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1 Abstract
2 The regenerative potential of animals varies widely, even among closely-related
3 species. In a comparative study of regeneration across the Hydra genus, we found
4  that while most species exhibit robust whole-body regeneration, Hydra oligactis and
5 other members of the Oligactis clade consistently fail to regenerate their feet. To
6 Iinvestigate the mechanisms underlying this deficiency, we analyzed transcriptional
7 responses during head and foot regeneration in H. oligactis. Our analysis revealed
8 that the general injury response in H. oligactis lacks activation of Wnt signaling, a
9 pathway essential for Hydra vulgaris foot regeneration. Notably, transient treatment
10 with a Wnt agonist in H. oligactis triggered a foot-specific transcriptional program,
11 successfully rescuing foot regeneration. Our transcriptional profiling also revealed
12 dIx2 as a likely high-level regulator of foot regeneration, dependent on Wnt signaling
13 activation. Our study establishes a comparative framework for understanding the
14  molecular basis of regeneration and its evolutionary loss in closely-related species.

15 Introduction

16  Regeneration is defined as the restoration of lost or injured tissues, appendages or
17 organs 1. While most animals have some capacity to regenerate, this potential

18  varies widely across animals. Thus, a fundamental question is: how are some

19 animals capable of regenerating large portions of their body after injury, while

20 others exhibit only a fraction of this capacity? Mapping animal regenerative abilities
21 on the phylogenetic tree suggests a complex evolutionary history, with numerous
22 gains and losses. Regardless, it is likely that regenerative abilities were present at
23 the dawn of animals and have been largely lost by vertebrates, especially

24  mammals 2. Many studies have already advanced our understanding of the genes
25  and pathways that control regeneration in highly regenerative animals 4. However,
26  we have little understanding of the mechanisms that drive loss of regenerative

27  potential. Comparative approaches between closely related organisms with

28  contrasting regeneration abilities offer a promising avenue to both reveal the

29 mechanisms of regeneration, as well as uncover how regeneration has been

30 shaped throughout evolution.
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31 Cnidarians, a group that includes sea anemones, jellyfish, and corals, exhibit high
32  regenerative potential. Furthermore, given their phylogenetic relationship as sister
33 group to bilaterians °, research in cnidarians is critical to understand the

34 evolutionary history of regeneration. The cnidarian polyp Hydra vulgaris is capable
35 of whole-body regeneration and is a well-established research organism for

36  studying the molecular mechanisms of regeneration. The body plan of Hydra is

37 arranged around a single body axis, with a head, composed of a tentacle ring

38 around a hypostome or mouth at the oral end; and the peduncle and an adhesive
39 basal disk (foot) at the aboral end. These structures are connected by a cylindrical
40  body column. When bisected, both halves of H. vulgaris are capable of

41  regeneration: the top half regenerates a foot, and the bottom half regenerates a
42  head. However, a few studies on other Hydra species suggest that regenerative

43  potential varies in the genus, a topic that remains largely unexplored 6.

44  The Wnt signaling pathway plays a key role in regeneration across a diverse range
45  of species 8°. In H. vulgaris, the maintenance of tissue patterning in the uninjured
46  animals relies on a Wnt signaling organizing center located at the oral end. Upon
47  bisection perpendicular to the oral-aboral axis in H. vulgaris, the process of

48  regeneration includes the formation of a new Wnt organizer on the oral-facing

49  wound which will direct the regeneration of a new head °''. However, injury-

50 induced transcriptional activation of Wnt ligands occurs at both sides of the wound,
51 and treatment with a Wnt inhibitor impairs or delays both head and foot

52 regeneration 113, In planarians, a similar regeneration pattern is observed after

53  bisection, with Wnt activation required at both sides of the wound during the early
54 injury response, followed by restriction to tail regeneration where it directs posterior
55 development 814, However, in acoels, early Wnt activation after bisection is

56 restricted to aboral wound sites where it similarly directs posterior development, 1°
57 exemplifying variation in the role of Wnt signaling during whole body regeneration.
58 In vertebrates, Wnt signaling is rapidly upregulated early in regeneration and Wnt
59 inhibition results in impaired regeneration of mouse digits, demonstrating its

60 importance even in animals with more limited regeneration abilities 1617,
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61 In H. vulgaris, injury-induced bZIP transcription factors (TFs) likely drive the

62  transcription of Wnt ligands, which in turn are maintained by a self-reinforcing Wnt
63  signaling amplification loop at the oral wound, creating the head organizer 12:18-20,
64  In contrast, the molecular mechanisms responsible for foot specification at the

65 aboral wound are less understood. While injury-induced Wnt signaling is necessary
66  for this process, the Wnt signal is quickly down-regulated, giving rise to a foot-

67  specific program through mechanisms that remain unclear 123, In this study, we
68  discovered that foot regeneration ability has been lost in the Oligactis clade of the
69 Hydra genus, including the laboratory species Hydra oligactis (Fig. 1A). We

70  therefore reasoned that a comparative study of H. vulgaris and H. oligactis foot

71  regeneration could uncover the regulatory mechanisms required to initiate foot

72 regeneration in Hydra. Towards this goal, we performed RNA-seq over a time

73 course of H. oligactis regeneration and compared the results to existing data sets
74  from H. vulgaris. Our analysis revealed that injury-induced Wnt signaling activation
75 is significantly attenuated in H. oligactis, resulting in slower head regeneration and
76  afoot regeneration block. Using pharmacological manipulation, we demonstrated
77  that activation of the Wnt pathway rescues H. oligactis foot regeneration. This

78 approach also allowed us to identify key transcriptional regulators involved in foot
79  formation, providing new insights into the regulatory control of foot regeneration in
80 Hydra.

81 Results
82 Aboral regenerative potential varies across the Hydra genus

83 The common laboratory Hydra species, H. vulgaris, can regenerate a complete

84 head or foot from body column tissue. By contrast, it was previously reported that
85 H. oligactis has a foot regeneration deficiency ©. To investigate this further, we first
86 characterized the foot regeneration abilities of our H. oligactis laboratory strain

87  (Innsbruck 12) for which we recently assembled a high-quality genome 2. We

88 bisected H. oligactis midway between the head and foot (50% bisection),

89 perpendicular to the oral-aboral axis, and monitored the rate of foot regeneration
90 for the top half (Fig. 1 B-G). We found that after 6 days, only ~10% of the animals
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91 regenerated their feet (Fig. 1B, C, G), while the remaining animals became stably
92 footless, characterized by a flat aboral end (Fig. 1C) and an inability to stick to

93 surfaces. We also evaluated the absence or presence of a foot using a standard
94  colorimetric assay that reveals the activity of a foot-specific peroxidase at seven
95 days post bisection 2%. We confirmed that morphologically footless H. oligactis also
96 lacked foot peroxidase staining (Figure 1D-E). In contrast to H. oligactis, we

97  confirmed that in the same conditions, H. vulgaris shows complete foot

98 regeneration after bisection, consistent with the published literature (Fig. 1H).

99  We next asked if the rate of successful foot regeneration in H. oligactis depends on
100 the location of the cut along the oral-aboral axis. To test this, we performed
101  bisections at three different positions along the body column. In addition to mid-
102  body bisection (50% of body length), we also bisected at 25% body length from the
103  head, just below the tentacle ring, and at 75% body length from the head, just
104  above the peduncle and foot (Fig. 1F). We performed the same bisections in H.
105  vulgaris as a positive control for foot regeneration. Consistent with previous
106 literature, H. vulgaris exhibited nearly 100% successful foot regeneration after all
107  three amputations, but with different kinetics depending on the level of the
108  amputation (Fig 1H) 82224, Also consistent with previous literature, the success
109 rate of H. oligactis foot regeneration depended on the location of the cut; after 75%
110  bisection, ~65% of animals successfully regenerated their feet, while foot
111  regeneration did not occur after 25% bisection (Fig. 1G) (Hoffmeister, 1991).

112 We next tested foot regenerative abilities across the Hydra genus to better

113  understand the evolutionary history of this trait. While a handful of regeneration

114  studies have been done in different Hydra species 72526 no systematic study of
115  foot regeneration ability has been done across the genus on validated species. We
116  therefore performed foot amputation assays (Fig. 1 F) on three additional Hydra
117  species to cover each phylogenetic clade (Fig. 1A, I-K) 27, as well as on the Swiss
118 laboratory strain of H. oligactis 22 (Fig. S1) to ensure that our observations were not
119  specific to the Innsbruck 12 strain of H. oligactis. Our experiments revealed that

120  both H. oligactis and H. oxycnida, which are in the Oligactis clade, show similar
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121  foot regeneration defect profiles (Fig. 1G, I, Fig. S1). By contrast, H. viridissima
122 had robust foot regeneration ability, with faster kinetics than H. vulgaris (Fig. 1J).
123 H. hymanae, a member of another distinct group within the Hydra genus

124  phylogeny, the Braueri clade, exhibited slightly reduced foot regenerative ability,
125  which varied depending on the bisection location. While 75% bisections resulted in
126 nearly 100% successful foot regeneration, 25% bisections led to only ~60%

127  regeneration (Fig. 1K). Overall, our survey of foot regeneration abilities across the
128  Hydra genus revealed variability that enables comparative studies. Furthermore,
129  given the relatively high rate of foot regeneration in all species, except those in the
130 Oligactis clade, we conclude that the common ancestor of the Hydra genus likely
131 had robust foot regeneration ability, which was lost by the ancestor of the Oligactis
132 clade.

133

134 The foot transcriptional program largely fails to be activated during H.

135 oligactis regeneration

136

137  To identify key aspects of the transcriptional response that result in limited foot

138  regeneration in H. oligactis, we generated RNA-seq libraries from the regenerating
139  tips of bisected H. oligactis polyps during a time course of both head regeneration
140 and failed foot regeneration at 0, 3, 12, 24, and 48 hours post amputation (hpa)
141 (Fig. 2A). For the foot regeneration time course, it was not possible to determine
142 which samples would successfully regenerate their feet a priori, therefore these
143 samples contained a mixture of both successful and unsuccessful regeneration.
144  However, given the low rate of successful foot regeneration after 50% bisection
145  (~10%, Fig. 1G), most of the signal is predicted to come from animals that will

146  ultimately fail to regenerate their feet. To define the transcriptional end point of

147  successful regeneration, we also collected RNA-seq data for head and foot tissue
148  in uninjured animals. We used these data to identify head- and foot-specific genes
149  in H. oligactis by determining the differentially expressed genes in uninjured

150 animals between the foot, head, and body column tissue. The regenerating head

151  and foot tissue at 0 hpa were used as uninjured body column for this analysis,
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152  given that these tissues were taken just above and below the plane of a 50%

153  bisection right after injury (Fig. 2B). This approach uncovered 404 foot-specific

154 genes and 987 head-specific genes in H. oligactis (Figure 2C, D; Supplementary
155 data file 1).

156

157  To analyze the transcriptional changes that occur over the course of H. oligactis
158  head regeneration and failed foot regeneration, we used Principal Component

159  Analysis (PCA) (Fig. 2E, F). In these analyses, we included homeostatic head and
160 foot RNA-seq libraries which represent a successful regeneration end point.

161  Notably, we found that H. oligactis exhibits nearly 100% head regeneration after
162  bisection, but the process takes up to 72 hpa to complete. This is approximately 24
163  hours longer than in H. vulgaris, as determined morphologically by the presence of
164 tentacles (Fig. S2). Our RNA-seq time course of H. oligactis head regeneration

165 ended at 48 hours and our PCA analysis confirms that head regeneration is not
166  transcriptionally complete at this point in H. oligactis. Although differences between
167 homeostatic head tissue and regenerating head tissue explain 83.34% of the

168  variation among samples (PC1), regenerating head tissue exhibited a progressive
169  upregulation of key PC1-associated genes, such as wnt3 (Supplementary Data File
170  2), suggesting a shift toward head identity (Fig. 2E).

171

172 For failed foot regeneration, we did not observe a progressive shift of regenerating
173  tissue toward the homeostatic foot transcriptional signature. Like head

174  regeneration, the most variation (79.53%) for failed foot regeneration was

175  explained by PC1, which denotes the difference in the expression profiles between
176  homeostatic foot tissue and the regenerating samples. Importantly, 93 out of 100 of
177  the topmost genes explaining variation within PC1 correspond to foot-specific

178 genes (Supplementary data file 3). Whereas only 4.12% of the variation is

179  explained by PC2, which shows changes in the wounded tissue occurring during
180 the time course of regeneration, but the regeneration time points did not change

181 along the PC1 axis (Fig. 2F). This suggests that the gene expression profile of the
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182 failed foot regeneration samples do not resemble that of the homeostatic foot at
183  any timepoint.

184

185  We next examined the expression dynamics of head-specific and foot-specific

186  transcripts over the time course of H. oligactis head regeneration and failed foot
187  regeneration respectively. To identify differentially expressed head and foot-

188  specific genes we compared gene expression on each side of the wound at each
189  time point. We found that in H. oligactis head regeneration, only a small number of
190 head-specific genes showed tissue-specific upregulation at 12 hpa, with larger

191 transcriptional changes becoming evident only after 24 hpa (Fig. 2G-J;

192  Supplementary data file 4 containing lists of tissue-specific genes at each

193  timepoint). This contrasts with H. vulgaris, which shows significant structure-

194  specific gene expression by 8 hpa for both head and foot regeneration 2. For

195 example, in H. vulgaris, several canonical Wnt pathway genes, including Wnt

196 ligands become specific to the oral wound by 8 hpa *2. In H. oligactis, the

197  expression of head-associated Wnt genes became specific to the oral wound by 48
198  hpa and overall, 472 out of the 987 (47.8%) head-specific genes were expressed
199 at this timepoint (Fig. 2 J). In contrast, we identified only 63 out of 404 (15.6%)

200 foot-specific genes as up-regulated in failed foot regenerating tissue at 48 hpa (Fig.
201 2G-J). Therefore, this analysis showed that by 48 hpa, head regeneration in H.

202  oligactis although incomplete, is progressing appropriately, whereas foot

203 regeneration is largely failing at the transcriptional level.

204

205 To gain a deeper insight into the differences in foot regeneration potential between
206  H. vulgaris and H. oligactis, we compared the injury-induced transcriptional

207  activation of seven foot-specific genes that were identified in our previous

208 transcriptional profiling of H. vulgaris. These genes were upregulated specifically at
209 the aboral wound site by 12 hpa and were enriched in the foot as determined using
210 the single cell expression atlas (Cazet et al., 2021; Siebert et al., 2019; the

211  transcript IDs for genes discussed in this study can be found in Table S1). This

212  analysis showed that transcriptional activation of these seven genes is weak in H.


https://doi.org/10.1101/2025.03.18.643955
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.18.643955; this version posted March 18, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

213 oligactis as compared to H. vulgaris (Fig. 2K-L). In addition, we compared the

214  expression of foot-specific genes from H. oligactis to the expression of their

215 orthologs in H. vulgaris (154 genes) and found lower expression in H. oligactis at
216  every time point, including 0 hpa (Fig. S3). The same comparison performed with a
217  random gene set did not show expression differences (Fig. S3). These data

218  suggested that the initial foot competency of the H. oligactis tissue is lower (Fig.
219  S3).

220

221 Injury-induced transcriptional activation of Wnt pathway genes is reduced in
222 H.oligactis as compared to H. vulgaris

223

224  We next compared the early injury-induced transcriptional response between H.
225 vulgaris and H. oligactis to identify differences that could lead to downstream

226  failure of foot regeneration in H. oligactis. To accomplish this, we compared the H.
227  oligactis regeneration RNA-seq data collected in this study to our previously

228  published H. vulgaris regeneration RNA-seq data set, collected for both head and
229  foot regeneration at 0, 3, 8, and 12 hpa 2. To establish a framework to compare
230 the gene expression patterns of H. oligactis and H. vulgaris we used OrthoClust, a
231 computational method that groups gene expression patterns based in gene

232 orthology across multiple species into discrete clusters 2°. We first looked for

233 orthologous genes by conducting a reciprocal BLAST analysis of the RNA-seq

234  datasets for each species, obtaining 9,371 transcripts for H. oligactis with a direct
235  ortholog in H. vulgaris. We next used OrthoClust to compare the expression data of
236  these transcripts over the course of regeneration to identify conserved co-

237  expression modules across the two Hydra species. With this method we identified
238  nine gene co-expression clusters containing 566 transcripts from H. vulgaris and
239 489 transcripts from H. oligactis (Supplementary data file 5).

240

241 While most of the OrthoClust modules contained transcripts that decreased in

242  expression during the regeneration time course in both species, transcripts in

243  clusters 5 and 6 showed an up regulation in head regenerating tissue in both Hydra
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244  species (Fig. S4, Fig. 3A, B). Cluster 6 contains several genes involved in

245  canonical Wnt signaling. Notably, in H. oligactis head regeneration, cluster 6 genes
246  such as wnt3, wnt7, and brachyury were delayed in their transcriptional activation,
247  which correlates with the extended time frame of head regeneration in this species
248  (Fig. 3A-H Fig. S2).

249

250 We found that some cluster 6 genes also behaved differently during foot

251  regeneration when comparing the two species. In our previous study, we found that
252  Wnt pathway genes are transiently upregulated from 0-3 hpa during H. vulgaris

253  foot regeneration. This included the Wnt ligands wnt3, wnt7, and wnt9/10C as well
254  as the conserved Wnt signaling target brachyury -3 (Fig. 3C-l). By contrast,

255  wnt3, wnt7, and brachyury were not significantly upregulated at 3pha in H. oligactis
256  foot regeneration (Fig. 3D,F,H). Noteworthy, wnt9/10c is significantly upregulated
257 in both Hydra species at 3 hpa during foot regeneration, although absolute levels of
258 transcript are lower in H. oligactis (Fig. 1,J). Altogether, these results revealed that
259 injury-induction of Wnt signaling is either absent or highly reduced in H. oligactis as
260 compared to H. vulgaris.

261

262 The formation of the head organizer is delayed in H. oligactis

263

264  The hypostome in Hydra species has a conserved function as an oral organizer 3.
265  While it is almost certain that Wnt signaling plays a conserved role in directing axial
266  patterning across the Hydra genus, the expression of Wnt ligands specifically in the
267 hypostome has not been formally tested in H. oligactis. To address this, we

268  performed fluorescent RNA in situ hybridization (FISH) to analyze the expression
269  of wnt3 in H. oligactis. We found that like H. vulgaris, wnt3 was expressed at the
270  hypostome of H. oligactis, similar to H. vulgaris (Fig. 3K). Next, we used FISH to
271  investigate the temporal and spatial expression of wnt3 over the course of head

272 regeneration. In contrast to H. vulgaris, the expression of wnt3 was not detected by
273 FISH in H. oligactis at 24 hpa. However, by 60 hpa, the expression of wnt3 became
274  apparentin H. oligactis (Fig. 3K). These results are consistent with slower head
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275  regeneration kinetics in H. oligactis (Fig. S2) and suggest that delayed activation of
276  Wnt signaling may contribute to differences in head regeneration timing between
277  these species.

278

279  Given the morphological delay of head regeneration we observed in H. oligactis
280 (Fig. S2), along with the reduced levels of Wnt gene transcription (Fig. 3D, F, H, J,
281  K), we hypothesized that formation of the oral organizer is delayed in H. oligactis
282 as compared to H vulgaris. Tissue grafting is a classical method for determining
283  the timing of head organizer formation: regenerating head tissue is grafted onto the
284  body column of a host animal to test if the donor tissue can induce a secondary
285  axis. Using this approach, previous studies demonstrated that regenerating H.

286  vulgaris head tissue acquires organizing ability as early as 8 hpa, which also

287  correlates with high levels of Wnt signaling pathway gene transcripts at this

288 timepoint 1232, To test the timing of head organizer formation in H. oligactis, we

289  conducted classic grafting experiments. We also performed these experiments in
290 H. vulgaris as a positive control. We bisected Hydra polyps and grafted the tissue
291  from the oral injury site onto a host polyp at 0, 3, 8, 16, 24 and 48 hpa (Fig. 3L).

292  We then quantified the frequency of secondary axis formation at 5 days post

293  grafting (Fig. 3M). While we observed organizer ability in regenerating H. vulgaris
294 head tissue as early as 8 hpa as expected, regenerating H. oligactis did not begin
295  showing organizer activity until 16 hpa. H. oligactis head organizing ability was

296 reduced as compared to H. vulgaris until 48 hpa (two-way ANOVA, pspecies = 2.55 X
297  10%), at which time a similar capacity to direct secondary axis formation in both

298  species was observed. Overall, these results support the conclusion that injury fails
299  to strongly activate Wnt signaling in early stages of regeneration in H. oligactis,

300 which may contribute to slower head regeneration kinetics.

301

302 Transient pharmacological activation of Wnt signaling during the injury

303 response rescues foot regeneration in H. oligactis

304
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305 We next asked how injury-induced Wnt expression impacts foot regeneration

306 abilities in Hydra. Given a previous study showing that treatment with a Wnt

307 inhibitor negatively impacts H. vulgaris foot regeneration 13, we hypothesized that
308 the lack of injury-induced Wnt expression contributes to H. oligactis foot

309 regeneration failure. To test this, we pharmacologically activated Wnt signaling

310 during the injury phase of H. oligactis foot regeneration using alsterpaullone (ALP),
311 a Wnt signaling agonist that stabilizes B-catenin and induces oral patterning in H.
312 vulgaris 1°. We transiently treated the upper halves of 50% bisected H. oligactis
313  with different concentrations of ALP (2.5, 5, and 10 uM) for 3 hours after injury, to
314  mimic the short window of Wnt signaling activation in H. vulgaris foot regeneration.
315  We then monitored the animals over 6 days for the presence or absence of foot
316  regeneration (Fig. 4A). Treatment of regenerating H. oligactis with ALP, regardless
317  of the concentration, resulted in a partial but significant rescue of foot regeneration,
318  with the concentration of 5 uM having the largest effect (Fig. 4B-D). Notably, at 5
319 UM, ~7% of animals regenerated a second head at the aboral wound site instead
320 of a foot, with this percentage increasing to 20% at 10 uM ALP (Fig. S5). The

321 appearance of the two-headed phenotype suggests that a precise balance in Wnt
322  activation is required to determine whether foot or head regeneration occurs at the
323 aboral wound site. In addition, the higher occurrence of two-headed Hydra in the
324 10 pM ALP treatment likely explains the reduced number of animals that

325 regenerated a foot under this concentration. Overall, this result supports the

326 conclusion that a transient burst of Wnt signaling activation during the generic

327 injury response is essential for foot regeneration in Hydra.

328

329 Transient inhibition of Wnt signaling in H. vulgaris mimics the regeneration
330 phenotype of H. oligactis

331

332 Inhibition of Wnt/beta-catenin signaling by iCRT14 in H. vulgaris inhibits both head
333 and foot regeneration upon continuous treatment over the course of regeneration
334 (Gufler et al., 2018). Given our findings that in H. oligactis the injury response does

335 not elicit a strong Wnt signaling response, here we sought to mimic that effect in H.
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336  vulgaris by transiently treating animals with iCRT14 for 12 hours after bisection

337 (Fig. 4E). This treatment caused H. vulgaris regeneration to more closely resemble
338 H. oligactis regeneration. Specifically, we found that transient inhibition of Wnt

339 signaling in H. vulgaris resulted in reduced foot regeneration (two-way ANOVA,

340  prreatment =0.002824) and an apparent delay in head regeneration (Fig. 4F, G, Fig. S6).
341  Notably, this treatment produced stably footless H. vulgaris mimicking the H.

342  oligactis phenotype (Fig. S6). Our results support the conclusion that a lack of

343  injury-induced Wnt signaling significantly contributes to foot regeneration deficiency
344 in H. oligactis.

345

346 Transient activation of Wnt signaling triggers the transcription of foot-

347 specific genes in H. oligactis

348  Our finding that transient activation of Wnt signaling rescues foot regeneration in H.
349  oligactis is consistent with published literature showing that injury-induced Wnt
350 activation is necessary for Hydra vulgaris foot regeneration 21320, However, the
351  mechanisms by which Wnt signaling promotes foot regeneration is unknown. To
352  shed light on this, we generated RNA-seq libraries from a time course of H.

353 oligactis foot regenerating fragments after a 3-hour treatment with 5 uM ALP (Fig.
354 5A). These data revealed that ALP treatment elicited the transient upregulation of
355  Wnt pathway genes such as tcf, wnt3, axinl, wntless and sFRP3, demonstrating
356  that ALP treatment transcriptionally activated Wnt signaling as expected (Fig. S7).
357  Furthermore, PCA of ALP-treated (rescued) and DMSO-treated (control) samples
358 revealed that by 48 hpa, transient activation of Wnt promoted transcriptional

359 changes in the direction of the homeostatic foot along the PC1 axis (Fig. 5B).

360 To characterize the transcriptional changes elicited by ALP treatment, we

361 performed differential gene expression analysis comparing ALP-treated and control
362 samples. We found that Wnt pathway activation induced the transcriptional

363  activation of foot-specific genes, with 52 and 134 foot-specific genes being

364 upregulated in ALP treatment conditions as compared to control conditions by 24

365 hpa and 48 hpa respectively (Fig. 5C-D). In contrast, just a few foot-specific genes
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366  were upregulated in control conditions as compared to ALP treatment conditions at

367 these same timepoints (Fig. 5C-D).

368  To improve our understanding of the mechanisms which transient ALP treatment
369 promotes foot regeneration, we used maSigPro, an R package that analyses time
370  course expression data in different conditions through a regression approach to
371 identify differential gene expression patterns 33. This analysis uncovered 1,773

372 genes with differential expression patterns grouped into 9 modules (Fig. 5E;

373  Supplementary data file 6). The expression pattern of module 5 showed

374  upregulation at 3 hpa only in ALP-treated tissue, followed by downregulation at
375 later timepoints, and included Wnt signaling pathway genes (tcf, axinl, Igr5, sp5,
376  and nphp3), confirming the validity of this method. In addition, several TFs whose
377  orthologs are involved in cell differentiation and development were included in

378 module 5, such as foxl1, dmrta2, 14-3-3zeta, aatf, rfx1 and tle3. These TFs are
379  also expressed in the homeostatic Hydra, but are not foot specific. To better

380 understand the functions related to each module we performed Gene Ontology
381 (GO) term enrichment analysis for all modules (Supplementary data file 7). Module
382 5 was enriched for gene expression regulatory functions, including transcription
383 factors and coactivators. Contrastingly, module 2 showed downregulation in

384 response to ALP at 3 hpa of transcriptional regulators involved in the generic injury

385 response, such as bZIP TFs creb, jun and fos 1234 (Fig. 5E, S8).

386 We also identified modules with foot-specific genes upregulated in the ALP-treated
387 samples at 12 hpa (module 7) and 24 hpa (module 4) (Fig. 5E-G). GO analysis of
388 module 7 showed enrichment for morphogenesis-related functions (Fig. 5F),

389 including B-catenin and genes in the BMP and Notch pathways. Moreover, the foot-
390 specific TF dIx2, also part of module 7, showed upregulation at 12 hpa in response
391 to ALP, making it the earliest foot-specific TF to be transcriptionally activated upon
392  Wnt activation (Fig. 5H). A previous study showed that dIx2 is essential for foot

393 regeneration in H. vulgaris, highlighting its likely role as a key regulator of foot

394  regeneration (Ferenc et al., 2021). Since dIx2 was the earliest foot-specific

395 transcription factor activated by ALP, we used FISH to examine its spatial
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396 expression in H. oligactis and H. vulgaris. In uninjured H. oligactis, dIx2 expression
397 was restricted to a small peduncle region, whereas in H. vulgaris, it extended to the
398  basal disk (Fig. 5I-L), suggesting differences in dIx2 regulation under homeostatic
399  conditions. At 24 hpa, dIx2 was clearly expressed at the aboral injury site in H.

400 vulgaris but was undetectable in H. oligactis (Fig. 5K-L), reinforcing its correlation

401  with foot regeneration potential.

402 GO analysis of module 4 revealed enrichment for terms related to extracellular
403  matrix organization (Fig. 5G). Notably, Wnt signaling has been found to induce
404  extracellular matrix remodeling as part of the tissue patterning that occurs during
405  H. vulgaris regeneration (Veschgini et al., 2023). In addition, this module included
406  TFs gata3 and nk2, previously identified as foot-specific in H. vulgaris, as well as
407  other TFs that are upregulated temporarily at 24 hpa with ALP treatment (Fig. S9).
408  Overall, these findings highlight the hierarchical gene regulatory network

409 underlying foot regeneration in Hydra, where transient Wnt activation triggers a
410 transcriptional cascade that sequentially activates non-tissue specific transcription
411  factors, followed by foot-specific factors—starting with dix2—and ultimately genes
412  involved in morphological changes such as extracellular matrix remodeling, leading

413  to successful tissue regeneration.
414  Discussion

415  While previous work identified a role for injury-induced Wnt signaling in H. vulgaris
416 foot regeneration, the specific contribution of early Wnt signaling and the

417  mechanisms driving foot regeneration have remained unclear 3. To investigate
418 this, we used H. oligactis, a species with limited foot regeneration capacity, and
419  performed comparative transcriptomics to identify key regulatory mechanisms. Our
420 findings revealed that weak injury-induced Wnt signaling activation in H. oligactis
421  contributes to its reduced foot regeneration potential. Short-term treatment with the
422  Wnt signaling agonist ALP partially rescued foot regeneration in H. oligactis,

423  establishing Wnt signaling as a key regulator of Hydra foot regeneration.

424  Furthermore, differential gene expression analysis of ALP-treated H. oligactis

425 indicated that increased Wnt signaling promoted the expression of several TFs
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426  associated with early foot regeneration in H. vulgaris, including nk-2, foxd2-like and
427 dIx2. In H. vulgaris, these TFs exhibit foot-specific expression between 8 and 12
428 hpa 2. Notably, dIx2 was the earliest upregulated foot-specific TF in H. oligactis

429  following ALP-treatment, suggesting this TF as a key regulator of foot regeneration.

430 The molecular basis for weaker injury-induced Wnt signaling in H. oligactis

431  compared to H. vulgaris remains unclear. However, one possibility is the presence
432 of a stronger Wnt inhibitory environment in H. oligactis. In Hydra, it is hypothesized
433  that the head organizer establishes a morphogenetic gradient through a locally

434  self-reinforcing Wnt signal and a secreted long-range inhibitory signal, which

435  determines cell fate along the oral-aboral axis °2°. Previous studies suggest that
436  this head inhibitory signal is a secreted Wnt antagonist 1°36, though its precise

437  identity remains unknown. Notably, a prior study demonstrated that H. oligactis has
438  higher levels of head inhibitor compared to H. vulgaris . If this inhibitor is indeed a
439  Wnt antagonist, this would be consistent with our findings that injury-induced Wnt
440  signaling is attenuated in H. oligactis. In addition, we found that foot regeneration
441  potential in H. oligactis increases with greater distance from the head, further

442  supporting the hypothesis that a Wnt-inhibitory gradient emanating from the head
443  influences the strength of injury-induced Wnt induction and, consequently, foot

444  regenerative capacity.

445  In addition to a strong Wnt inhibitory environment in H. oligactis, reduced

446  transcriptional activation of injury-induced Wnt signaling genes may also contribute
447  to its impaired foot regeneration. In H. vulgaris, bZIP TFs are implicated in

448  activating the expression of Wnt signaling genes during the general injury response
449 1220 Although H. oligactis demonstrates injury-induced transcription of bZIP TFs
450 comparable to H. vulgaris (Fig. S8), it is possible that in H. oligactis, bZIP TFs fail
451  to activate the transcription of Wnt genes due to reduced protein stability or weaker
452  binding affinity to Wnt gene regulatory regions. Supporting this, previous research
453  revealed stronger CREB-binding activity in nuclear extracts from H. oligactis

454  injured oral tissue compared to injured aboral tissue, whereas H. vulgaris showed

455  equal CREB binding activity at both wound sides 3. Moreover, our data indicate
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456  regulatory feedback between Wnt signaling and bZIP TFs. ALP treatment causes
457  down regulation of bZIP TFs in H. oligactis, consistent with the extended bZIP

458  transcriptional activation observed in H vulgaris when inhibiting Wnt signaling with
459  iCRT14 *2. This suggests a bidirectional regulatory relationship between bZIP TFs
460 and Wnt signaling. Future research is necessary to investigate if differences in

461  bZIP TF-mediated transcriptional activation of Wnt signaling genes contribute to
462  the H. oligactis foot regeneration defect and how this process may be influenced by

463  the stronger Wnt inhibitory gradient proposed for this species.

464  In our previous study, we found that prolonged injury-induced Wnt signaling is
465  sufficient to induce ectopic head formation 2. However, our current findings reveal
466  that injury-induced Wnt signaling activation is not strictly required for head

467  regeneration. Transient inhibition of Wnt signaling activation during the injury
468 phase of regeneration delays, but does not block H. vulgaris head regeneration,
469  mirroring the extended timeline we observed for H. oligactis head regeneration.
470  Our findings suggest two potential, non-mutually exclusive mechanisms for

471  establishing the Wnt organizer during H. oligactis head regeneration. First, the
472  weak injury-induced expression of Wnt9/10C in H. oligactis suggests that while
473  injury-triggered Wnt activation may contribute to head organizer formation, the
474  associated feedforward loop could take longer to establish due to the low initial
475  signal. Second, an unidentified mechanism may activate Wnt gene transcription
476 later during head regeneration, either as the sole mechanism in H. oligactis or in
477  addition to weak injury-induced Wnt activation. A similar late-acting mechanism
478  may also function in H. vulgaris, enabling head regeneration even when injury-
479  induced Wnt activation is inhibited (Fig. 4G).

480 In contrast to head regeneration, Hydra foot regeneration requires injury-induced
481  Wnt signaling. Our findings indicate that a key event in this process is the Wnt-
482  dependent expression of the TF dIx2, consistent with a prior study showing that
483  dIx2 knockdown inhibits foot regeneration in H. vulgaris . The TF gata3 has also
484  been identified as a positive regular of basal disk fate 3°, and may be downstream

485  of dIx2, based on its expression dynamics in H. oligactis ALP-rescued foot
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486  regeneration. However, Hydra possess two epithelial layers, the endoderm and
487  ectoderm, which must interact to specify the foot %°. Interestingly, dix2 and gata3
488  are both expressed in the ectoderm 2°, whereas nk2, another foot-specific TF, is
489  expressed in the endoderm 4. Although nk2 has been proposed as a regulator of
490 foot specification 4, functional evidence remains lacking. Our study shows that
491  dIx2 is upregulated by 12 hpa in ALP-treated foot regenerating tissue, whereas nk2
492  upregulation occurs at 24 hpa, suggesting that ectodermal specification may occur
493  before endodermal specification. Future studies should investigate how Wnt

494  signaling activates dIx2 in the ectoderm and how ectodermal and endodermal

495  regulatory programs interact during foot regeneration. Constructing tissue-specific
496  gene regulatory networks will be essential to understanding how Wnt signaling

497  coordinates regeneration across both epithelial layers.

498  Our findings suggest that foot regeneration ability is ancestral in the Hydra genus
499  but was lost in the Oligactis group. In contrast to most Hydra species which can
500 generate gametes continuously throughout life, species within the Oligactis group
501  exhibit semelparity, a reproductive strategy where organisms produce many

502 gametes before dying #2. In H. oligactis, low temperatures induce gametogenesis,
503 leading to somatic senescence through stem cell exhaustion 2843, One possibility is
504 that the foot regeneration defect in H. oligactis evolved as a trade-off associated
505  with semelparous reproduction. To explore this possibility, future research should
506 explore the potential function of Wnt signaling in the induction of gametogenesis in
507 H. oligactis. Similar trade-offs involving Wnt signaling may occur in other animals.
508 For example, the semelparous planarian worm Procotyla fluviatilis cannot

509 regenerate its head when cut near the tail due to excessive Wnt signaling

510 activation upon injury; pharmacological downregulation of Wnt signaling rescues
511  regeneration #4. In addition, sexually mature male zebrafish show impaired

512  regeneration of amputated pectoral fins due to androgen-driven inhibition of Wnt
513  signaling, which can be reversed by pharmacological activation of Wnt signaling #°.
514  These examples suggest that adaptations modulating reproduction may

515 compromise regenerative capacity, highlighting the need for further research on
516  how Wnt signaling mediates the trade-off between reproductive strategies and
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517 regeneration in Hydra and other animals. While Wnt signaling activation during
518 regeneration is a shared feature among distantly related animals, the gene

519 regulatory networks linking early injury response to Wnt signaling activation are not
520 entirely conserved across taxa . Such variation limits our ability to draw broad
521 conclusions about the evolutionary gain or loss of regenerative abilities,

522 underscoring the need for more comparative studies. However, comparisons

523 across long evolutionary distances can be difficult to interpret due to the distinct
524  biological contexts in which these molecular pathways function. For this reason,
525 studies of closely related animals with varying regenerative abilities, such as the
526  one presented here, provide valuable insights into specific evolutionary rewiring
527 events in the gene regulatory networks underlying regeneration. Such research
528 can reveal the molecular changes driving the diversity of regenerative capacity
529 observed across animals. By identifying these evolutionary changes, we may

530 uncover the molecular requirements necessary to induce regeneration in animals

531  with limited regenerative potential.
532
533 Methods

534 Hydra strains and culture. Here we used two strains of H. oligactis. The Cold
535 Resistant Swiss strain provided by Brigitte Galliot, was used only in regeneration
536  experiments shown in Figure S1 43. The second strain used for all remaining H.
537  oligactis experiments, was collected in Innsbruck, Austria by Bert Hobmayer 12, H.
538 vulgaris AEP strain was used for comparative approaches throughout this work.
539  The remaining Hydra species used for the regeneration experiments shown in

540 Figure 1: H. oxycnida, H. hymanae and H. viridissima, were provided by Robert E.
541  Steele. These strains form part of a larger collection of Hydra species validated
542  through sequencing of cytochrome c oxidase | (CO1), their collection and

543 taxonomy have already been reported in detail 27. All Hydra species were kept in
544  Hydra medium (0.38mM CaClz, 0.32 mM MgSO4 X 7H20, 0.5 mM NaHCOs, 0.08
545 mM K2COs), and fed three days per week with Brine Shrimp during

546  experimentation.
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547 Phylogenetic analysis. Representative validated species from each major group
548 in the of the Hydra genus phylogeny were selected and the sequence for CO1 was
549  used to build a maximum likelihood tree with a GTR +G +I model using MEGA 46,
550 Sequences of CO1 used are provided in the Source_data_1.txt file (See Source

551 data section).

552 Regeneration assays and foot peroxidase staining. Amputations were

553  performed under a stereoscopic microscope using a millimetric grid to precisely
554  measure the distance from the head. Head regeneration was measured by

555  assessing the presence of the first two tentacle buds. Foot regeneration was

556  primarily assessed visually by identifying basal disk morphology under a

557  stereoscopic microscope. Foot regeneration data for all species shown on Figure 1
558 is provided in the Source_data_2.xIsx file (See Source data section). To confirm
559 the presence of a regenerated basal disk, foot peroxidase assays were performed
560 in H. oligactis polyps that appeared to have regenerated their feet nine days after
561 amputation. Animals were relaxed in 2% urethane for 5 minutes, then fixed in 4%
562 formaldehyde at room temperature for 1 hour. Animals were then rinsed three

563 times in phosphate buffer saline solution (PBS) + 0.25% Triton X-100 for 5 minutes
564  each. Foot peroxidase staining was performed by incubating animals for 15

565 minutes in a solution of 0.02% diaminobenzidine, 0.25 % Triton X-100 and 0.003%
566  hydrogen peroxide in PBS. Following staining, animals were rinsed in PBS +

567 0.25% Triton X-100 for 30 minutes, then placed in 25% glycerol for 5 minutes,

568  followed by 50% glycerol for mounting.

569 Lateral head organizer grafting. For each time point tested, three batches of at
570 least 10 H. vulgaris and 10 H. oligactis, were bisected. A small portion of tissue
571  from the oral wound site was excised and set aside for grafting. Host animals were
572  punctured at the mid-section of the body using a scalpel. The regenerating tissue
573  from the donor oral wound site was picked up with entomological tweezers and
574 inserted into the puncture site of the host animal. The grafted tissue was held in
575 place against the host’s body column using tweezers and a dissection needle for 5
576  minutes, allowing it to adhere. Lateral head formation in the host animals was
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577 evaluated every 24 hours for 6 days, after which total number of animals with
578 lateral heads was counted. Lateral head formation data is provided in the

579  Source_data_ 9.xlIsx file (See Source data section)

580 Alsterpaullone (ALP) and iCRT14 treatments. For ALP treatments, three

581  batches of at least 20 top halves of bisected H. oligactis were incubated in either
582 0.05% DMSO or ALP at 2.5 uM, 5 uM or 10 uM in Hydra medium for 3 hours.

583 Following treatment, animals were immediately washed, and foot regeneration was
584  assessed 144 hours post-amputation. During this period, animals were fed 3 times
585 per week. For iCRT14 treatments, 4 batches of at least 29 H. vulgaris were

586 incubated in 5 uM iICRT14 or 0.05% DMSO for 12 hours post-bisection. After

587 treatment, both halves of the animals were washed and monitored for head and
588 foot regeneration every 24 hours for 96 hours. Animals were fed every 48 hours
589  following amputation. Foot regeneration data for ALP-treated H. oligactis is

590 provided in the Source_data_10.xlIsx file (See Source data section)

591 RNA-seq library preparation. For each regeneration sample, at least 3 replicates
592  of 30 H. oligactis were starved for 48 hours prior to bisection. Following 50%

593  bisection, animals were incubated in either 0.05% DMSO or 5 uM ALP for 3 hours,
594  then washed with Hydra medium. For the 0 hours post-amputation samples,

595 animals were exposed to DMSO or 5 uM ALP for 30 seconds, then washed before
596 RNA extraction. Regenerating animals were allowed to regenerate for 3, 12 or 48
597  hours, after which they were rinsed with Hydra medium and the tissue adjacent to
598 the oral and aboral injury sites was excised for RNA extraction. The amount of

599 tissue collected for each sample was approximately one sixth of the total body

600 length. For ALP-treated samples, only the aboral injury site was collected. In

601  addition, 3 replicates of 30 animals were used to collect homeostatic head tissue
602 by decapitating just below the tentacle ring, and 3 replicates of 30 feet (peduncle +
603  basal disk) were obtained as homeostatic foot samples. A second batch included 3
604  replicates of 24 hpa in DMSO and ALP, as well as 3 replicates of 0 hpa samples in
605 DMSO and 2 replicates of homeostatic head and foot following the same

606  conditions. Total RNA was extracted from the excised tissue fragments using
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607  Trizol™ (Thermo Fisher Scientific), followed by DNA decontamination with DNAse |
608 (R1013, Zymo Research). A final RNA purification step was performed using the
609 Zymo RNA Clean and Concentrator kit (R1017, Zymo Research) according to the
610 manufacturer’s instructions. Poly(A)-enriched mRNA libraries were prepared, and
611 150 bp paired-end sequencing was performed on a NovaSeq 6000 by Novogene
612 Co.

613 RNA-seq and computational analysis. Low-quality base calls and sequencing
614  adapters were filtered out using Trimmomatic V.0.36. The reference transcriptome
615 for mapping the trimmed reads was obtained by downloading the H. oligactis Cold

616 Resistant (Swiss Strain) transcriptome from https://hydratlas.unige.ch/ 4’. BUSCO

617 analysis “8 revealed a high degree of redundancy (26.3% duplicates) in this

618  transcriptome. To reduce the redundancy, Evidentialgene tr2aacds.pl

619 (v2017.12.21) was used to decrease redundancy #°. BUSCO stats for both the

620 original transcriptome and reduced transcriptome are shown in Supplementary

621  Table 2. The resulting reduced reference (Supplementary data file 8) was then

622  used for mapping the trimmed reads and calculating transcript counts using RSEM
623 0. For annotation, predicted coding sequences were analyzed using IntersProScan
624 5% Batch effects were corrected using ComBat_seq R-package %2. Normalization of
625 transcript counts and differential expression analysis were performed using Edge R
626  °3, with gene expression differences assessed using gimTreat and a false

627  discovery rate of 0.01. Results are provided in the Source_data_5.xlsx and

628  Source_ data_11.xIsx files. Additionally, H. vulgaris counts from Cazet et al., 2021

629  were reanalyzed using glmTreat for comparison. Principal Component Analysis,

630 heatmaps, and gene expression plots were generated using in house scripts.

631  For Orthoclust analysis, FPKMs for H. oligactis and H. vulgaris mapped reads were
632  calculated with RSEM, and reciprocal orthology was determined using
633  ReciprocalBlastHit.py 4. OrthoClust was run with a p-value of 0.001, correlation

634  threshold of 0.975, and a Kappa value of 2.

635 Differences in gene expression patterns over time between DMSO and ALP

636 treatments were analyzed using maSigPro, with Q set at 0.05 and R-square at 0.8.
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637 Gene Ontology enrichment analysis of maSigPro clusters was performed using

638 FuncAssociate 3.0.

639 RNA fluorescent in situ hybridization (FISH). FISH was performed following a
640  previously published protocol for H. vulgaris 2°, with the only modification being the
641  use of 250 ng of probe per sample for hybridization. Probe detection was carried
642  out using Alexa Fluor 594 tyramide reagent (ThermoFisher). Confocal images were

643  acquired using the Zeiss 980 LSM with Airyscan 2 confocal microscope. Z-stack

644 images were analyzed with Fiji 5°.

645  Statistical information

646  Results for secondary axis formation from a regenerating graft are shown in

647 average percentage of three different batches for each time point and species.

648  Error bars represent the standard deviation. Three batches of at least 10 grafted
649  animals were recorded for each time point and species of Hydra. Detailed numbers
650 for each batch and timepoint can be found in Source_data_9.xIsx within the

651  Source_data folder (See Source data section) Significance of the difference in

652  secondary axis formation between species was evaluated through a two-way

653  ANOVA, using the ‘aov’ function from the ‘stats’ package in R. This analysis

654 showed that there is a significant difference (pspecies = 2.55 X 107°) in secondary

655 axis formation between H. oligactis and H. vulgaris.

656  Results for foot regeneration after ALP treatment with different concentrations was
657 shown as the mean foot regeneration percentage of three batches for each tested
658 concentration. Error bars represent standard deviation. The difference in foot

659  regeneration percentage between tested ALP concentrations and DMSO treated
660  control was evaluated with a two-tailed t-test using the ‘t.test’ function from the

661 ‘stats’ package in R. The 2.5 uM ALP showed a significant difference when

662 compared against DMSO controls (p = 0.03). The 5 uM ALP showed a significant
663  difference when testes against DMSO controls (p = 0.01). Finally, 10 uM ALP

664  showed a significant difference when compared against DMSO controls (p = 0.02).

665 Detailed number for these batches of treated and control animals can be found in
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666 the Source_data_10.xlIsx file within the Source data folder (See Source data

667  section).

668  Results for head and foot regeneration for iICRT14 treated H. vulgaris are shown in
669 average percentage of three different batches of 30 animals for each time point
670  and four batches of at least 29 animals in the case of DMSO treated controls. Error
671  bars represent the standard deviation. Detailed numbers for each batch and

672 timepoint can be found in Source_data 11.xlsx within the Source_data folder (See
673  Source data section). Significance of the difference in foot regeneration and head
674 regeneration percentage across time between species was evaluated through a
675 two-way ANOVA using the ‘aoVv’ function from the ‘stats’ package in R. This

676  analysis showed that there is a significant difference in foot regeneration

677  percentage (Ptreatment =0.002824) between DMSO-treated and iCRT14-treated H.

678 vulgaris. No statistical difference was found in head regeneration percentage

679 between DMSO-treated and ICRT14 treated H. vulgaris.

680

681 Data availability.

682  All scripts used in this study are available both as a git repository at

683  https://github.com/cejuliano/oligactis_foot_regeneration. FASTQ files of raw RNA-
684  seq reads and raw counts for RNA-seq are available through the Gene Expression
685  Omnibus under the Bio Project accession number: PRINA1231128.

686

687 Source data

688 A comprehensive list of the raw data used to produce the graphs in this study is
689  provided here.
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865 Figure 1. Foot regeneration ability was lost in the Oligactis clade. (A)

866  Maximum Likelihood phylogenetic tree of the Hydra genus based on mitochondrial
867 cytochrome oxidase 1 sequences. The genus is divided into four clades: Oligactis,
868  Vulgaris, Braueri, and Viridissima 27. A red triangle marks the likely point of foot
869  regeneration loss in the Oligactis clade. Asterisks denote strains used in

870 amputation experiments. (B-C) Following 50% bisection, 90% of H. oligactis fail to
871 regenerate their feet, resulting in a stably footless phenotype. (D-E) Peroxidase
872  staining correlates with foot morphology in H. oligactis. The assay was performed
873 on 44 H. oligactis polyps 9 days after 50% bisection (5 with feet, 39 footless),

874  confirming the presence or absence of a foot in all cases. Red triangle indicates
875  peroxidase staining in the foot. Scale bars: 1 mm. (F) Amputation strategy to

876  evaluate foot regeneration abilities across the Hydra genus. The top half of each
877  bisected animal was visually monitored for foot regeneration. (G-K) Foot

878  regeneration kinetics following amputations at various positions along the oral-
879  aboral axis for (G) H. oligactis, (H) H. vulgaris, (I) H. oxycnida, (J) H. viridissima
880 and (K) H. hymanae.

881  Source data file 1. Text file containing the accession numbers and sequences for
882  COl used to build the phylogenetic tree.

883  Source data file 2. Excel workbook containing head and foot regeneration data for
884  the experiments shown in Figure 1 G-K.
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887 Figure 2. Foot-specific gene transcription is largely absent during H. oligactis
888 regeneration. (A) Strategy for RNA-seq library preparation over a regeneration
889 time course: Regenerating animals were incubated in 0.05% DMSO, allowing

890 these samples to serve as controls for the data shown in Figure 5B. (B) RNA-seq
891  strategy for different regions of homeostatic H. oligactis. FO and HO correspond to
892 the 0 hpa foot and head regeneration samples in panel A. (C-D) Venn diagrams
893  showing the differential gene expression strategy used to identify 404 foot-specific
894 genes (C) and 987 head-specific genes (D) in H. oligactis. (E) PCA plot of H.

895  oligactis oral-facing wound gene expression showing movement along the PC1
896 axis toward the homeostatic head profile during regeneration. (F) PCA plot of H.
897  oligactis aboral-facing wound gene expression showing no progression along the
898 PCl1 axis toward the homeostatic foot profile during regeneration. (G-J)

899  Comparison of logz fold change (log2FC) transcript abundance between H. oligactis
900 head regeneration and foot regeneration at 3 hpa (G), 12 hpa (H), 24 hpa (I) and
901 48 hpa (J). Red dots indicate differentially expressed head-specific genes at the
902 oral-facing wound and blue dots indicate differentially expressed foot-specific

903 genes at the aboral-facing wound. (K) Heatmap of foot-specific gene expression in
904 H.vulgaris (data from Cazet et al., 2021), showing upregulation by 12 hpa during
905 foot regeneration. Values represent Z-scores calculated from log, counts per

906 million (logCPM). (L) Heatmap of H. oligactis expression for the same 8 genes

907 shown in panel K. These genes do not exhibit rapid upregulation during

908 regeneration.

909 Source data file 3. Excel workbook containing differentially expressed gene tables
910 for the conditions compared in Figure 2 C-D.

911 Source data file 4. CSV file containing normalized log2CPM used to plot Figure 2
912 E-F

913  Source data file 5. Excel workbook containing log2 Fold Change values from
914  comparisons in Figure 2 G-J.

915 Source data file 6. Excel workbook containing log2 CPM for selected foot-specific
916 genes in H. vulgaris and H. oligactis shown in Figure 2 K-L.
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918 Figure 3. Delayed transcriptional activation of Wnt signaling genes during
919 regeneration in H. oligactis as compared to H. vulgaris. (A) Ribbon plots

920 showing normalized expression patterns for genes in cluster 6, identified with

921  OrthoClust, in both H. vulgaris (left panels) and H. oligactis (right panels) over the
922  first 12 hours of regeneration. Expression patterns at the oral-facing wound are
923 shown in red and expression patterns at the aboral-facing wound are shown in
924  blue. (B) Ribbon plots showing normalized expression patterns for cluster 6 genes
925 in the H. oligactis regeneration time course extended to 48h shows that cluster 6
926 genes are upregulated between 24 and 48 hours. (C-J) RNA-seq expression

927  profiles for wnt3 (C, D), wnt7 (E, F), brachyury (G, H) and wnt9/10C (I, J), during
928 head (red) and foot (blue) regeneration in H. vulgaris (left panels; data from Cazet
929 etal., 2021) and H. oligactis (right panels; this study, Figure 2). Note the extended
930 time course for H. oligactis. (K) Confocal images of fluorescent RNA in situ

931 hybridizations for wnt3 in homeostatic (left) and regenerating tissue in H. vulgaris
932  (top) and H. vulgaris (bottom) at 24 hpa (middle) and 60 hpa (right). Scale bars:
933 500 um. (L) Experimental strategy used to evaluate head organizer activity

934 acquisition during head regeneration. (M) Kinetics of secondary axis induction

935 following grafting of injured oral tissue onto host animals at indicated times post-
936 amputation (0, 3, 8, 16, 24 and 48 hpa). The blue line represents H. vulgaris and
937 the orange line represents H. oligactis.

938 Source data file 9. Excel workbook containing secondary axis formation frequency
939  from grafting in H. vulgaris and H. oligactis Figure 3M.

940
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942

943  Figure 4. Transient activation of Wnt signaling rescues foot regeneration in
944  H. oligactis. (A) Experimental strategy for treating the top halves of 50% bisected
945  H. oligactis with the Wnt agonist Alsterpaullone (ALP). (B) Bar graph showing the
946  percentage of successful foot regeneration in H. oligactis following a 3-hour post-
947  bisection treatment with DMSO (grey bar) or ALP at 2.5 uM, 5 uM, and 10 pM

948  (green bars). Statistical comparisons of DMSO versus ALP treatments were

949  conducted using a two-tailed t-test (p-values: 2.5 pM vs DMSO = 0.02935, 5 uM
950 vs DMSO =0.01026, and 10 uM vs DMSO = 0.02302). (C) Representative image
951  of H. oligactis showing failed foot regeneration in DMSO-treated control group. (D)
952  Representative image of H. oligactis showing successful foot regeneration after
953 treatment with 5 uM ALP. Scale bars: 500 um. (E) Experimental strategy to assess
954 foot and head regeneration in H. vulgaris after treatment with the Wnt inhibitor

955 ICRT14. (F) Line graph showing foot regeneration kinetics in H. vulgaris treated
956  with ICRT14 (pink) and DMSO controls (black). (G) Line graph showing head

957  regeneration kinetics in H. vulgaris treated with iCRT14 (pink) and DMSO controls
958  (black).

959  Source data file 10. Excel workbook containing foot regeneration percentages for
960 H. oligactis treated with the different ALP concentrations shown in Figure 4B.

961 Source data file 11. Excel workbook containing foot regeneration percentages for
962 H.vulgaris after 12 hours of iCRT14 treatment in Figure 4 F-G.
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964 Figure 5. Wnt-dependent activation of the foot regeneration transcription

965 factor dix2. (A) Experimental strategy for producing RNA-seq libraries from ALP-
966 treated aboral-facing wound tissue. (B) PCA plot showing transcriptional

967 trajectories during regeneration in DMSO-treated (blue dotted line; data from

968  Figure 2) and ALP-treated samples (green dotted line). (C, D) Comparison of

969 average log: fold change (log2FC) in transcript abundance between failed foot

970 regeneration (DMSO-treated control animals) and rescued foot regeneration (ALP-
971 treated animals) at 24 hpa (C) and 48 hpa (D). Blue dots represent foot-specific
972  genes enriched in failed foot regeneration tissue; green dots represent foot-specific
973  genes enriched in ALP-treated rescued foot regenerating tissue. (E) Gene

974  expression modules for failed foot regeneration (DMSO-treated control animals,
975  blue dashed line) and rescued foot regeneration (ALP-treated animals, green

976 dashed line) identified using maSigPro. (F) Gene Ontology enrichment analysis for
977 genes in module 7. (G) Gene Ontology enrichment analysis for genes in module 4.
978  (H) RNA expression plot showing dIx2 expression in logz counts per million (log2
979  CPM) over time. The blue line represents DMSO-treated failed foot regenerating
980 tissue; the green line represents ALP-treated foot regenerating tissue. (I-L)

981  Confocal images of RNA in situ hybridizations for dIx2 in untreated H. oligactis and
982  H. vulgaris, showing intact polyps and aboral regenerating tissue at 24 hpa. Scales
983  bars: 500 pm.

984  Source data file 12. CSV file containing normalized log2CPM used to plot data
985 shown in Figure 5 B and H.

986 Source data file 13. Excel workbook containing fold change gene tables for the
987 timepoints comparing foot regeneration in DMSO and ALP in Figure 5C and D.

988 Source data file 14. Excel workbook containing Gene Ontology enriched terms for
989 maSigPro modules shown in Figure 5L and M.
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991 Supplementary Figure 1. The Hydra oligactis Swiss strain displays a foot
992 regeneration defect like the Innsbruck strain. Approximately 5% of H. oligactis
993  Swiss strain polyps bisected at 50% body length successfully regenerated their
994 feet (solid orange line), while the remaining ~95% remained footless. In polyps
995 bisected at 25% body length, 100% remained footless (light orange dotted line).
996 Polyps bisected at 75% body length exhibited a higher foot regeneration potential,
997  with over 60% successfully regenerating feet. See Figure 1F for diagram of

998  amputation sites.
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1000 Supplementary Figure 2. Head regeneration occurs at a slower rate in H.
1001  oligactis as compared to H. vulgaris. By 48 hpa, approximately 90% of bisected
1002  H. vulgaris regenerate their heads as determined by the appearance of tentacle
1003  buds (blue line plot), whereas only about 20% of H. oligactis achieve head
1004  regeneration within the same time frame (orange line plot).
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1006 Supplementary Figure 3. Foot regeneration genes are expressed at lower
1007 levels in H. oligactis compared to H. vulgaris. (A) Boxplots showing expression
1008 levels of 154 orthologs from the foot-specific gene list identified between H.

1009  oligactis and H. vulgaris reference transcriptomes. (B) Boxplots of 65 randomly
1010  selected orthologs between H. oligactis and H. vulgaris plotted as controls. The
1011  log2 counts per million (CPM) for these transcripts were plotted over the course of
1012  foot regeneration in H. vulgaris (pink boxplots) and H. oligactis (orange boxplots).
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Foot-specific genes were consistently expressed at lower levels in H. oligactis as
compared to H. vulgaris, including at Ohpa.
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Supplementary Figure 4. Gene co-expression analysis using the OrthoClust
pipeline identified nine distinct clusters of orthologous genes with varying
expression patterns between H. oligactis and H. vulgaris. Red ribbon plots
depict the expression patterns of clustered genes in oral regenerating tissue, while
blue ribbon plots represent expression patterns in aboral injured tissue. Expression
profiles for H. vulgaris clusters are shown on the left, corresponding profiles for H.
oligactis are shown on the right. Note that the H. oligactis RNA-seq data spans a
longer time frame (0-48 hpa) as compared to the H. vulgaris data (0-12 hpa).
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1026  Supplementary Figure 5. High Wnt signaling activation induces ectopic head

1027 regeneration at the aboral wound site. (A) Bar plot showing the percentage of
1028  ectopic head regeneration in H. oligactis upper halves treated with ALP at different
1029  concentrations for 3 hours. Ectopic head formation at the aboral wound site was
1030 assessed 6 days after injury. (B) Representative image of ectopic head

1031 regenerated at the aboral wound site in H. oligactis treated with 10 uM ALP. The
1032 image was taken 14 days post-injury. Scale bar: 1 mm.
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1034 Supplementary Figure 6. Wnt inhibition blocks foot regeneration and delays
1035 head regeneration in H. vulgaris. H. vulgaris polyps were pre-treated with 5 uM
1036  ICRT14 for 2 hours prior to 50% bisection and maintained in iICRT14 for 12 hours
1037  after injury. Representative images illustrate foot regeneration (top) and head

1038  regeneration (bottom) over the time course. Foot regeneration is inhibited by

1039 iICRT14 compared to DMSO treated animals (See Figure 4F), with inhibited

1040 animals becoming stably footless (red triangle points at a stably footless aboral end
1041 in treated Hydra at 72 hpa). Head regeneration showed a delay in the first

1042  appearance of tentacles in iCRT14-treated samples as compared to DMSO treated
1043  animals (See Figure 4G).
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1045 Supplementary Figure 7. ALP treatment induces the transcriptional activation
1046  of Wnt pathway genes. RNA expression plots show log2 counts per million (logz
1047  CPM) for Wnt pathway genes tcf, wnt3, axinl, wntless and sFRP. The blue line
1048  represents expression in DMSO-treated failed foot regenerating tissue; the green
1049 line represents expression in ALP-treated foot regenerating tissue.


https://doi.org/10.1101/2025.03.18.643955
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.18.643955; this version posted March 18, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

7.5

7.0

6.5

log2 CPM

6.0

55

03 12 24 48 03 12 24 48

hours post amputation
@ ALP 5 uM e D\SO
1050

1051  Supplementary Figure 8. bZIP transcription factors are downregulated with
1052 ALP treatment at 3hpa. RNA expression plots show logz counts per million (logz
1053  CPM) for bZIP transcription factor genes creb, jun and fos. The blue line

1054  represents expression in DMSO-treated failed foot regenerating tissue; the green
1055 line represents expression in ALP-treated foot regenerating tissue.
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1063  Supplementary Figure 9. ALP promotes the upregulation of foot-specific TFs
1064 at 24 hours post amputation. RNA expression plots show logz counts per million
1065 (log2 CPM) for foot-specific transcription factors gata3 and nk2. The blue line

1066  represents expression in DMSO-treated failed foot regenerating tissue; the green
1067 line represents expression in ALP-treated foot regenerating tissue.
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	RNA fluorescent in situ hybridization (FISH). FISH was performed following a previously published protocol for H. vulgaris 29, with the only modification being the use of 250 ng of probe per sample for hybridization. Probe detection was carried out us...

