
Characterization of eight new Hydractinia i-cell markers 1 

reveals underlying heterogeneity in the adult pluripotent 2 

stem cell population  3 

 4 

 5 

 6 

Hydractinia adult pluripotent stem cell heterogeneity  7 

 8 

 9 

Justin Waletich1,2, Danielle de Jong1, Christine E. Schnitzler1,2 10 

 11 

1Whitney Laboratory for Marine Bioscience 12 

University of Florida 13 

St Augustine, Florida 14 

32080, USA 15 

2Department of Biology 16 

University of Florida 17 

Gainesville, Florida 18 

2611, USA 19 

 20 

Corresponding author 21 

Christine E. Schnitzler. Email: christine.schnitzler@whitney.ufl.edu 22 

 23 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 

The copyright holder for this preprint (whichthis version posted July 10, 2024. ; https://doi.org/10.1101/2024.07.07.602406doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.07.602406
http://creativecommons.org/licenses/by-nc/4.0/


Abstract 24 

Adult pluripotent stem cells are found in diverse animals, including cnidarians, acoels, and planarians, 25 

and confer remarkable abilities such as whole-body regeneration. The mechanisms by which these 26 

pluripotent stem cells orchestrate the replacement of all lost cell types, however, remains poorly 27 

understood. Underlying heterogeneity within the stem cell populations of these animals is often obscured 28 

when focusing on certain tissue types or life history stages, which tend to have indistinguishable spatial 29 

expression patterns of stem cell marker genes. Here, we focus on the adult pluripotent stem cells (i-cells) 30 

of Hydractinia symbiolongicarpus, a colonial marine cnidarian with distinct polyp types and stolonal 31 

tissue. Recently, a single-cell expression atlas was generated for H. symbiolongicarpus which revealed 32 

two distinct clusters with i-cell signatures, potentially representing heterogeneity within this species’ stem 33 

cell population. Considering this finding, we investigated eight new putative stem cell marker genes from 34 

the atlas including five expressed in both i-cell clusters (Pcna, Nop58, Mcm4, Ubr7, and Uhrf1) and three 35 

expressed in one cluster or the other (Pter, FoxQ2-like, and Zcwpw1). We characterized their expression 36 

patterns in various contexts – feeding and sexual polyps, juvenile feeding polyps, stolon, and during 37 

feeding polyp head regeneration – revealing context-dependent gene expression patterns and a 38 

transcriptionally dynamic i-cell population. We uncover previously unknown differences within the i-cell 39 

population of Hydractinia and demonstrate that its colonial nature serves as an excellent system for 40 

investigating and visualizing heterogeneity in pluripotent stem cells.  41 

 42 

Introduction 43 

Pluripotent stem cells are self-renewing cells, capable of differentiating into all cell types in an organism 44 

[1]. Unlike in mammals, where these cells are limited to embryonic development, some invertebrates 45 

maintain a population of pluripotent stem cells into adulthood, enabling the indefinite maintenance and 46 

regeneration of complex structures or whole animals [2–5]. Well-known examples include neoblasts in 47 
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planarians and acoels, and i-cells in cnidarians [6–8]. These adult pluripotent stem cells express high 48 

levels of Piwi, a gene originally characterized as a prominent member of the germline multipotency 49 

program [2,5,9–11]. Piwi expression is not restricted to germline cells or stem cells, however, as it has 50 

been shown to be broadly expressed in some somatic tissues across several animals [12–14]. 51 

Additionally, recent work suggests the stem cells of planarians, acoels, and annelids are transcriptionally 52 

dynamic and show Piwi expression in progenitor and some non-cycling cell types [3,5,15,16]. Modern 53 

techniques like single-cell transcriptomics are generating a wealth of new data, including new genetic 54 

markers of stem cell populations beyond the well-known stem cell markers [17–22]. Recent studies 55 

characterizing stem cell clusters and their genetic markers in animals with adult pluripotent and 56 

multipotent stem cells are providing valuable insights into the remarkable ability of these cells to become 57 

all cell types within the organism [3,5,15,19,21]. 58 

 59 

The phylum Cnidaria consists of a diverse group of aquatic invertebrates including corals, sea anemones, 60 

jellyfish, and hydroids, many of which have been shown to possess adult stem cells [23–26]. Hydrozoan 61 

i-cells are the most studied among the adult stem cells in cnidarians, with their name referring to their 62 

location in the interstitial spaces of the ectodermal epithelium [27]. Hydractinia is currently the only 63 

hydrozoan with i-cells that have been shown to be pluripotent [8]. As a colonial marine invertebrate, it 64 

has several morphologically distinct and functionally specialized polyp types that are connected through a 65 

basal mat tissue called stolon (Fig 1A) [28]. Hydractinia harbors i-cells in multiple sites within the colony 66 

that can be identified based on a combination of characteristics such as high Piwi1 expression, a large 67 

nuclear-to-cytoplasmic ratio, 7-10µm cell diameter, and the presence of large amounts of ribosomes 68 

[7,27,29]. The stolon contains a large population of i-cells that are ubiquitously dispersed, while 69 

Hydractinia feeding polyps have a characteristic population of proliferating i-cells in a band region in the 70 

lower body column (Fig 1B) [2,29]. In stolon and feeding polyps, areas adjacent to i-cells are the sites of 71 

both neurogenesis and nematogenesis [29–31]. I-cells are also present in sexual polyps, where a subset 72 
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migrate from the ectodermal layer to the endodermal layer in an area known as the germinal zone, and 73 

eventually become gametes in specialized compartments of the sporosacs (Fig 1C) [2,25,32–35]. 74 

 75 

Fig 1. Piwi1 spatial expression patterns in Hydractinia feeding and sexual polyps showing i-cell 76 

locations in the colony. (A) Image of a Hydractinia colony growing on a glass slide. mp: mature feeding 77 

polyp, ip: immature feeding polyp, sp: sexual polyp, st; stolon, cst: chitinous stolon. (B) Schematic (left) 78 

and colorimetric in situ hybridization images (right) showing i-cell locations in Hydractinia feeding 79 

polyps and stolon as seen with Piwi1 expression. (C) Same as in (B) but with male (i) and female (ii) 80 

sexual polyps and stolon. For each polyp type, the black dashed box in the upper in situ image indicates 81 

the region selected for higher magnification in the lower in situ images. Upper in situ images have 100µm 82 

scale bars and lower in situ images have 20µm scale bars. Numbers in the top right corner show the 83 

proportion of samples that reflect the image shown. Ep is the Ectodermal plane; CS is the cross-section 84 

plane. 85 

 86 

Hydractinia possesses incredible regenerative abilities that have been studied for well over a century, and 87 

i-cells and progenitors are critical for these capabilities [29,36–39]. Decapitated feeding polyps undergo 88 

three main phases of oral regeneration, including wound closure over the injury within 4 hours post-89 

decapitation (hpd), establishment of a blastema in the region of the wound around 24hpd, and finally 90 

formation of a fully functional head with tentacles capable of prey capture between 48-72hpd [29,31,39–91 

41]. Piwi1+ i-cells migrate from the lower body column to the oral end to contribute to the formation of 92 

the blastema [29]. 93 

 94 

Recently, single-cell transcriptomics has been used to identify distinct cell types and cell states from 95 

dissociated whole animals or tissues, based on differentially expressed genetic markers [42]. The 96 

published Hydractinia single-cell expression atlas included in the genome paper [43] includes 8,800 cells 97 

forming 18 different cell types, including two separate i-cell/progenitor cell clusters: one fated towards 98 
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somatic lineages, and one fated towards germ cell lineages (Fig 2A). These clusters were annotated as i-99 

cells/progenitor cells based on the expression of known i-cell genes such as Piwi1, Piwi2, Polynem, Vasa, 100 

Pl10, SoxB1, and GNL3, though these genes have somewhat ‘leaky’ expression in the cellular atlas and 101 

are also present in many other cell type clusters (Fig 2C and S1 Fig) [43]. The expression of known stem 102 

cell markers like Piwi1 in non-stem cell clusters is also found in the Hydra and Clytia single-cell atlases, 103 

as well as in atlases from other non-cnidarian invertebrate models with adult pluripotent stem cells, such 104 

as planarians and acoels [3,15,22,44]. One hypothesis is that Piwi+ stem cells represent a mixed 105 

population of distinct stem cell subtypes, including progenitor populations. Whether the two i-cell clusters 106 

in the Hydractinia single-cell atlas represent distinct i-cell subtypes has yet to be thoroughly characterized 107 

and is one of the open questions we sought to investigate. 108 

 109 

Fig 2. New marker genes identified from the two i-cell clusters in the Hydractinia single-cell atlas. 110 

(A) Hydractinia single-cell atlas with simplified cluster names, colored by somatic (pink and red) and 111 

germ (blue) lineages [43]. The two i-cell clusters are labeled ‘Somatic i-cells’ and ‘Germ i-cells’. (B) The 112 

strategy to identify new i-cell markers from the atlas is shown by highlighting the ‘Somatic i-cells’ cluster 113 

in red, the ‘Germ i-cells’ cluster in blue, and both i-cell clusters in gold. (C) Expression maps for targeted 114 

i-cell genes in the Hydractinia single-cell atlas. Each gene is highlighted by the color (red, blue, or gold 115 

from B) that represents the strategy used to identify it. 116 

 117 

Here, we further explore the Hydractinia symbiolongicarpus single-cell atlas by selecting a set of genetic 118 

markers that are expressed in the two i-cell clusters. By taking advantage of the unique biology of 119 

Hydractinia – the ability to study different polyp types, different developmental stages of feeding polyps, 120 

stolon, and feeding polyp head regeneration in a single system – we acquire a better understanding of the 121 

possible roles of the new markers in the colony and depict an adult stem cell population that is 122 

characterized by context-dependent gene expression patterns. We show that our new marker genes and 123 

Piwi1 have consistent patterns of expression in the most commonly studied areas of the colony known to 124 
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possess i-cells, such as in the i-cell band of adult feeding polyps and in stolonal tissue, concealing 125 

meaningful differences within the i-cell population across the colony. This contrasts with the results we 126 

obtained when examining different biological contexts, such as in sexual polyps, in different stages of 127 

feeding polyp development, and during feeding polyp head regeneration, where we uncovered variable 128 

expression patterns of these genes. These results suggest that the two i-cell clusters in the atlas represent 129 

specialized stem cell populations with gametogenic or somatic fates and provide a basis for deeper 130 

characterization of adult pluripotent stem cell populations in this colonial invertebrate. 131 

 132 

Results 133 

Identification of new markers from the two i-cell clusters of the 134 

Hydractinia single-cell atlas 135 

The Hydractinia single-cell atlas was used to identify new markers from two i-cell clusters (Fig 2A) [43]. 136 

New markers were selected from the list of differentially expressed genes from these clusters based on 137 

two main criteria; those that had known stem cell expression or stem cell functions in other animals 138 

(Pcna, Nop58, Mcm4, Ubr7, Uhrf1) [16,45–48], or those that were highly expressed in one or the other i-139 

cell clusters (Pter, FoxQ2-like, Zcwpw1) (S1 Table). The three different categories of markers, based on 140 

their expression in the Hydractinia single-cell atlas, are shown as Fig 2B: markers expressed in the i-cell 141 

cluster connected to somatic cell lineages (red), markers expressed in the i-cell cluster connected to the 142 

germ cell lineage (light blue), and markers expressed in both i-cell clusters (gold). The single-cell atlas 143 

expression patterns of the eight new markers are shown in Fig 2C, together with the expression pattern of 144 

Piwi1. Two markers are expressed in the somatic i-cell cluster (Pter and FoxQ2-like), one marker is 145 

expressed in the germ i-cell cluster (Zcwpw1), and five markers are expressed in both clusters (Pcna, 146 

Nop58, Mcm4, Ubr7, and Uhrf1). Gene orthology and nomenclature were based on reciprocal BLAST 147 

hits for all genes except FoxQ2-like, which could not be determined using this method. Instead, all 148 
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Hydractinia Fox predicted protein sequences were combined with a previously published cnidarian 149 

forkhead DNA-binding domain dataset, and maximum likelihood phylogenetic analysis was performed 150 

[49]. The Hydractinia Fox gene that was characterized in this study grouped with the “FoxQ2-like” genes 151 

from both Clytia hemisphaerica and Hydra vulgaris, and thus has been named FoxQ2-like (S2 Fig). 152 

 153 

New markers have i-cell expression patterns in adult feeding polyps 154 

and are co-expressed with proliferating cells and Piwi1 155 

To determine if the new marker genes were expressed in the i-cell band in adult feeding polyps, we 156 

performed RNA in situ hybridization using gene-specific riboprobes. Markers exclusively present in the i-157 

cell cluster connected to somatic lineages are expressed in a band-like pattern in the epidermal layer of 158 

feeding polyps (FoxQ2-like and Pter, Fig 3Ai and 3Aii). The sizes of the cells vary from 5-8µm and are 159 

often in clusters of two or more (Fig 3Ai’ and Fig 3Aii’). In contrast, the marker unique to the i-cell 160 

cluster connected to the germ lineage showed no expression in feeding polyps (Zcwpw1, Fig 3Aiii and 161 

3Aiii’). The markers that are expressed in both somatic and germ i-cell clusters have expression identical 162 

to the somatic i-cell cluster markers, with a characteristic band-like pattern in feeding polyps, in cells with 163 

5-8µm diameter (Pcna, Nop58, Mcm4, Ubr7, and Uhrf1, Fig 3Aiv-3Aviii and Fig 3Aiv’-3Aviii’). 164 

The EdU cell proliferation assay was used to determine if the new markers were expressed in 165 

proliferating cells in the feeding polyp. Markers expressed exclusively in the i-cell cluster linked to the 166 

somatic lineages displayed a wide range in the amount of overlap with EdU+ cells (FoxQ2-like and Pter, 167 

Fig 3Bi, 3Bi’, 3Bii, and 3Bii’). FoxQ2-like was expressed in fewer than half of EdU+ cells (10/25) while 168 

Pter was expressed in approximately 90% of EdU+ cells (42/46) (Fig 3C). The germ i-cell cluster marker, 169 

Zcwpw1, was not expressed in feeding polyps and therefore had no overlap with EdU+ cells (Fig 3Biii and 170 

3Biii’). All five markers expressed in both i-cell clusters had a relatively high degree of overlap with 171 

EdU+ cells (Pcna, Nop58, Mcm4, Ubr7, and Uhrf1, Fig 3Biv-3Bviii and Fig 3Biv’-Bviii’’). 172 

Approximately 80% of EdU+ cells were also Pcna+ (69/84), while the degree of overlap for Nop58 173 
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(55/82), Mcm4 (47/66), Ubr7 (35/54) and Uhrf1 (20/36) was approximately 55-70% (Fig 3C). Examples 174 

of cells that were EdU+ only and marker gene+ only were present in all feeding polyps examined. There 175 

was also expression of several marker genes in cells at the base of the tentacles, most easily seen for Pcna 176 

(Fig 3Biv).  177 

To investigate if the new markers were co-expressed with Piwi1, we first bioinformatically 178 

interrogated the Hydractinia single-cell atlas and assessed the percentage of Piwi1+ cells that also 179 

expressed each of our new markers. We examined overlap separately in the somatic i-cell cluster, germ i-180 

cell cluster, and both i-cell clusters (S2 Table). Marker genes in the somatic i-cell cluster (excluding 181 

Zcwpw1) had the lowest average co-expression with Piwi1 at 22.6%, while the marker genes in the germ 182 

i-cell cluster (excluding FoxQ2-like and Pter) had the highest average co-expression with Piwi1 at 47.8%, 183 

and marker genes present in both clusters had an average overlap of 29.2%. Pcna was chosen as a 184 

candidate gene to validate co-expression with Piwi1 using double fluorescent in situ hybridization 185 

(dFISH), as it showed some of the highest overlap with Piwi1 (35.3% across both clusters), and reliably 186 

gave good signal in in situ hybridization experiments. Young Hydractinia colonies grown on cover slips 187 

were used because this stage is more transparent and easier to image three-color fluorescence. Co-188 

expression analysis of Piwi1 and Pcna via dFISH showed overlap in cells in the stolons and the feeding 189 

polyp i-cell band (Fig 3D), though there are also clear examples of Piwi1+ only and Pcna+ only cells (Fig 190 

3Dii-3Dvii)). Of 353 randomly chosen cells expressing either gene, counted in four different young 191 

colonies, 32% co-expressed Piwi1 and Pcna, 37% were Piwi1+ only, and 31% were Pcna+ only.  192 

 193 

Fig 3. New marker genes are expressed in the feeding polyp i-cell band and are co-expressed in 194 

proliferating and Piwi1+ cells. (A) Colorimetric in situ hybridization patterns of new markers in adult 195 

feeding polyps. Genes are organized according to the strategy used to identify them shown in Fig 2B and 196 

shown by colored bars above the panels; red indicates somatic i-cell genes, blue indicates the germ i-cell 197 

gene, and gold indicates the genes expressed in both somatic and germ i-cell clusters. Asterisks indicate 198 

background signal in the oral end of Hydractinia polyps that occasionally occurs during in situ 199 
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hybridizations in Hydractinia. Black dashed boxes in the top panels indicate the region selected for higher 200 

magnification images in the bottom panels. Scale bars are 100µm in top panels (i) – (viii) and are 20µm in 201 

bottom panels (i') – (viii'). Black arrows in the bottom panels indicate groups of cells. (B) Fluorescent in 202 

situ hybridization patterns of new markers co-labeled with EdU. Gene labels are the same as in (A). 203 

Green indicates EdU+ nuclei, pink indicates target gene expression, and blue is nuclei. White dashed 204 

boxes in the top panels indicate the region selected for higher magnification images in the bottom panels. 205 

Scale bars are 100µm in top panels (i) – (viii) and are 10µm in bottom panels (i') – (viii’). White arrows 206 

indicate examples of target gene signal in the tentacles. Yellow arrowheads indicate target gene+/EdU+ 
207 

cells, pink arrowheads indicate cells that only have expression of the gene of interest, and green 208 

arrowheads indicate cells that are positive for EdU only. (C) Bar chart showing the percent co-expression 209 

of a particular gene of interest and EdU in feeding polyps. Horizontal bars at the top are colored 210 

according to the strategy used to identify each new marker. (D) dFISH of Piwi1 (green) and Pcna (red) in 211 

a young Hydractinia colony. (i) dFISH of a feeding polyp and stolon. Nuclei are blue. Numbers in the top 212 

right corner show the proportion of samples that reflect the image shown. Scale bar is 100µm. White 213 

dashed boxes in (i) indicate the higher magnification images shown in (ii) – (vii) which have 20µm scale 214 

bars. Fp is Feeding polyp body; St is stolon; Ep indicates ectodermal focal plane; CS indicates a cross-215 

section focal plane. Yellow arrowheads indicate Piwi1+/Pcna+ cells, green arrowheads indicate Piwi1+ 216 

only expression, and red arrowheads indicate Pcna+ only expression. 217 

 218 

New markers characterize different stages of sexual polyp sporosac 219 

development 220 

The new marker genes show varied expression patterns in sexual polyps and their sporosacs. FoxQ2-like, 221 

a marker exclusive to the somatic i-cell cluster in the Hydractinia single-cell atlas, is not expressed in this 222 

polyp type (Fig 4Ai, 4Ai’ and 4Ai"). Pter, the other somatic i-cell cluster marker, is expressed only in the 223 

ectoderm of both the sexual polyp body and budding sporosacs (Fig 4Bi, 4Bi’ and 4Bi"). Pter appears to 224 
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be expressed in a majority of cells in these regions, although individual cell morphology is unclear, 225 

making it difficult to identify cell types. In contrast, Zcwpw1, Ubr7, and Uhrf1 are expressed in small to 226 

large sporosacs in the layer between the ectodermal and endodermal tissue where the gametes are 227 

produced (Fig 4Ci-4Ciii). The spatial location and morphology of the cells expressing these markers 228 

suggest that they are maturing spermatozoa [50], with sizes ranging between 3-4µm (Fig 4Ci’-4Ciii’ and 229 

Fig 4Ci’’-4Ciii’’). Only the outer layer of this compartment is stained, likely due to certain reagents in the 230 

in situ hybridization protocol not being able to penetrate deeper into the densely packed tissue. Pcna, 231 

Nop58, and Mcm4 are expressed in small and budding sporosacs (Fig 4Di-4Diii). Pcna and Mcm4 are 232 

expressed in cells with morphology similar to i-cells (Fig 4Di’ and 4Diii’, Fig 4Di’’ and 4Diii’’) while 233 

Nop58-expressing cells are similar to previously described somatic cells that encapsulate the maturing 234 

spermatogonia in the sporosacs (Fig 4Dii’ and 4Dii’’) [34]. The described Piwi1 band-like pattern below 235 

the sporosacs in sexual polyps was not seen in any of the samples, likely due to the difficulty of including 236 

this region when dissecting this polyp type from the colony during sample preparation. Thus, we cannot 237 

assess whether the new marker genes are expressed in this region in sexual polyps in a similar manner to 238 

Piwi1. 239 

 240 

Fig 4. Expression patterns of new markers in male sexual polyps. Colorimetric in situ hybridization of 241 

new markers in male sexual polyps. Genes are organized according to the strategy used to identify them 242 

as shown in Fig 2B and indicated by colored bars above the panels; red indicates somatic i-cell genes, 243 

blue indicates the germ i-cell gene, and gold indicates the genes expressed in both somatic and germ i-cell 244 

clusters (A) FoxQ2-like (B) Pter (C) Zcwpw1, Ubr7, and Uhrf1 (D) Pcna, Nop58, and Mcm4. The black 245 

dashed box in the upper in situ image indicates the region selected for higher magnification in the lower 246 

in situ images. Upper in situ images have 100µm scale bars and lower in situ images have 20µm scale 247 

bars. Numbers in the top right corner show the proportion of samples that reflect the image shown. White 248 

arrows indicate examples of target gene expression in different locations or cellular morphologies. 249 

Schematics on the right of each set of in situ hybridization panels summarize the expression pattern of 250 
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each gene in male sexual polyps. Asterisks indicate a non-cellular background signal on large sporosacs 251 

(see Mcm4) that occasionally happens with in situ hybridization of Hydractinia tissue. Ep indicates an 252 

ectodermal focal plane; CS indicates a cross-section focal plane; bs labels budding sporosacs; ss labels 253 

small sporosacs; ms labels medium sporosacs; ls labels large sporosacs.  254 

 255 

New marker genes have dynamic expression during Hydractinia 256 

feeding polyp head regeneration 257 

To determine if the new marker genes are involved in feeding polyp head regeneration, we decapitated 258 

feeding polyps, and examined their expression during wound healing, blastema formation, and tentacle 259 

bud regeneration stages (Fig 5A). Expression analysis during head regeneration shows that some genes 260 

are expressed in the blastema, while others are not. All maintained expression in the i-cell band during the 261 

time points analyzed (Fig 5B and Fig 5C, S3 Fig A and B). Pcna, Mcm4, Pter, and Uhrf1 were expressed 262 

in the blastema tissue of the regenerating head at 24hpd, in cells with typical i-cell morphology (Fig 5Bii 263 

and 5Bii’, Fig 5Bv and 5Bv’, S3 Fig Aii and Aii’, S3 Fig Av and Avi). Expression of Pcna, Mcm4, Pter, 264 

and Uhrf1 was also seen in the band-like region in wound healing, blastema, and tentacle bud 265 

regeneration timepoints, the same as in intact polyps (Fig 5Bi-5Bvi, S3 Fig Ai-Avi). The remaining 266 

marker genes (FoxQ2-like, Nop58, and Ubr7), were not expressed in the blastema (Fig 5Cii and 5Cv, S3 267 

Fig Bv). They do, however, maintain signal in the i-cell band-like pattern throughout regeneration, similar 268 

to the other i-cell marker genes (Fig 5 Ci-Cvi, S3 Fig Biv-Bvi). Zcwpw1 had no expression at any time 269 

point during head regeneration of feeding polyps, as expected (S3 Fig Bi-Biii and Bi’-Biii’). Aside from 270 

Pcna, no markers were expressed in the area around the wound during the wound-healing timepoint.  271 

 272 

Fig 5. A subset of new markers are expressed in the blastema of the head during feeding polyp head 273 

regeneration. (A) Schematic showing the progression of Hydractinia feeding polyp head regeneration 274 

over a period of 48 hours post-decapitation (hpd). (B) Schematic of the blastema stage of regeneration 275 
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depicting obvious expression in the blastema and the body column (left) and colorimetric in situ images 276 

(right) of Pcna and Mcm4. (C) Schematic of the blastema stage of regeneration depicting a lack of 277 

expression in the blastema (left) and in situ images (right) of FoxQ2-like and Nop58. The top panels in 278 

(B) and (C) have 100µm scale bars, bottom panels have 20µm scale bars. Black dashed boxes in (i) – (vi) 279 

indicate the higher magnification images shown in (i’) – (vi’). Numbers in the top right corner show the 280 

proportion of samples that reflect the image shown. Genes are organized by color according to the 281 

strategy used to identify them in Fig 2B; red indicates somatic i-cell genes, blue indicates the germ i-cell 282 

gene, and gold indicates genes expressed in both i-cell clusters. 283 

 284 

Consistent expression of new marker genes in stolon but not in all 285 

stages of developing feeding polyps in young colonies 286 

We utilized young colonies (7-10 days post metamorphosis) to characterize the expression of the new 287 

marker genes and Piwi1 in both stolon and multiple developing feeding polyp stages. We focused on the 288 

following stages of feeding polyps: (1) budding feeding polyps, (2) immature feeding polyps, and (3) 289 

mature feeding polyps. Except for Zcwpw1, all genes investigated were robustly expressed in the stolon 290 

(Fig 6 and S4 Fig). Expression of the genes in budding feeding polyps was also consistent, where Piwi1, 291 

Pcna, Nop58, Pter, and Uhrf1 were ubiquitously expressed in nearly 100% of buds (Fig 6Ai-6Aiii and 292 

6Ai’’-6Aiii’’, S4 Fig Aii, Av, Aii’’, Av’’). Ubr7 had a slightly lower prevalence in budding polyps with 293 

~60% of samples showing expression (S4 Fig Aiv and Aiv’’). In contrast, Mcm4 and FoxQ2-like 294 

expression was absent from most budding feeding polyps, with ~90% of polyp buds lacking expression of 295 

either gene (Fig 6Aiv and 6Aiv’’, S4 Fig Ai and Ai’’).  296 

Expression of all genes in immature feeding polyps was variable. Piwi1 was expressed in the 297 

ectodermal epithelia of 78.5% of immature polyps, including a high density of Piwi1+ cells at the base of 298 

the tentacles, but was excluded from the tentacles and hypostome (Fig 6Bi and 6Bi’). Pcna, Nop58, 299 

FoxQ2-like, Pter, and Uhrf1 were expressed in 50-60% of immature feeding polyps, with the remaining 300 
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polyps free of expression (Fig 6Biii-6Bvi and 6Biii’- 6Bvi’, S4 Fig Bi-Biv, Bvii-Bviii, Bi’-Biv’, Bvii’-301 

Bviii’). Each had a similar pattern to Piwi1, except for Nop58 and FoxQ2-like, which seemed to be 302 

weakly expressed in the typical i-cell band-like pattern (Fig 6Bv and 6Bv’, S4 Fig Bi and Bi’). Mcm4 and 303 

Ubr7 expression was absent in most immature feeding polyps, with only 5-25% of polyps having signal 304 

(Fig 6Bvii and 6Bvii’’, S4 Fig Bvi and Bvi’’).  305 

Finally, the signal for many genes in mature feeding polyps was nearly as robust as the 306 

expression in the stolonal tissue. Piwi1, Pcna, Nop58, Pter, and Uhrf1 were expressed in 80-90% of 307 

mature feeding polyps in the typical i-cell band-like pattern seen in mature feeding polyps in adult 308 

colonies (Fig 6Ci-6Ciii and 6Ci’’-6Ciii’’, S4 Fig Ciii and Ciii’’, Cvi and Cvi’’). Mcm4 and Ubr7 had a 309 

lower percent expression, with 60-65%, but had the same i-cell band-like pattern (Fig 6Civ and 6Civ’’, S4 310 

Fig Cv and Cv’’). FoxQ2-like had inconsistent expression in mature feeding polyps, with 30% of polyps 311 

having signal, and the remaining 70% devoid of signal (S4 Fig Ci-Cii and Ci’-Cii’). Of the mature 312 

feeding polyps that had FoxQ2-like signal, the pattern was present from the base of the polyp to the base 313 

of the tentacles, rather than the i-cell band-like pattern that was seen for FoxQ2-like in mature feeding 314 

polyps from adult colonies. Schematic representations of expression in stolonal tissue and different 315 

developmental stages of feeding polyps for all new markers and Piwi1 in young colonies are shown on 316 

the right of Fig 6A-6C. 317 

 318 

Fig 6. New marker genes are always expressed in the stolons of young colonies but are variably 319 

expressed in different developmental stages of feeding polyps. Colorimetric in situ hybridization of 320 

Piwi1 and new marker genes Pcna, Nop58, and Mcm4 in 7-10-day-old colonies focused on (A) budding 321 

polyps, (B) immature feeding polyps, and (C) mature feeding polyps. Genes are organized by color 322 

according to the strategy used to identify them in Fig 2B; gold indicates the genes expressed in both 323 

somatic and germ i-cell clusters. The top panels in (A), (B), and (C) have 100µm scale bars, while the 324 

bottom panels have 20µm scale bars. Black dashed boxes in (i) – (iv) indicate the higher magnification 325 

images shown in (i’) – (iv’) and (i’’) – (iv’’). Ep is the Ectodermal focal plane; CS is the cross-section 326 
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focal plane; st labels stolon; bp labels budding polyps; ip labels immature polyps; mp labels mature 327 

polyps. Numbers in the top right corner show the proportion of samples that reflect the image shown for 328 

different developmental stages of feeding polyps. Schematics summarizing the observed expression of 329 

Piwi1 and the new marker genes in different stages of feeding polyp development are shown to the right. 330 

Criteria for different stages of feeding polyps are as follows: budding feeding polyps are ~100µm in 331 

length from the stolonal tissue and have between 0-4 budding tentacles; Immature feeding polyps are 332 

~300-400µm in length from the stolon and have between 6-8 tentacles that are about a body length in 333 

size; Mature feeding polyps are ~600-800µm in length from the stolon and have 10 or more tentacles that 334 

are ~1.5x their body length in size. 335 

 336 

Cycling cells are consistently present in the stolon and all feeding 337 

polyp developmental stages 338 

To determine if the absence of expression of many of the marker genes in immature feeding polyps was 339 

simply due to a lack of proliferating i-cells and progenitors in this stage, we examined the expression of 340 

Histone H1.1 in young colonies. Hydractinia H1.1 is a member of the canonical histone family that is 341 

replication-dependent and expressed in the S-phase of cycling cells [50,51]. We found that H1.1 is 342 

consistently expressed in all areas of young colonies; budding feeding polyps (Fig 7Ai and 7Ai’), 343 

immature feeding polyps (Fig 7Aii and 7Aii’’), mature feeding polyps (Fig 7Aiii and 7Aiii’’) and the 344 

stolon (Fig 7Ai’, 7Aii’, 7Aiii’), showing that proliferating cells are invariably present in each of these 345 

stages. In immature feeding polyps, H1.1 signal was primarily located at a high density at the base of the 346 

tentacles, with some expression in the i-cell band (Fig 7Aii and 7Aii’’).  347 

Next, we examined the expression of Ncol1 in young colonies. Ncol1 is a marker of committed 348 

nematocyte precursors, called nematoblasts, which are destined to become mature nematocytes in the 349 

colony [52]. The characteristic i-cell band-like pattern in mature feeding polyps is a well-known area of 350 

nematogenesis with strong Ncol1 expression [29,30]. We found that Ncol1 displays variation in 351 
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expression patterns in developing polyps, most obvious when comparing immature feeding polyps and 352 

mature feeding polyps. Ncol1 is expressed in only 25% of immature feeding polyps (Fig 7Aiv-v and 353 

7Aiv’- v’) but is expressed in nearly 80% of mature feeding polyps (Fig 7Avi and 7Avi’’). Ncol1 is 354 

consistently expressed throughout the stolon (Fig 7Aiv-v, 7Avi-vi’) 355 

Additionally, H1.1+, Ncol1+, and Piwi1+ cell diameters from different regions of young colonies 356 

were measured to further investigate the variation in expression seen in young colonies. Diameters of 357 

H1.1+ cells were measured across 11 stolonal sections (231 cells), 12 immature feeding polyps (150 358 

cells), and 11 mature feeding polyps (385 cells). Similar polyp numbers, stolonal sections, and cell 359 

numbers were analyzed for Ncol1 and Piwi1, except immature feeding polyps were excluded from Ncol1 360 

measurements as there were few polyps with signal, and those that did have signal had low numbers of 361 

Ncol1+ cells. One-way analysis of variance (ANOVA) was used to compare the mean cell size of gene+ 362 

cells between the different polyp stages and stolon for each gene and found that there was at least one 363 

statistically significant difference between means for H1.1 (F(2, 763) = 75.21, p < .001) and Piwi1 (F(2, 364 

573) = 11.16, p < .001), but none for Ncol1 (F(1, 644) = 1.73, p = 0.189). A post hoc Tukey test 365 

(TukeyHSD) was used to determine the significant comparisons from the H1.1 and Piwi1 ANOVA 366 

analyses. The size of H1.1+ cells varied depending on the area of the colony in which they were located 367 

(Fig 7Bi-7Biii, Fig 7C). Significantly larger H1.1+ cells were found in immature feeding polyps (Fig 368 

7Bi’), compared with mature feeding polyps or stolon, which both contained mixed populations of both 369 

large and small H1.1+ cells (Fig 7Bii’ and 7Biii, H1.1; p-adj<0.001 for both comparisons). Budding 370 

feeding polyps had a higher proportion of larger H1.1+ cells but this was less obvious than in the 371 

immature feeding polyp population (S5 Fig). In contrast, Ncol1+ cells have a relatively constant size in 372 

mature polyps and stolon (Fig 7Avi’ and 7Avii’’, Fig 7C). Piwi1+ cells also showed differences in cell 373 

diameter depending on the region of the colony in which they reside; those in immature feeding polyps 374 

were significantly larger than those in either mature feeding polyps or stolon (Fig 7C) (Piwi1; immature-375 

mature p-adj<0.001, immature-stolon p-adj=0.006). Cell diameters of H1.1+, Ncol1+, and Piwi1+ cells in 376 

mature feeding polyps and stolonal tissue were not significantly different (Fig 7C) (H1.1; p-adj=0.2, 377 
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Ncol1; p-adj=0.19, Piwi1; p-adj=0.11). Combined cell diameter measurements from immature feeding 378 

polyps, mature feeding polyps, and stolonal tissue of H1.1+, Ncol1+, and Piwi1+ cells were also compared 379 

(Fig 7D). A one-way ANOVA found that there was at least one statistically significant difference in 380 

means (F(2, 1975) = 368.17, p < .001 ) and a post hoc TukeyHSD test showed that H1.1+ cells were 381 

significantly larger than Piwi1+ cells (p-adj<0.001), and cells expressing either of these genes were 382 

significantly larger than Ncol1+ cells (p-adj<0.001 for both comparisons). 383 

Lastly, we performed dFISH using probes against H1.1 and Ncol1 to verify that there is no 384 

overlap between cycling cells (H1.1+ cells) and post-mitotic nematoblasts (Ncol1+ cells) and to further 385 

confirm that the absence of expression of Ncol1 in many immature polyps is not due to an absence of 386 

proliferating cells (S6 Fig). All immature feeding polyps expressed H1.1 while only one of these polyps 387 

also had Ncol1 signal (S6 Fig i and i’). In contrast, both genes were expressed in all cases in mature 388 

feeding polyps and stolons with strong, non-overlapping signals (S6 Fig ii - iii and ii’ - iii’). Mature 389 

feeding polyps had the typical band-like pattern for both H1.1 and Ncol1 genes, with H1.1 also expressed 390 

in cells beneath the tentacles, in the tentacles, and in the hypostome of the polyp (S6 Fig ii).  391 

 392 

Fig 7. H1.1+ cycling cells are present in all areas of the young colony and vary in size. (A) 393 

Colorimetric in situ hybridization of Histone H1.1 (a marker of S-phase cycling cells) and Ncol1 (a 394 

marker of non-cycling nematoblasts) in 7-10-day old young colonies of Hydractinia. Scale bars in top 395 

panels (i – vi) are 100µm, bottom panels (i' – vi’’) are higher magnification images of the boxed region 396 

shown in top panels and have 20µm scale bars. Ep is the Ectodermal plane; CS is the cross-section plane; 397 

st labels stolon; bp labels budding polyps; ip labels immature polyps; mp labels mature polyps. Numbers 398 

in the top right corner show the proportion of samples that reflect the image shown for different 399 

developmental stages of feeding polyps. All samples showed gene expression in the stolonal tissue. (B) 400 

Comparison of H1.1+ cycling cells found in immature feeding polyps (i, i') and those in mature feeding 401 

polyps (ii, ii’) and stolonal tissue (iii). Rectangular panels (i, ii) have 100µm scale bars, and square panels 402 

(i', ii’ and iii) have 20µm scale bars. Black dashed boxes in (i) – (ii) indicate the location of images in (i’) 403 
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and (ii’). Black arrows show examples of large H1.1+ cycling cells; white arrows with a black outline 404 

show examples of small H1.1+ cycling cells. (C) Violin plots showing the cell diameters of H1.1+, 405 

Ncol1+, and Piwi1+ cells across immature feeding polyps, mature feeding polyps, and stolons in young 406 

colonies. (D) Comparison of the diameters of all cells combined across immature feeding polyps, mature 407 

feeding polyps, and stolons for H1.1, Ncol1, and Piwi1. For (C) and (D), the significance bars at the top 408 

are from a post hoc TukeyHSD test and are labeled with the following significance codes: ** = p-409 

adj<0.001, *** = p-adj<0.0001.  410 

 411 

Discussion 412 

Here, we explore the two separate i-cell clusters from the Hydractinia single-cell atlas and show that they 413 

are biologically meaningful within the Hydractinia colony using a set of eight new marker genes. Our 414 

single germ i-cell marker (Zcwpw1) is exclusively expressed in gametogenic tissues in sexual polyps, our 415 

two somatic i-cell markers (Pter and FoxQ2-like) are expressed in somatic tissues, and our five markers 416 

present in both clusters (Pcna, Nop58, Mcm4, Ubr7, and Uhrf1) are expressed in somatic and 417 

gametogenic tissue throughout the colony. By exploring various biological contexts of the Hydractinia 418 

colony and examining the expression patterns of Piwi1 and these eight new marker genes across different 419 

tissue types and during regeneration, we uncover heterogeneity in the spatial expression patterns of i-cell 420 

and progenitor markers that is less apparent when focused on a single tissue type or life history stage. 421 

 422 

Commonly studied i-cell and progenitor locations in the colony show 423 

minimal spatial expression variation of new markers  424 

The i-cell band in the epidermis of the lower body column of the feeding polyp and stolonal tissue are 425 

known to harbor pluripotent adult stem cells and progenitors, and expression of genes in these areas is a 426 

well-established criterion for defining i-cell markers [2,7,26,29,39,40,53]. These areas also harbor both 427 
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cycling and post-mitotic progenitor cells, however, and determining which cell type, cell subtype, or cell 428 

state a particular gene is expressed in is currently not feasible in this system, as markers have not been 429 

developed for each of these populations. All of the genes we characterized, except for the germ i-cell 430 

cluster marker, Zcwpw1, were consistently expressed in the i-cell band in adult feeding polyps and mature 431 

feeding polyps in a young colony, as well as throughout the epidermis of the stolon. Minimal variation 432 

amongst their patterns and cellular morphologies in these tissues makes it challenging to distinguish 433 

whether expression is in i-cells, progenitor cells, or both. In adult feeding polyps, all markers are 434 

expressed in a subset of cycling cells to varying degrees, similar to other i-cell markers in previous 435 

Hydractinia studies [29,39,54]. When combined with FISH, the presence of EdU+ only cells in the adult 436 

feeding polyps suggest the target genes (FoxQ2-like, Pter, Pcna, Nop58, Mcm4, Ubr7, and Uhrf1I) are 437 

not expressed in all proliferating cells. It is known that the feeding polyp band region has proliferating i-438 

cells and nematocyte and neuronal progenitors, so it is possible our new markers are restricted to a subset 439 

of these cell types, though more evidence supporting this idea is needed. Bioinformatic analysis shows the 440 

number of cells co-expressing the new markers and Piwi1 varies in the Hydractinia single-cell atlas i-cell 441 

clusters. Functional experiments like shRNA knockdown and subsequent quantification of differentiated 442 

cell types (e.g. nematocytes or neurons) will better resolve the potency of the cells expressing our new 443 

markers. 444 

 445 

Variable expression of new markers in different contexts provides a 446 

broader view of the i-cell population and hints at possible roles 447 

The new markers had heterogeneous spatial expression patterns across different tissue types, different 448 

stages of polyp development, and during regeneration, and suggests a dynamic i-cell population. These 449 

results, based on gene expression in different locations in the colony and variable cellular morphologies, 450 

confirm the two i-cell clusters in the Hydractinia single-cell atlas are biologically meaningful. 451 
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Additionally, the variations in patterns and cellular morphologies enabled us to hypothesize potential 452 

biological roles for these genes and compare them to known functions in other animals. 453 

 454 

Young colonies 455 

Our results show that immature feeding polyps have particularly unique and variable patterns of 456 

expression of our new markers and Piwi1, where at least a subset of polyps show no expression. We 457 

reason that this is not due to technical issues, as evidenced by strong expression of the same gene in other 458 

areas of the same colony (e.g. stolon in Fig 6Bii Piwi1). This absence of expression was despite the 459 

presence of H1.1+ cycling cells in all immature feeding polyps examined. This is similar to what has been 460 

reported from another colonial hydrozoan species, the siphonophore Nanomia bijuga, where some areas 461 

with high cell proliferation were devoid of expression of Piwi and other i-cell markers [55]. It was 462 

hypothesized these cells were mitotically active epithelial cells or progenitor populations. In our case, the 463 

lack of expression of our i-cell and progenitor cell markers in cycling cells in immature polyps might be 464 

associated with a role in nematogenesis. We found that Ncol1 expression – a marker of post-mitotic 465 

nematoblasts – was also absent in the majority of immature polyps, linking the presence of the typical i-466 

cell band to nematogenesis. This raises the question of the identity of these cycling cells in immature 467 

polyps, given that they are unlikely to be nematoblasts and do not consistently express the known i-cell 468 

marker, Piwi1. The H1.1+ cells and Piwi1+ cells (when present) in immature polyps are on average 469 

significantly larger (average, 8.4µm; range in size, 4.0µm – 14.0µm; p-adj=0.006 or lower) compared to 470 

H1.1+ and Piwi1+ cells in mature polyps and stolon, where they vary in size from relatively small to large 471 

(average, 6.9µm; range in size, 2.9µm – 15.6µm). Different sizes of stem cells could indicate separate 472 

populations, and size has been shown to correlate with potency in other systems like humans and mice 473 

[56,57]. Based on previous descriptions of i-cells versus committed populations in Hydra [58], we 474 

hypothesize that the smaller sized proliferating cells (~4-7µm) present in the mature polyp and stolon are 475 

committed somatic progenitors (e.g. cycling nematoblasts). All eight new markers, Piwi1, and H1.1 are 476 
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expressed in these smaller cycling cells, which are most frequently found in the i-cell band pattern or in 477 

the stolon. In contrast, the larger H1.1+ and Piwi1+ cells in immature polyps could represent the true 478 

pluripotent i-cells, as they are similar to the i-cell size range reported in the literature [27]. Alternately, 479 

these larger cycling cells might be committed progenitors of another somatic lineage, such as epithelial 480 

cells or gland cells. Further co-expression analyses with lineage-specific markers could help to reveal 481 

their identity. 482 

 483 

Sexual polyps 484 

Expression of our markers in sexual polyps ranges from budding and small sporosacs (Pcna, Nop58, and 485 

Mcm4), to small-medium and medium-large sporosacs (Zcwpw1, Ubr7, and Uhrf1), to being either not 486 

expressed (FoxQ2-like) or expressed in regions outside the sporosacs (Pter and Nop58). None of the 487 

genes exactly match the expression pattern of Piwi1, which is expressed in various locations in sexual 488 

polyps, including the ectoderm and endoderm of the germinal zone, and within small-medium sporosacs 489 

(Fig 1C) [32]. It is likely that cells expressing our new markers that are within sporosacs in sexual polyps 490 

(i.e. Zcwpw1, Ubr7, Uhrf1, Pcna, Mcm4) do not represent pluripotent i-cells, but rather are populations 491 

committed to gametogenesis. Budding, small, and medium sporosacs contain germ cells that are in S-492 

phase [50], and it is thought that all germ cells inside each sporosac in Hydractinia are synchronously 493 

developing [34]. Therefore, we hypothesize that genes expressed in budding or small sporosacs (Pcna and 494 

Mcm4) are functioning in the progression of S-phase before Meiosis I, whereas Zcwpw1, Ubr7, and 495 

Uhrf1, expressed in the small-medium, and medium-large sporosacs, are participating in Meiosis I or II. 496 

For Zcwpw1, this matches what is known in vertebrates, where it is a Meiosis I marker involved in the 497 

epigenetic regulation of cells during spermatogenesis [59,60]. Some other markers, namely Pcna, Mcm4, 498 

and Uhrf1, have also been shown to be present in cycling germ cells in other animals [61–65]. Pter is 499 

present only in the sexual polyp body ectoderm, suggesting it is involved in processes unrelated to 500 

gametogenesis. All marker genes are absent from the largest sporosacs, which previous studies have 501 
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shown contain nearly mature or fully mature sperm ready to be released, based in part on the expression 502 

of SLC9A10, a marker of mature sperm cells [43].  503 

 504 

Hydractinia head regeneration 505 

During Hydractinia head regeneration, we show that only four of our new markers (Pcna, Mcm4, Pter, 506 

and Uhrf1) have robust expression in the blastema of regenerating polyp heads, despite all genes 507 

(excluding Zcwpw1) exhibiting strong expression in the feeding polyp i-cell band. Expression in the 508 

blastema highlights markers that might play critical roles in head regeneration-specific i-cell proliferation 509 

or differentiation. The remaining markers (FoxQ2-like, Nop58, and Ubr7), while not expressed in the 510 

blastema at 24hpd, are expressed in the feeding polyp body column, revealing a previously unrecognized 511 

difference between the cells of the blastema and those in the i-cell band. What this difference means in a 512 

biological context is unclear. One possibility is that the blastema is responsible for making many more 513 

cell types, for example, the replacement of lost structural tissues, such as epithelial cells that form the 514 

hypostome or tentacles. In contrast, the cell types required for homeostasis of the mature feeding polyp 515 

might be expected to be predominantly nematocytes, which must be replaced after firing, therefore 516 

requiring nematoblasts and their progenitors to be a dominant cell type within the i-cell band. Recent 517 

findings from a study on tentacle regeneration in the medusa stage of the hydrozoan Cladonema 518 

pacificum support the idea that blastema i-cells and homeostatic i-cells represent heterogeneous stem cell 519 

populations [66]. In Cladonema medusa tentacle regeneration, the stem cells in the blastema primarily 520 

consist of repair-specific proliferative cells (RSPCs) that lack expression of classical i-cell markers like 521 

Piwi and do not appear to originate from the known resident homeostatic stem cells (RHSCs) in the 522 

tentacle bulb. The RSPCs primarily differentiate into the epithelial cells forming the regenerating tentacle 523 

while the RHSCs are believed to be multipotent stem cells that are focused on nematogenesis, similar to 524 

the resident tentacle bulb i-cells of the related hydrozoan, Clytia [67,68]. Cladonema medusa tentacle 525 

regeneration and Hydractinia polyp head regeneration exhibit some differences, with the i-cells in the 526 
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regenerating head blastema of Hydractinia primarily originating from homeostatic stem cells in the i-cell 527 

band [29]. Both species, however, show relatively little expression of Piwi1 in the blastema region, and 528 

knockdown of Piwi1 in Hydractinia does not inhibit cell proliferation in the blastema [29]. This suggests 529 

that like Cladonema, the blastema i-cells of Hydractinia may be a proliferative subtype primarily 530 

responsible for replacing missing epithelial tissue, whereas the i-cells in the feeding polyp band likely 531 

represent a homeostatic population focused on nematogenesis. Taken together, both systems appear to 532 

have transcriptionally distinct i-cells in the regenerating blastema compared to their homeostatic 533 

populations found in the i-cell band or tentacle bulb, with the variation in expression of our new marker 534 

genes reflecting this heterogeneity. 535 

 536 

I-cells and progenitors display dynamic gene expression patterns 537 

depending on the context 538 

We demonstrate that the i-cells and progenitors in Hydractinia are transcriptionally dynamic by 539 

characterizing the expression of eight new marker genes in different biological contexts throughout the 540 

colony and during polyp head regeneration (Fig 8). We show the two i-cell clusters in the Hydractinia 541 

single-cell atlas represent real biological heterogeneity, likely being a mixture of pluripotent stem cells 542 

and multipotent progenitor cells responsible for diverse processes with at least two distinguishable 543 

subsets: those involved in contributing to somatic lineages, and those involved in providing the germ cell 544 

lineage. These results are similar to recent work in acoels, planarians, annelids, and the jellyfish 545 

Cladonema, where adult stem cells exhibit transcriptional heterogeneity rather than being a molecularly 546 

homogeneous population [3,5,15,66]. In conclusion, we provide eight new markers of i-cells and 547 

progenitors in Hydractinia, demonstrate substantial heterogeneity in the spatial expression patterns of the 548 

new markers and Piwi1, and highlight the importance of examining multiple biological contexts to better 549 

understand cell clusters and genetic markers obtained from single-cell expression analyses, and i-cells in 550 

general. 551 
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 552 

Fig 8. A model for understanding i-cells in a colonial animal. Putative cell lineages of new markers; 553 

somatic lineage (FoxQ2-like and Pter); germ cell lineage (Zcwpw1); pluripotent i-cells and their 554 

progenitors (Piwi1, Mcm4, Pcna, Uhrf1, Nop58, and Ubr7). Schematics and grids at the bottom 555 

summarize the expression of each new marker in different contexts, where a filled, colored box indicates 556 

gene expression is present, and an unfilled box indicates expression is absent. The striped colored box 557 

with an asterisk beneath Piwi1 in the sexual polyp body section indicates that this gene has expression in 558 

parts of the sexual polyp body but differs from the patterns obtained using the new somatic lineage 559 

marker Pter.  560 

 561 

Materials and methods 562 

 563 

Animal husbandry and collection 564 

Hydractinia symbiolongicarpus colonies were cultured and fed as previously described [39,69]. Young 565 

colonies were grown by inducing three-day-old larvae to metamorphose by incubating them in 116mM 566 

CsCl solution in 30 ppt filtered seawater (FSW) for 3 hours. After incubation, metamorphosing larvae 567 

were rinsed twice in FSW and settled onto 15mm round coverslips (CellTreat # 229172) and placed into 568 

4- or 24-well plates (CellTreat # 229103 and Corning # 07-200-84). Animals were fed small or mashed 569 

artemia (SEP-ART GSL) daily, starting two days post-metamorphosis. The solution in each well was 570 

changed every 1-2 days with FSW containing 60�μg/mL penicillin and 50�μg/mL streptomycin (Sigma-571 

Aldrich # P3032 and #S6501).  572 

 573 

Feeding polyp head regeneration 574 
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Adult colonies were relaxed in 4% MgCl2 consisting of 50% distilled water and 50% FSW for 10-15 575 

minutes. Once relaxed, adult feeding polyps were cut from the stolonal mat using Vannas-type micro 576 

scissors (TedPella #1341). Dissected polyps were then decapitated just aboral to the tentacles using a 577 

Feather™ microscalpel (Electron Microscopy Services #72045-45). Animals were left in 90mm glass 578 

petri dishes with FSW to regenerate before fixation at appropriate time points (see below for Hydractinia 579 

fixation). FSW was changed daily until fixation. 580 

 581 

Fixation and in situ Hybridization  582 

Animals were relaxed in 4% MgCl2 consisting of 50% distilled water and 50% FSW for 10-15 minutes 583 

and then fixed for 90 seconds in Fix 1 (0.2% glutaraldehyde, 4% paraformaldehyde, 0.1%Tween20 in 584 

FSW).  Fix 1 was removed and samples were incubated in ice-cold Fix 2 (4% paraformaldehyde, 0.1% 585 

Tween20 in FSW), with rocking at 4°C for 90 minutes. Following fixation, samples were washed with 586 

ice-cold PTw (1x phosphate-buffered saline (PBS) with 0.1% Tween20). They were then dehydrated in 587 

increasing concentrations of methanol in PTw (25%, 50%, 75% and 100%). Samples were stored at -20°C 588 

for at least 24 hours.  589 

Digoxigenin (DIG)-labeled and/or Fluoresecein-labeled riboprobes for selected genes were 590 

generated with the SP6 or T7 MEGAscript kit (Cat #AM1334, #AM1330, Ambion, Inc., Austin, TX, 591 

USA) using the open reading frames (ORFs) of cloned Hydractinia genes as template and following 592 

manufacturer’s recommendations. Accession numbers for each gene can be found in S3 Table. Primer 593 

sequences used to amplify genes from cDNA for cloning can be found in S4 Table.  594 

 595 

Fluorescent in situ hybridization  596 

Samples were rehydrated with decreasing concentrations of methanol in PTw, followed by several washes 597 

in PTw.  Samples were then washed for five minutes each in 1% triethylamine in PTw (TEA), 0.6% 598 

acetic anhydride in TEA, and 1.2% acetic anhydride in TEA, followed by several washes in PTw.  599 
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Samples were pre-hybridized for 2-4 hours at 55°C in hybridization buffer (4M urea, 0.1 mg/ml yeast 600 

tRNA, 0.05 mg/ml Heparin, 5x SCC pH7.0, 0.1% Tween20, 1% SDS in DEPC-treated H2O). DIG-601 

labeled probes were diluted to a concentration of 1-2 ng/ul in hybridization buffer, preheated to 90°C for 602 

10 minutes, before being added to samples and left to hybridize for ~40 hours at 55°C. 603 

After hybridization, animals were washed once in hybridization buffer at 55°C for 40 minutes and 604 

then subjected to a series of post-hybridization washes with decreasing hybridization buffer 605 

concentrations in 2x SSC (at 55°C), followed by washes with decreasing concentrations of 0.2x SSC in 606 

PTw, and finally washes in PTw at room temperature (RT).  Endogenous peroxidase activity was 607 

quenched by two 30-minute washes in 3% hydrogen peroxide (H2O2), followed by further washes in PTw. 608 

Two 10-minute washes in maleic acid buffer (MAB, 100mM Maleic acid, 150mM NaCl, pH7.5) were 609 

then conducted. Samples were then blocked for one hour in Blocking Buffer (Sigma-610 

Aldrich 11096176001 diluted 1:10 in MAB). The probe was detected by incubating samples overnight at 611 

4°C with a 1:1500 dilution of Anti-DIG-POD antibody (Roche, Catalog# 11207733910) in Blocking 612 

Buffer. Unbound antibody was removed by washing samples several times at room temperature in 613 

MABX (MAB containing 0.1% Triton X-100). To develop fluorescent signal, samples were incubated in 614 

Tyramide development solution (2% Dextran sulfate, 0.0015% hydrogen peroxide, 0.2mg/ml Iodophenol, 615 

1:100 Alexa Fluor 594 Tyramide Reagent (Thermo Scientific, Cat. # B40957) in PTw) for eight minutes, 616 

and then washed several times in PTw. Nuclei were stained using Hoechst dye 33342 (ThermoFisher # 617 

H1399), and samples were left in Fluoromount (Sigma-Aldrich # F4680) for 1-3 days before mounting 618 

and imaging with a Zeiss LSM 710 confocal microscope. 619 

 620 

Double fluorescent in situ hybridization  621 

Samples were fixed, stored, and treated as detailed above for fluorescent in situ hybridization, however, 622 

dFISH required both a fluorescein-labeled probe and a DIG-labeled probe to be added and incubated 623 

together at the hybridization step. Following washes and the anti-DIG-POD development reaction using 624 
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Alexa Fluor 594 Tyramide Reagent, samples were incubated in 100 mM glycine stock solution pH 2.0 for 625 

10 min at RT, and then washed five times in PTw for 5 minutes each. They were then washed in MABX 626 

two times for 10 minutes each and incubated in Blocking Buffer as above. The fluorescein-labeled probe 627 

was detected using an Anti-Fluor-POD antibody (Roche, Catalog# 11426346910), diluted 1:1500 in 628 

Blocking Buffer. For the second fluorescent reaction, samples were incubated in Tyramide development 629 

solution (2% Dextran sulfate, 0.0015% hydrogen peroxide, 0.2mg/ml Iodophenol, 1:100 Alexa Fluor 488 630 

Tyramide (ThermoFisher # B40953) in PTw) for eight minutes, and then washed several times in PTw. 631 

Nuclei were stained using Hoechst dye 33342 (ThermoFisher # H1399), and samples were left in 632 

Fluoromount (Sigma-Aldrich # F4680) for 1-3 days before mounting and imaging with a Zeiss LSM 710 633 

confocal microscope. 634 

 635 

Colorimetric in situ hybridization  636 

After fixation, samples were rehydrated with decreasing concentrations of methanol in PTw, followed by 637 

several washes in PTw, before being heated to 85°C for 20 minutes to inactivate endogenous alkaline 638 

phosphatases.  Samples were then washed for five minutes each in 1% triethylamine in PTw (TEA), 0.6% 639 

acetic anhydride in TEA, and 1.2% acetic anhydride in TEA, followed by several washes in PTw.  640 

Samples were then pre-hybridized for 2-4 hours at 55°C in hybridization buffer (4M urea, 0.1 mg/ml 641 

yeast tRNA, 0.05 mg/ml Heparin, 5x SCC pH7.0, 0.1% Tween20, 1% SDS in DEPC-treated H2O). DIG-642 

labeled probes were diluted to a concentration of 1-2 ng/ul in hybridization buffer, preheated to 90°C for 643 

10 minutes, before being added to samples and left to hybridize for ~40 hours at 55°C. After 644 

hybridization, animals were washed once in hybridization buffer at 55°C for 40 minutes, and then through 645 

a series of post-hybridization washes with decreasing hybridization buffer concentration in 2x SSC (at 646 

55°C), followed by washes with decreasing concentrations of 0.2x SSC in PTw at room temperature, and 647 

finally washes in PTw at room temperature. Two 10-minute washes in maleic acid buffer containing 0.1% 648 

Triton X-100 (MABX) were then conducted before samples were blocked in Blocking Buffer (see above), 649 
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in MAB for at least one hour at room temperature. Probes were detected by incubation overnight at 4°C in 650 

a 1:5000 dilution of Anti-DIG-AP antibody (Roche, Catalog# 11093274910) in Blocking Buffer. Samples 651 

were then washed in MABX six times and then washed several times in alkaline phosphatase (AP) buffer 652 

(100 mM NaCl, 50 mM MgCl2, 100 mM Tris -pH 9.5, and 0.5% Tween20 in H2O). Finally, they were 653 

incubated in AP buffer containing 0.33 mg ml−1 NBT and 0.165 mg ml−1 BCIP.  The solution was 654 

refreshed every 2 hours until the development reaction had proceeded to the desired point. The 655 

development reaction was stopped by washing several times in PTw and specimens were cleared using 656 

the EtOH clearing protocol previously described for Hydra [21]. Finally, samples were mounted in 80% 657 

glycerol in PBS and imaged using a Zeiss Imager.M2 compound light microscope. 658 

 659 

EdU assay and quantification 660 

EdU experiments were performed as previously described [39]. Samples were incubated in EdU for 30 661 

minutes before fixation and methanol dehydration. The Click-iT EdU (Invitrogen, Catalog# C10340) 662 

detection reaction was carried out for 1 hour at room temperature following the manufacturer’s 663 

recommendations. When combined with fluorescent in situ hybridization, the Click-iT EdU detection 664 

reaction was performed at the end of the protocol before nuclei staining. 665 

Fiji was used to analyze confocal images of feeding polyps used for the FISH + EdU assay [70]. 666 

EdU, gene, and nuclei channels were separated and enhanced using the brightness and contrast option. 667 

Firstly, each EdU+ cell was outlined using the circle and draw options. This channel was then overlayed 668 

with the gene and nuclei channels to quantify the number of cells that had overlapping EdU and gene 669 

signals. All cells that were EdU+ only were annotated with squares using the draw option and then 670 

counted. 671 

 672 

Single-cell analysis 673 
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Single-cell data and analysis was obtained from Schnitzler et al., 2024 and the Hydractinia Genome 674 

Project Portal (https://research.nhgri.nih.gov/hydractinia/). Co-expression percentages of Piwi1 and our 675 

new markers from S2 Table were obtained using the single-cell browser from the Hydractinia Genome 676 

Project Portal (see “gene coexpression” option). Single-cell plots were made using the R ‘Seurat’ package 677 

[71]. 678 

 679 

BLAST orthology analysis and Fox gene ML phylogeny 680 

A reciprocal BLASTP was done on the new markers in this study to verify their orthology. A BLAST E-681 

value cutoff of 10-100 was used to determine whether genes needed further verification via gene trees. The 682 

Fox-Q2-like gene was the only gene that could not be resolved via BLAST. To generate the Fox tree 683 

shown in S2 Fig, a total of 155 full-length protein-coding sequences were aligned. The Fox protein 684 

alignment file from [49] which included only the forkhead domain of each protein was used, and we 685 

added 12 Hydractinia sequences to this alignment. We renamed the sequences for clarity and consistency 686 

(S5 Table). The final alignment file is provided in the supplementary material (S1 File). ProtTest 3 was 687 

used to select the best-fit model of protein evolution for the alignment, which was PROTGAMMALG 688 

(‘LG’ indicates the substitution matrix, and ‘gamma’ specifies gamma-distributed rates across sites). 689 

Maximum-likelihood (ML) analyses were performed using RaxML v. 8.2.11 [72]. ML branch supports 690 

are rapid RAxML Bootstrap values (500 replicates). The resulting tree was displayed with FigTree v.1.4.4 691 

(http://tree.bio.ed.ac.uk/software/figtree/) and annotated in Adobe Illustrator®. 692 

 693 

Image processing and analysis  694 

Zeiss LSM 710 confocal images were processed using Fiji and Z-stack maximum likelihood projections 695 

[73]. Projections made from 20x images used all slices within a stack, while 40x images typically used 2-696 

5 slices. The signal was enhanced using the brightness and contrast options. Zeiss Imager.M2 images 697 
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were processed using Adobe Photoshop® software. The following options were used to enhance images: 698 

levels, hue, color balance, and photo filters. 699 

Fiji was used to measure cell diameters from various colorimetric in situ hybridization images 700 

[70]. Results were put into an Excel sheet and uploaded to R version 4.2.1 for statistical analysis and data 701 

visualization using the R ‘stats’ and ‘ggplot’ packages [74]. All figures were made using Adobe 702 

Illustrator® software. 703 
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Supporting information 904 

S1 Fig. Expression patterns of several stem cell genes in the Hydractinia single-cell atlas. 905 
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These genes have been reported previously as having i-cell expression patterns in Hydractinia 906 

[29,31,35,39,75]. None of these genes had patterns in the atlas that were restricted to just the two i-cell 907 

clusters. 908 

 909 

S2 Fig. Maximum likelihood phylogenetic tree of Fox-like genes in Hydractinia. The best fit model 910 

was PROTGAMMALG. Maximum-likelihood analysis was done using RAxML. The tree is unrooted and 911 

consists of non-metazoan and metazoan forkhead domains. The nodes are labeled with rapid RAxML 912 

Bootstrap values (500 replicates). Only Bootstrap percentages >50% for nodes outside Fox families and 913 

the group of sequences related to the Hydractinia FoxQ2-like gene are labeled. The asterisk indicates the 914 

FoxQ2-like gene investigated in this paper. 915 

 916 

S3 Fig. Additional new marker expression patterns at three time points of feeding polyp head 917 

regeneration. (A) Schematic of the blastema stage of regeneration depicting obvious expression in the 918 

blastema and the body column (left) and colorimetric in situ images (right) of new markers Pter and 919 

Uhrf1. (B) Schematic of the blastema stage of regeneration depicting a lack of expression in the blastema 920 

(left) and colorimetric in situ images (right) of new markers Zcwpw1 and Ubr7. The top panels in (A) and 921 

(B) have 100µm scale bars, bottom panels in (A) and (B) have 20µm scale bars. Black dashed boxes in (i) 922 

– (vi) indicate the higher magnification images shown in (i’) – (vi’). Numbers in the top right corner show 923 

the proportion of samples that reflect the image shown. Genes are organized by color according to the 924 

strategy used to identify them in Fig 2B; red indicates somatic i-cell genes, blue indicates the germ i-cell 925 

gene, and gold indicates the genes expressed in both somatic and germ i-cell clusters.  926 

 927 

S4 Fig. Additional new marker genes are always expressed in the stolons of young colonies but are 928 

variably expressed in different developmental stages of feeding polyps. Colorimetric in situ 929 

hybridization images of 7-10-day-old young colonies for new marker genes FoxQ2-like, Pter, Zcwpw1, 930 
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Ubr7 and Uhrf1. Genes are organized by color according to the strategy used to identify them in Fig 2B; 931 

red indicates somatic i-cell genes, blue indicates the germ i-cell gene, and gold indicates the genes 932 

expressed in both somatic and germ i-cell clusters. The top panels in (A), (B), and (C) have 100µm scale 933 

bars, while the bottom panels in (A), (B) and (C) have 20µm scale bars. Black dashed boxes in (i) – (viii) 934 

indicate the higher magnification images shown in (i’) – (viii’) and (i’’) – (vi’’). Ep is the Ectodermal 935 

focal plane; CS is the cross-section focal plane; st labels stolon; bp labels budding polyps; ip labels 936 

immature polyps; mp labels mature polyps. Numbers in the top right corner show the proportion of 937 

samples that reflect the image shown. 938 

 939 

S5 Fig. Diameters of H1.1+ cells across all feeding polyp developmental stages and stolon in young 940 

colonies. Violin plots showing the cell diameters of H1.1+ cells across budding feeding polyps, immature 941 

feeding polyps, mature feeding polyps, and stolons in young colonies. Significance bars at the top are 942 

labeled with the following significance code: *** = p-adj<0.0001. 943 

 944 

S6 Fig. H1.1 cycling cells are present in immature feeding polyps despite an absence of Ncol1 signal. 945 

dFISH of H1.1 and Ncol1 in young colonies. Immature feeding polyp (i, i'), mature feeding polyp (ii, ii’),  946 

and stolon (iii, iii’). Red indicates H1.1 expression, Green indicates Ncol1 expression, and Blue indicates 947 

nuclei. Numbers in the top right corner (i) – (iii) show the proportion of samples that reflect the image 948 

shown and are colored corresponding to H1.1 (red) and Ncol1 (green). Scale bars in top panels (i) – (iii) 949 

are 100µm, bottom panels (i') – (iii’) are of the white boxed region shown in top panels and have 20µm 950 

scale bars. White arrows indicate H1.1+ cells at the base of the tentacles and in the hypostome. Ep is the 951 

Ectodermal focal plane; CS is the cross-section focal plane; st labels stolon; ip labels an immature polyp; 952 

mp labels a mature polyp. 953 

 954 

S1 Table. Pannzer descriptions of new markers from i-cell clusters. Pannzer-annotated molecular and 955 

biological functions of new markers from i-cell clusters from the Hydractinia single-cell atlas [43]. 956 
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 957 

S2 Table. Percent overlap of Piwi1 with new markers in i-cell clusters from the Hydractinia single-958 

cell atlas. Percent overlap of Piwi1 with new markers from i-cell clusters in the Hydractinia single-cell 959 

atlas [43]. Overlap is examined in the somatic i-cell cluster, germ i-cell cluster, and both i-cell clusters. 960 

For example, the percent co-expression of Piwi1 and Pter was 33.1% in the somatic i-cell cluster 961 

(119/360), 20.6% in the germ i-cell cluster (74/359), and 26.8% in both i-cell clusters (193/719). 962 

 963 

S3 Table. Accession numbers for all genes investigated in this study.  964 

 965 

S4 Table. Primer sequences for cloning of all genes investigated in this study. 966 

 967 

S5 Table. Original and renamed Fox domain-containing sequences. A list of all genes from [49] that 968 

were renamed for clarity in the Fox gene ML phylogeny. 969 

 970 

S1 File. Fox gene alignment. Fasta-formatted file containing the Fox protein alignment used in 971 

constructing the Fox gene ML phylogeny. 972 
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