The experiment could not be carried out at earlier

gene expressed in the head, by electroporation that they coudthges because the bisection of earlier stage buds is difficult

delay head regeneration. We used a modified electroporati@md not reproducible.

procedure in which the dsRNA was introduced not into the

entire animal, but locally only into a developing bud (see

Materials and Methods). DISCUSSION

dsRNA derived from thédyAlx or firefly luciferasegenes

was introduced into a young bud that was just beginning téristaless -related genes appeared early in metazoan

protrude (stage 2-3, Otto and Campbell, 1977). Normallgvolution

tentacle buds appear in a ring just below the apical tip of th€Ehe hydra genédyAlx has been identified as amistaless

growing bud 24-48 hours later, and over the next few daymelated gene, based on sequence comparisons and phylogenetic

develop into full-grown tentacles (see control in Fig. 7). Budsnalysis. The HyAlx homeodomain is up to 80% identical with

treated withluciferasedsRNA showed a slight delay, while other genes belonging to this family, and appears to be more

those exposed tblyAlx dsRNA showed a significant delay closely related to the first subgroup of genes (Fig. 1A). In

(Fig. 7). The initial appearance of tentacle buds was ofteaddition to the homeodomain, the HyAlx protein contains an

delayed by 48 hours compared with controls. This delay wash1l/GEH domain at its N terminus, which is found in some,

accompanied by a transient reduction in the level of Alx RNAbut not all,aristalessrelated genes. The difficulty in precisely

for about 24 hours after the introductiontbfAlxdsRNA (Fig.  assigningHyAlx to a specific subgroup of these genes may be

8). Because the delay in tentacle formation occurre@ reflection of the evolutionary distance separating them.

specifically with theHyAlx dsRNA, the data indicate that However, the identification oHyAlx as well as two other

expression of this gene is required for this process. aristalessrelated genes in hydra (Gauchat et al., 1998)
) ] o supports the idea that this family of genes arose early in
The head formation capacity gradient is set up early metazoan evolution.

during bud formation

Bud formation involves the formation of a new axis and, hence{yAlx is involved in the specification of tissue to

a new gradient of head formation capacity. However, it is ndorm tentacles

known when this gradient is established. Removal of the apic@he results described above demonstrateHlyatx is tightly

half of a bud during or after stage 3-4 results in the formatioassociated with the specification of tissue to form tentacles.
of a new head at the distal end of the remaining basal harhis occurs during de novo tentacle formation as well as during
(Sanyal, 1966). The formation of this new head could occuthe maintenance of the tentacles in adults.

due to head regeneration, which would reflect the presence of

the gradient of head formation capacity. However, if thisRole in the de novo formation of tentacles

gradient is not yet established, the new head could be form&the de novo formation of tentacles occurs during budding,
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head regeneration and as a result of DAG treatment. Althougteither Cnox3 nor CnOtx is expressed in the tentacle.
the initial stages ofHyAlx expression vary in the three Conversely, as cells cross the border, several genes not
developmental contexts, the latter stages are the samexpressed in the tentacle zone are expressed at a high level as
Immediately prior to tentacle formation, a necklace of spots adoon as these ectodermal cells enter the tentacle. These include
intenseHyAlx expression appear. These spots transform intan insulin receptor homolod{TK (Steele et al., 1996), an
rings asHyAlIx expression vanishes from the center of eaclannexin gene (Schlaepfer et al., 1992) TS19, which is a
spot, and subsequently, tentacles emerge from the centerscell-surface antigen (Bode et al., 1988); and a hydra
the rings. In addition, thelyAlx pattern during the formation metalloproteinase, HMP1 (Yan et al., 1995).
of DAG-induced tentacles demonstrates that this phase of HyAlx is expressed in rings of ectodermal cells that are
HyAlx expression is not related to a general head-patternirgpproximately 3-4 cells wide, bridging this border. As
process, but is specifically related to the formation of tentaclesctodermal cells are displaced through the tentacle zone, they
Additional observations illustrate thatlyAlx is a very abruptly begin to expreddyAlx, then cross the border, and
precise marker for the tissue which is going to form a tentacl@nly a couple of cell diameters past the border, they stop
First, there appears to be a correlation betvigghix spot size  expressingHyAlx. Its expression at this border suggests that
and tentacle size in both budding and regeneration: largdyAlx might be involved in initiating some of the changes
diameter spots give rise to large diameter tentacles, whilwhich take place in the tentacle zone cells as they prepare to
smaller spots give rise to tentacles with smaller diameters (dateoss the border. For exampldyAlx could have a role in
not shown). Second, the appearancélphlIx spots is tightly  driving cells from a proliferative to a differentiated state. The
coupled with the timing of the initial evagination of tentacles.gene could also, or instead, be involved in changes in cell
The spots appear sequentially in the same order as the ordeisbbpe, as the ectodermal cells switch from columnar body
the emergence of individual tentacles during budding. The firgtolumn cells to the flat battery cells of the tentacle (Campbell,
two spots appear on the basal side of the bud, which is ald®67a; Dubel et al., 1987).
where the first two tentacles arise on these buds. In sum,HyAlx s very tightly associated with the patterning
Thus, the spot and ring pattern BifyAlx expression is of tentacles. The gene appears to be involved in the
consistently associated with the emergence of tentaclepecification of patches of cells in a developing head to form
indicating the gene is involved in the specification of tissue ttentacles, as well as in the specification of tentacle zone tissue
form tentacles. The RNAi experiments provide more directo become tentacle tissue in the context of continuous tissue
evidence for this conclusion. After introducirtyAlx dSRNA  movement in the adult.
into developing buds at a stage befbigAlx expression had ) ) ]
begun, the appearance of tentacles was delayed significantflyAlx expression patterns are consistent with a
compared with controls. This delay was specifically due to thegaction-diffusion model
HyAlx dsRNA since a control dsRNA, namelyciferase Tissue-level analysis of the axial patterning processes in hydra
dsRNA had very little effect on the appearance of tentacles. have shown that head patterning is governed by three elements:
The fact that the dsRNA treatment caused a delay, but ditkad activation, head inhibition and a gradient of head
not eliminate tentacle formation reflects the continuoushformation capacity (MacWilliams, 1983a,b). The behavior of
regulative nature of hydra tissue. Since the patterning processbgese three components has been most effectively explained
are continuously active, while the presence of dsRNA isvith a reaction-diffusion model (Gierer and Meinhardt, 1972;
transient, interference with a gene affecting tentacle formatiolleinhardt, 1982). (1) Head activation is an autocatalytic
would also be expected to be transient, but not permanent. process localized to a small region, a head activation center,
which is responsible for head formation. In an adult hydra, this
Role in the maintenance of the tentacles in the adult center is located in the head. (2) The head activation gradient,
Once tentacles are formedyAlx continues to play a role in or source density gradient is the graded distribution of the head
tentacle patterning in the adult. In the adult, as cells artormation capacity along the body column. It is set up by a
displaced from the tentacle zone onto the tentacles (see Fgignal from the head activation center. (3) Head inhibition,
1C), they undergo changes in their cellular properties. Whilevhose production is directly coupled to the level of head
in the tentacle zone, the epithelial cells are continuallyctivation, diffuses away from the head activation center, and
proliferating, but as they cross the tentacle zone/tentacle bordagrevents head formation in the body column.
and enter a tentacle, they become permanently arrested inln a more recent version of this model (Meinhardt, 1993),
the G2-phase of the cell cycle (Dubel et al., 1987). At thehe head activation/head inhibition mechanism has been split
same time, the ectodermal epithelial cells undergo terminahto two components, hypostome activation/hypostome
differentiation to form tentacle-specific battery cells (Campbellinhibition and tentacle activation/tentacle inhibition
1967a; Dubel et al., 1987). corresponding to the two regions of the head. As described in
The border between tentacle zone and tentacle is sharp ath@ following, the details of the dynamics of tlidyAlx
very precise, so that a cell on the tentacle zone side of tlexpression patterns during de novo head formation are very
border exhibits dramatically different properties from itssimilar to those of tentacle activation.
immediate neighbor on the tentacle side. This abrupt transition ) )
is reflected in the expression of several molecular markersiead regeneration versus bud formation
CnOtx anOtxgene (Smith et al., 1999) a@thox3 aHoxgene  There is an important difference HyAlx expression between
(M. A. Shenk and H. R. B., unpublished) are expressed in thie initial stages of head formation during head regeneration
ectodermal epithelial cells of the tentacle zone. The expressi@md bud formation. During head regeneratidyAlxis initially
of both of these genes stops suddenly at the border, so tledpressed over the entire presumptive head region, and only
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Fig. 9.Changes iHyAlx expression during regeneration W;_;
of a bud head. (A) 24 hours and (B) 64 hours after &5
removal of the apical half of the bud.HyAlxring is
indicated by an arrow andHyAlx spot is indicated by
an arrowhead.

later is expression restricted to the presumptive tentacle zonensity, that is Sd>Hyl. This occurs in the region known as the
(Fig. 10B). In contrast, during bud formation, the gene is nobudding zone. Thus, hypostome activation rises, and reaches a
expressed at the tip in the presumptive hypostome, but only lavel where hypostome formation is initiated (purple panels,
the region below where tentacles will form (Fig. 10A). ThisFig. 11A). At the same time bud evagination begins either as
difference is readily explained by the model in terms ofpart of the same, or a related process. The developing
differences in the order of the rise of hypostome activation anldypostome is confined to the apical tip of the evaginating bud
tentacle activation. (Fig. 10A). Since the level of Sd is much lower in the budding
There are four relevant elements of the model. (1xone, Sd<Sg(compare first green panels in Fig. 11A and
Hypostome activation (HyA) rises when the level of headllB), tentacle activation cannot occur. In fact, tentacle
formation capacity, or source density (Sd), is greater than trectivation is delayed until the hypostome activation process has
level of head inhibition (Hyl), that is when Sd>Hyl. (2) In proceeded to such an extent that a signal from the developing
contrast, tentacle activation rises only after two conditions arkeypostome is transmitted into the emerging bud body column,
met. The level of source density must be higher than the leviéiiereby generating a source density gradient in the developing
of tentacle inhibition (TI), and it must also be greater than &ud (purple and green panels, Fig. 11A). At some point, the
threshold level of the source density;rSthat is Sd>Sd (3)  rising Sd will surpass Sdand tentacle activation will begin.
Hypostome activation inhibits, or suppresses tentacl&ince hypostome activation has reached a maximum in the tip
activation. (4) Tentacle inhibition is less stable than hypostomef the bud, TA cannot occur in the tip and the rise is confined
inhibition, and therefore decays more rapidly. to the region below the tip, or a ring below the tip (compare
In the model, tentacle activation precedes hypostommiddle red panels in Figs 11A and 11B). This behavior of TA
activation during head regeneration
following bisection just below the he
(see Fig. 11B). Since tentacle inhibitior
less stable than hypostome inhibitior
condition is rapidly reached where
Sd>Tl. Since Sd>Sdat the upper end
the body column, where the bisection te
place, the two conditions for a rise in
have been met and TA rises in
regenerating tip (second red panel,
11B). This corresponds to the appear:
of HyAlxall over the cap during the secc
phase. Hypostome inhibition falls mc
slowly, but eventually Sd>Hyl in the f
and hypostome activation begins to
(purple panels, Fig. 11B). Since H
inhibits TA, the level of TA will begin t
fall in the tip, and be confined to a ri

A.Bud Formation

body

column Stage 3

Stage 4 Stage 5 Stage 6

B. Head Regeneration

Hypostome

Tentacle

below the tip (3rd and 4th red panels,
11B). This corresponds to the losdHyfAlx
at the tip, and the change from a ca|
HyAlx expression to a ring of expressiol
the presumptive tentacle zone (Fig. 10
The model works slightly different
during bud formation. Hypostor
inhibition is graded down the body colul
eventually falling below the local level
hypostome formation capacity, or sou

Tentacle
zone

body
column

28 h

Fig. 10.Development of hypostome ahtyAlx expression during (A) bud formation and
(B) head regeneration. Red-colored regions indicate hypostome activation, while blue-
colored regions represedyAlx expression. The pink region indicates rising hypostome
activation
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A.

Hypostome activator

Fig. 11.Changes in hypostome activation,
tentacle activation and source density as
seen in a two-dimensional simulation.

(A) Changes that occur in a region of low
source density as in the budding zone. .
Hypostome activation reaches a peak in the |
center causing a rise in source density.
Subsequently tentacle activation rises, but
is confined to a ring surrounding the center Time —»=
since the peak of hypostome activationis R,
already present. (B) Changes that occur
after bisection in a region of high source
density as occurs in the upper body

column. Tentacle activation reaches a high
value before hypostome activation in the
center. Subsequently, as hypostome
activation rises. tentacle activation is
displaced from the center to a ring
surrounding the center, and the ring breaks
up into peaks.

Hypostome activator

is consistent with the expression &fyAlx during bud  of the two regions. Furthermore, the model describes the later

formation (Fig. 10A). The gene is first expressed as a ringhanges itHyAlxexpression from the uniform cap or band into

below the apical tip of the bud, and does not appear until bual necklace of spots. These results support the view that this

formation is well under way. reaction-diffusion model provides a reasonable explanation for
The bud regeneration results are also consistent with thitke specification of tentacle tissue and, plausibly, more

interpretation. As just mentioned, the bantHgflxexpression generally for axial patterning in hydra. In tukiyAlx should

by stage 4 implies that Sd>Sth the apical half of the bud. be part of the tentacle activation process.

Thus, removal of the apical half of the bud at this stage is

similar to decapitation of an adult. With Sd>Szhd tentacle =~ We thank Hans Meinhardt for the generation of Fig. 9. K. M. S.

inhibition falling rapidly, tentacle activation rises all over theWas supported by an NIH training grant (5T32HD0709). This work

apical tip and, as observed (Fig. ByAlxis expressed all over was supported by grants from NSF (IBN-9723660 and IBN-9904757)

the apical tip. Thus, by stage 4, the source density gradient hgs - R- B

been set up to permit head regeneration to occur in a bud.
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