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Abstract: The mucus layer covering the skin of fish has several roles including protection against 17 

pathogens and mechanical damage. While the mucus layers of various bony fish species have been 18 

investigated, the composition and glycan profiles of shark skin mucus remain relatively unexplored. 19 

In this pilot study, we aimed to explore the structure and composition of shark skin mucus through 20 

histological analysis and glycan profiling. Histological examination of skin samples from Atlantic 21 

spiny dogfish (Squalus acanthias) sharks and chain catsharks (Scyliorhinus retifer) revealed distinct 22 

mucin-producing cells and a mucus layer, indicating the presence of a functional mucus layer sim- 23 

ilar to bony fish mucus albeit thinner. Glycan profiling using liquid chromatography-electrospray 24 

ionization tandem mass spectrometry unveiled a diverse repertoire of mostly O-glycans in the mu- 25 

cus of the two sharks as well as little skate (Leucoraja erinacea). Elasmobranch glycans differ signifi- 26 

cantly from bony fish, especially in being more sulfated, and some bear resemblance to human gly- 27 

cans such as gastric mucin O-glycans and H blood group type glycan. This study contributes to the 28 

concept of shark skin having unique properties and provides a foundation for further research into 29 

the functional roles and potential biomedical implications of shark skin mucus glycans. 30 

Keywords: elasmobranchs; sharks; skin; mucus layer; mucin; glycans; glycoproteins; O-glycans; N- 31 

glycans; mass spectrometry 32 

 33 

1. Introduction 34 

Elasmobranchs, including sharks, have received a great deal of attention in research 35 

due to conservation efforts, but their molecular biology is also of great interest despite the 36 

challenges associated with experimentation. Previous studies have led to several signifi- 37 

cant discoveries with potential applications in human medicine, such as the identification 38 

of the antibiotic squalamine [1] in the liver and stomach of spiny dogfish sharks and re- 39 

search on chloride channels in the rectal gland of these sharks [2], which are relevant to 40 

cystic fibrosis. 41 

Fish skin shares several structural similarities with mammalian skin. It consists of 42 

three epidermal layers, with the outermost layer being the stratum superficiale composed 43 

of differentiated cells. The next layer is the stratum spinosum, which contains 44 
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differentiating cells, and the innermost layer is the stratum basale, which includes prolif- 45 

erating basal cells and a basement membrane that borders the dermis [3, 4]. Depending 46 

on factors such as the fish species, age, location on the body, thickness of the epidermis, 47 

and the number of epidermal layers, various specialized cells may be present in the epi- 48 

dermis. These cells can include mucin producing goblet,  sacciform and club cells as well 49 

as alarm cells and chloride cells in addition to keratocytes, which are the fish equivalent 50 

of mammalian keratinocytes [5]. 51 

One key difference between fish and mammalian skin is that almost all fish species 52 

lack the dead, keratinized protective layer known as the stratum corneum. Instead, fish 53 

epidermis consists entirely of living cells [6, 7] and is protected by a layer of mucus, a 54 

slimy substance composed mainly of high molecular weight, heavily glycosylated pro- 55 

teins referred to as ‘mucins’ which are important for mucus viscosity, trapping pathogens 56 

and physically protect the skin surface, and contributing to signaling at the cell surface 57 

[8]. Many mucins cross-link in solution by disulfide bonding and this can promote the 58 

formation of gel like substance. In addition there are also smaller less glycosylated pro- 59 

teins, some of which have antimicrobial properties that help prevent the entry and estab- 60 

lishment of pathogens [6, 9]. Thus, while almost all secreted proteins are glycosylated [10] 61 

the extent of glycosylation and molecular weights varies. The mucins, which gives the 62 

mucus its viscous, elastic, and adhesive properties, are proteins posttranslationally mod- 63 

ified with monosaccharides attached with glycosidic bonds. On mucins, these glycans are 64 

mostly in the form of O-glycans that attach to oxygen atoms on serine or threonine in 65 

proteins, however, N-glycosylation  also occurs [11]. O-glycans are more common and 66 

can be further classified into core types 1-8. Core 1 is composed of a galactose and is at- 67 

tached to the base N-Acetylgalactosamine (GalNAc) while Core 2 utilizes the Core 1 com- 68 

plex with an addition of N-Acetylglucosamine (GlcNAc) to the GalNAc and Cores 3-8 are 69 

synthesized in a similar way [12-14]. Glycan biosynthesis take place in the endoplasmic 70 

reticulum and Golgi organelles and is performed by glycosyltransferases. 71 

Although the mucus layer glycomes of some common bony fish (Osteichthyes) grown 72 

in aquaculture are well-described [15, 16], little is known about the glycomes of elasmo- 73 

branchs, including sharks. Shark skin possesses unique features, such as its teeth like den- 74 

ticles, and it is possible that the mucus layer may also have distinct properties and func- 75 

tions, such as providing defense against pathogens. Investigation into the composition 76 

and function of the mucus layer in sharks could lead to valuable insights and potential 77 

applications in various fields. A molecular characterization of shark mucus is an essential 78 

first step towards understanding its biology. Using liquid chromatography-electrospray 79 

ionization tandem mass spectrometry, this pilot study presents the most comprehensive 80 

description of shark mucin glycosylation to date in Atlantic spiny dogfish (Squalus acan- 81 

thias), one of the most common shark species, and compares it to chain catsharks (Scylio- 82 

rhinus retifer) as well as little skates (Leucoraja erinacea). 83 

2. Methods 84 

2.1. Animals 85 

Spiny dogfish caught by hook gear were purchased from commercial fisherman in 86 

Chatham, MA in 2022. Only female spiny dogfish were available, likely due to commercial 87 

fishing often targeting female schools[17]. Chain catsharks were collected from a National 88 

Oceanic and Atmospheric Administration survey vessel by dredging in the mid-north At- 89 

lantic between 2017 and 2019. Skates were collected by trawl net around Woods Hole, MA 90 

by the Marine Biological Laboratory (MBL) in 2021. All elasmobranchs were housed in 91 

tanks with natural sea water flow-through systems-maintained year-round at 14°C at the 92 

Marine Resources Center (MRC) at the MBL. Elasmobranchs are housed in single-species 93 

groups, they are fed a diet of food-grade frozen capelin (Atlantic-Pacific North Kingstown, 94 

RI) and fresh frozen locally caught squid three days per week. Photos were taken with an 95 



Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 21 
 

 

Iphone 13 Pro (Apple Inc.). Experiments were approved by the Institutional Animal Care 96 

and Use Committee (IACUC) at the MBL (protocol no 22-22). 97 

2.2. Skin mucus sampling 98 

Skin mucus was sampled using the Kleenex tissue absorption method, previously 99 

developed for salmonoids [18]. Briefly, housed elasmobranchs were caught gently with a 100 

net and a Kleenex tissue was placed on the skin for 10 seconds to saturate it with mucus 101 

fluid before it was put in the upper compartment of Spin-X tubes (Sigma-Aldrich) on ice 102 

and later spun down at 700 g in a 4 °C cooled benchtop centrifuge to collect the absorbed 103 

mucus fractions. Tank water controls samples were also harvested by placing the Kleenex 104 

(Kimberly-Clark) briefly in the tank water. The liquid samples were transferred to plastic 105 

cryotubes, snap frozen on dry ice and stored at -80 °C. The samples had volumes of 0.6-1 106 

ml. Sample protein content was estimated by the bicinchoninic (BCA) assay (Thermo- 107 

Fisher). 108 

2.3. Skin biopsy sampling and histology 109 

For skin biopsies, the elasmobranchs were gently caught by a net and transferred to 110 

a plastic procedure tank of 90 l (cooler style, with a lid) with the general anesthetic AQUI- 111 

S® 20E (eugenol) under INAD #11-741 37.5 mg/L dissolved in sea water. Animals were 112 

maintained under anesthesia via a water pump delivering anesthetic sea water into the 113 

mouth. Biopsies were harvested by 4 mm punch biopsy tools (Kai Medical) and fixed in 114 

4% formaldehyde followed by paraffin embedding and sectioning. Staining was per- 115 

formed at the ZooQuatic Laboratory (NH, US), according to standard protocols. 116 

2.4. Mass spectrometry 117 

Glycans were released from the proteins and analyzed in their reduced form as non- 118 

derivatized alditols with liquid chromatography connected to mass spectrometry kept in 119 

the negative ion mode and sequenced using collision-induced dissociation (CID) by MS2 120 

and MS3 experiments.  121 

2.4.1. Glycan release 122 

Samples were analyzed using a standard glycomics workflow as described below. 123 

The method for glycoprotein dot blot, glycan release, and analysis used here is de- 124 

scribed in detail elsewhere [19]. The method is optimal for O- and N-glycans consisting of 125 

2-16 monosaccharide residues. 126 

Briefly, the shark skin samples were dried down using a speedVac vacuum concen- 127 

trator (Thermo-Fisher), then proteins were reduced in 400 µl of extraction buffer (0.1M 128 

dithiothreitol, ultrapure 6M guanidinium hydrochloride (MP Biomedicals), 5 mM EDTA, 129 

0.1M triethylamine bicarbonate buffer; pH 8.1), and placed in 37 °C overnight. The sam- 130 

ples were then dot blotted to PVDF membrane (Immobilon P, Millipore) and acidic glyco- 131 

proteins were visualized with Alcian Blue (see Supplementary Figure 1). 132 

PVDF membrane spots were excised and placed in test tubes (two spots/sample), fol- 133 

lowed by 5 x 15 min destain/washes in MeOH. The glycans were released from the protein 134 

with 40 µl beta elimination solution (0.5 M NaBH4 in 0.05 M NaOH) at 50 °C in a water 135 

bath. Samples were neutralized with 1-2 ul conc HAc, followed by desalting using cation 136 

exchange media (AG50WX8 (Biorad) in C18 ziptips (Millipore), two ziptips/sample, and 137 

dried with speedvac. Borate residuals were eliminated by repeated additions of MeOH (5 138 

x 50 ul) and evaporated in between. 139 

2.4.2. Glycan analyses with LC/MS 140 

Reduced glycans were resuspended in 6 µl of water and injected (2 µl) onto a liquid 141 

chromatography-electrospray ionization tandem mass spectrometry (LC-ESI/MS). The ol- 142 

igosaccharides were separated on a column (10 cm × 250 µm) packed in-house with 5 µm 143 
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porous graphite particles (PGC, Hypercarb, Thermo-Hypersil, Runcorn, UK) and a flow 144 

rate of 5 µl/min. The oligosaccharides were eluted with the following gradient: 0-46 min 145 

0-45% B, wash 46-54 min 100% B, then equilibration between 54-78 min with 0% B.  Buffer 146 

A was 10 mM ammonium bicarbonate (ABC) and buffer B was 10 mM ABC in 80% ace- 147 

tonitrile.   148 

A 30 cm × 50 µm i.d. fused silica capillary was used as transfer line to the ion source. 149 

The samples were analyzed in negative ion mode on an LTQ linear ion trap mass spec- 150 

trometer (Velos Pro, Thermo Electron, San José, CA), with an IonMax standard ESI source 151 

equipped with a stainless-steel needle kept at –2.5 kV. Compressed air was used as nebu- 152 

lizer gas. The heated capillary was kept at 270°C. Full scan (m/z 380-1800, two microscan, 153 

maximum 100 ms, target value of 30,000) was performed, followed by data-dependent 154 

MS2 scans (two microscans, maximum 100 ms, target value of 10,000) with normalized 155 

collision energy of 35%, isolation window of 3 units, activation q=0.25 and activation time 156 

30 ms). The threshold for MS2 was set to 300 counts. Data acquisition was conducted with 157 

the Xcalibur software (Version 2.0.7).   158 

2.4.3. MS2 Spectra interpretation 159 

The obtained tandem mass spectrometry (MS/MS) spectra were interpreted manually 160 

and confirmed using the freely available software ‘GlycoWorkbench’ [20]. Since the spe- 161 

cies analysed in this project have not been characterized previously, interpretations are 162 

just based on similarities to already characterized glycans. Spectra were compared to 163 

structures from human and mouse, stored in Unicarb-DB database (www.expasy.org) 164 

when available and also compared to reference spectra from mucin glycan interpretations 165 

from Atlantic salmon [14]. Peak quantification was performed manually using the Xcali- 166 

bur software (Thermo Scientific). Note that MS ionization efficiency for individual glycans 167 

may vary slightly, due to that for example acidic glycans may ionize better than neutral 168 

glycans in negative ion mode. MS fragmentation cannot distinguish between different 169 

hexoses and N-acetylhexosamines, Monosaccharide symbols used in figures follow the 170 

SNFG (Symbol Nomenclature for Glycans) symbols. Supportive evidence for typical core 171 

2 branching (R-Galβ1-3(R-GlcNAcβ1-6)GalNAc-Ser/Thr) is obtained by the diagnostic ion 172 

A0,4 [21]. This arises from cleavage between C-3 and C-4 in the GalNAc residue that is linked 173 

to the peptide backbone and is annotated as ‘A0,4’ in Figure 5. 174 

2.4.4. Chemicals 175 

Chemicals were from Sigma-Aldrich unless stated otherwise.  176 

2.4.5. Pilot experiments 177 

Aliquots of one sample from each of the three different elasmobranch species were 178 

prepared and analyzed twice at increasing amounts in initial pilot experiments using a 179 

standard glycomics workflow (see Methods). Since no glycans were detected, a third pilot 180 

experiment was performed by pooling five samples from spiny dogfish. Increasing the 181 

starting amounts allowed for the detection of 29 O-glycans and three N-glycans. The BCA 182 

assay (Supplementary Table 1) results for protein concentration far exceeded the levels 183 

normally required for glycomics, however, we could use this as a guideline to pool and 184 

process the remaining samples (Supplementary File 1). In hindsight, the BCA protein as- 185 

say did most likely not truly reflect glycoprotein content, since hardly any glycans were 186 

detected in the catshark samples. 187 

3. Results 188 

3.1. Shark skin histology 189 

Regular bony fish (Osteichthyes) have scales while the so called placoid scales of chon- 190 

drichthyans and specifically elasmobranchs are described as tooth-like denticles due to 191 

their outer enamel covering, a dentine layer and an inner pulp cavity [22] as well as that 192 
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teeth and denticles both continuously renew and share developmental and genetic simi- 193 

larities as shown in small-spotted catsharks (scyliorhinus canicular) [23]. To establish the 194 

basic histology of our shark species’ skin (Figure 1) we first performed hematoxylin-eosin 195 

(HE) staining of skin biopsy tissue and also Masson’s trichrome (MT) staining to identify 196 

collagen  as well as keratin and muscle fibers as described before [24] (Figure 2). Of note, 197 

chain catshark skin was much tougher and significantly more difficult to penetrate with 198 

the biopsy tool, perhaps due to different biological needs as catshark females often are 199 

injured by males during mating ([25] and personal observation). Figure 2A shows that 200 

spiny dogfish and chain catsharks are covered by a skin scattered with dermal bony den- 201 

ticles that differ histologically as spiny dogfish have backward-pointing spine-like denti- 202 

cles while catsharks have narrow and flat hammer-like denticles, as well as a dermal bony 203 

basal plate as previously described [24],[26]. 204 

 205 

Figure 1. Sharks and skates studied. Photos of spiny dogfish (Squalus acanthias) (A), chain catsharks 206 
(Scyliorhinus retifer) (B), and little skate (Leucoraja erinacea) (C) at the Marine Resources Center, Ma- 207 
rine Biological Laboratory, Woods Hole. In the head and ventral zoom photos the placoid scales 208 
typical for elasmobranchs are visible. 209 
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 210 

Figure 2. Skin histology of spiny dogfish (A-D) and chain catsharks (E-H). All images are sagittal 211 
sections of skin biopsy. Representative images of one shark from each species is shown. H-E staining 212 
(A, B, E, F) shows the different skin layers stated: epidermis E, dermis D and denticles 1,2. MT stain- 213 
ing (C, D, G, H) shows a more refined division of the skin layers and allows to differentiate hard 214 
tissues (e.g teeth, denticles) from soft ones; collagen appears blue and keratin and muscle fibers red. 215 
Layers are indicated: epidermis E, Dermis (D) Muscle (M) Melanin pigmentation (MP), Denticles 216 
1,2. Denticles consist of a backward-pointing spine (1) a basal plate covered with enamel (2) and a 217 
pulp cavity (3). Blue (4) indicates collagen. Images were taken at 10X (A, C, E, G- 100µm) and 40X 218 
(B, D, F, H 50µm). 219 

As few previous studies have examined mucin producing cells in elasmobranchs, we 220 

then performed Periodic acid–Schiff (PAS) staining. Indeed, although sharks do not ap- 221 

pear “slimy” when handled compared to bony fish such as salmonoids (own personal 222 

observation), there were plenty of mucin-positive cells that appeared as empty white gob- 223 

let cells in the HE sections (Figure 3, 4A) and pink goblet cells in the PAS sections (Figure 224 

3, 4B). Furthermore, there was a pinkish staining on the skin surface indicative of a mucus 225 

layer (Figure 3L, 4B and F). 226 

 227 

Figure 3. PAS staining in shark skin demonstrates the presence of mucin secretory cells - overview. 228 
(A-D) spiny dogfish and (E-H) chain catsharks. All images are sagittal sections of skin biopsies. Rep- 229 
resentative images of one shark from each species are shown. H-E staining (A, B, E, F) shows the 230 
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location of the mucin vacuoles throughout the epidermis layer (in purple). PAS staining (C, D, G, 231 
H) shows the mucosal layer in magenta-pink at the apical part of the epidermis (black dotted arrow). 232 
Glycoproteins (including mucins), glycolipids and are shown in pink-magenta and light blue-col- 233 
ored vacuoles (black arrows). Images were taken at 10X (A, C, E, G- 100µm) and 40X (B, D, F, H 234 
50µm). 235 

 236 

Figure 4. PAS staining in shark skin demonstrates the presence of mucin secretory cells - zoom in. 237 
(A-F) chain catsharks and (G-J) spiny dogfish. All images are sagittal sections of skin biopsies. Rep- 238 
resentative images of three catsharks and two dogfish are shown. H-E staining (A, C, E, G, I) shows 239 
the location of the mucin vacuoles throughout the epidermis layer (in purple). And the equivalent 240 
PAS staining (B, D, F, H, J) shows the mucosal layer in magenta-pink at the apical part of the epi- 241 
dermis (black dotted arrow). Glycoproteins (including mucins) and glycolipids are shown in pink- 242 
magenta and light blue-colored vacuoles (black arrows). All images were taken 40X 50µm. 243 

3.2. Glycan mass spectrometry 244 

Glycans were analyzed with LC-MS. Since samples were low abundant with respect 245 

to the mucin type O-glycans, they had to be pooled. 246 

3.2.1. Spiny dogfish 247 

Spiny dogfish samples were pooled into six pools (2-3 individuals per LC/MS sam- 248 

ple). The LC/MS data from these six pooled samples did resemble the initial pilot experi- 249 

ment with the same glycans, but they were quite weak, one sample was empty, and the 250 

remaining five contained between 3-15 glycans (Supplementary File 1).  251 

To obtain better structural data, and to generate two separate analyses with maxi- 252 

mum glycan coverage, leftovers from the six pooled samples were pooled and reanalyzed 253 

with LC/MS (Figure 5), as well as the sample from the pilot experiment, using both MS2 254 

and MS3 experiments, to obtain more information for structure assignment. Data are com- 255 

piled in a spreadsheet (Supplementary File 1).  256 

In all, the glycan profiles in all pooled samples resembled each other, revealing 39-40 257 

O-glycans in the size range of 2-9 residues (Figure 5 and Supplementary File 1). The 258 
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glycans were mainly neutral. We detected only low levels of the short NeuAc (N-acetyl 259 

neuraminic acid) containing glycans (675a and 675b) (1.0%) (Supplementary File 1). No 260 

traces of other acidic glycans contain N-glycolyl neuraminic acid (NeuGc) or diamino neu- 261 

raminic acid (KDn) were detected. One sulfated glycan was detected (m/z 464 at 8.3 min, 262 

Figure 5A and Supplementary file 1 (0.2%)). Since the previously characterized fish gly- 263 

comes mainly contained acidic glycans [14-16, 27], this made us concerned about how 264 

representative the glycans identified were. Therefore, we analyzed skin sections using 265 

PAS/AB staining, which detects both sialylated and sulfated glycans and stains the skin 266 

goblet cells of the teleosts previously analyzed mainly blue due to their high content of 267 

acidic mucins [28]. The absence of blue goblet cells by PAS/AB stain confirmed the low 268 

abundance of acidic glycans (Supplementary Figure 2). 269 

The glycans were mainly core 1 and core 2 type glycans, which are found also on 270 

mammalian and salmon mucins [12, 27]. The majority (81.2%) were fucose (Fuc), a deox- 271 

yhexose which is present on polysaccharides- containing glycans. A major component was 272 

a glycan at m/z 530 (deHex-Hex-HexNAcol, Figure 5A, 5D 27.5min), which had the same 273 

MS2 spectra as the blood group H glycan from human saliva (Fuc(α1-2)Gal(β1-3)Gal- 274 

NAcol (Figure 5B). This is a common glycan on mucosal secretions in mammalians, but 275 

Fuc-Gal- is absent on bony fish such as zebrafish, Atlantic salmon, Arctic char, and rain- 276 

bow trout, where Fuc is only found linked to HexNAcs (GlcNAc or GalNAc). One glycan 277 

with Fuc linked to HexNAc was observed here (m/z 1187 at 28.9min) (Supplementary File 278 

1). Figure 5C shows a glycan 1041b which we have interpreted as a core 2 type O-glycan 279 

with two blood group H epitopes (Fucα1-2Galβ1-3[Fucα1-2Galβ1-3GlcNAcβ1-6]GalNAc. 280 

In mammalian secretions, both type 1 (Galβ1-3GalNAc-) and type 2 (Galβ1-4GalNAc-) 281 

chains make up the extended branches. Compared to published reference spectra, the lack 282 

of a fragment ion at m/z 409 supports that this glycan is of a type 1 chain (Figure 5C).   283 

MS2 spectra of glycans at m/z 790b and m/z 936 (Figure 5A) were found to be similar 284 

to published spectra of extended core 5 glycans (GalNAcα1-3GalNAc) which are present 285 

on mucosal surfaces of Atlantic salmon and rainbow trout, but not in mammalian systems 286 

[14]. 287 

Two glycans with three adjacent HexNAcs (polyHexNAc) in a row were observed at 288 

m/z 790 (790a, Supplementary File 1) and 993 (Figure 5E, Supplementary File 1). This is 289 

not a common monosaccharide sequence among the mammalian or fish glycans published 290 

so far. The glycan at m/z 790 with a Hexose as core (HexNAc-HexNAc-HexNAc-Hexol, 291 

Supplementary File 1) may be a degradation product since the O-glycan core residue 292 

(linked to the protein) is commonly a HexNAc (GalNAc). 293 

Nine glycans displayed MS2 spectra resembling those of mammalian N-glycans (3- 294 

7%), Supplementary File 1). It is not unusual to observe N-glycans in mucosal secretions, 295 

since these are also released during the beta-elimination reaction. The N-glycans were of 296 

predominantly high-mannose type, as well as one complex N-glycan and two truncated 297 

N-glycans of pauci-mannose type. 298 
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 299 

Figure 5. Spiny dogfish glycans. A) Pooled glycans analyzed in their reduced nonderivatized form 300 
using LC/MS in the negative ion mode. The most abundant glycans are annotated using the SNFG 301 
nomenclature [61]. * = non glycan contaminant. B) Spiny dogfish skin secretions contain 302 
glycoproteins carrying human blood group H type epitopes. MS2 spectra of the bloodgroup H 303 
glycan detected at m/z 530 ([M-H]- precursor ion) from O-glycans from human salivary 304 
glycoproteins, and from the skin of spiny dogfish, analyzed at the same occasion. Additional glycans 305 
were detected in spiny dogfish.. C) MS2 spectra of a glycan with blood group H type 306 
epitopesdetected at m/z 1041 eluting at 29.1 min (1041b, Figure 5A)  D) MS2 spectra of an O-glycan 307 
detected at m/z 993. Diagnostic cross ring fragments (A0,4) are annotated in red. 308 

3.2.2. Chain catshark 309 

Chain catshark samples were pooled into two samples from males, and three from 310 

females, however, hardly any glycans were detected in these five samples. Therefore, we 311 

pooled all samples into one and reanalyzed it, allowing the detection of two glycoforms 312 

at m/z 749 with the same residue configuration, and one glycan at m/z 895 (Figure 67). The 313 

two 749 glycoforms may arise from the type 1 and 2 linkage glycoforms (Galβ1-3GlcNAc 314 

and Galβ1-4GlcNAc), which as mentioned above, are found on mammalian mucins.  315 
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 316 

Figure 76. Catshark glycans. O-glycans were analyzed in their reduced nonderivatized form using 317 
LC/MS in the negative ion mode. Note that other sampling methods may increase the number of 318 
glycans identified. 319 

3.2.3. Little skate 320 

In order to extend the analysis beyond sharks to skates, another main group of the 321 

elasmobranch family, we obtained four skin mucus samples from little skates. The BCA 322 

protein assay revealed low overall protein amounts, so these samples were divided in two 323 

pools and analyzed with LC/MS and MS2.  We detected 14 and 16 O-glycans respectively 324 

in the two samples (Supplementary File 1). Since the spectra were relatively weak, we 325 

pooled these two samples and then detected 22 O-glycans (Supplementary File 1). 326 

After the first analyses, the two samples were pooled and analyzed again using MS3.  327 

The glycans consisted of 2-6 residues and were of core 1 and 2 type. Similarly, to the gly- 328 

cans detected in spiny dogfish, Fuc (relative abundance 91.5%) was found only linked to 329 

Hex residues (Supplementary File 1) 330 

Little skate O-glycans contained relatively more acidic glycans than spiny dogfish, 331 

by containing sulfate groups and NeuAc, constituting 26.1 % of the total glycan peak area. 332 

Four and nine of the glycans detected contained NeuAc and sulfate, (26.1% and 41.7% 333 

respectively, Supplementary File 1) These acidic residues are common on mammalian and 334 

fish glycans [14, 29, 30], although the arrangement with sulfate and Fuc linked to the same 335 

Hex residue has not been described before (Figure 76). Figure 76B shows the MS2 spectra 336 

of the glycan interpreted as Fuc-(SO3-)Gal-[HexNAc-]GalNAc, eluting at 18.2 min and de- 337 

tected at m/z 813 ([M-H]- precursor ion, panel B-1). MS3 of fragment ion at m/z 610 (M- 338 

HexNAc) (panel B-2) reveals the presence of a B-ion at m/z 387, composed of sulfate, a Hex 339 

and a Fuc residue, and in the MS3 spectra of fragment ion at m/z 667 (M-Fuc), fragment 340 

ion at m/z 241 is diagnostic for sulfate linked to the Hex residue (panel B-3). 341 

In one of the three samples, three low abundant N-glycans were detected making up 342 

2.5% of the total glycan pool.  The double charged glycan detected at m/z 860.3 eluting at 343 

21.0 min (was interpreted as a sulfated N-glycan, rarely found in mammals. The MS2 spec- 344 

tra is shown in Figure 76C. In addition to typical N-glycan fragment ions generated by 345 

loss of residues from both the reducing and the nonreducing end, a major diagnostic ion 346 
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at m/z 1623.6 (Figure 76C) was interpreted as loss of sulfate and H20, in addition to frag- 347 

ment ions in the lower mass range at m/z 241 and 444, supportive of sulfated Hex and 348 

HexHexNAc, respectively. Although sulfated O-glycans are commonly present on muco- 349 

sal proteins, it should be noted that low resolution MS which was applied here, does not 350 

provide the mass accuracy to distinguish between sulfate and phosphate (79.9568 and 351 

79.9799 amu, respectively). 352 

 353 

Figure 76. Little skate glycans. A) O-glycans from two pooled samples were analyzed in their re- 354 
duced nonderivatized form using LC/MS in the negative ion mode. * = nonglycan contaminant B) 355 
MS2 and MS3 experiments of pooled samples from ‘A’ shows a glycan detected at m/z 813 and eluting 356 
at 18.2 min. MS3 fragmentation experiments of the fragment ions at m/z 610 and 667 from MS2 sup- 357 
ported the sequence assignment. C) MS2 spectra of a sulfated N-glycan (‘1722n', Supplementary file 358 
1), eluting at 21.1 min and detected as a doubly charged ion at m/z 860.32- (precursor ion [M-2H]2-). 359 

4. Discussion 360 

In this study, we provide a detailed characterization of the skin of three types of elas- 361 

mobranchs, with a particular focus on mucin glycosylation. Our findings highlight several 362 

key points, including the presence of numerous secretory cells in the skin and the identi- 363 

fication of several unique glycans in sharks. In the following sections, we discuss these 364 

findings in detail. 365 

4.1. The mucus layer in bony fish and elasmobranchs 366 

The mucus layer in bony fish is a dynamic and complex mixture of various molecules 367 

that serve both protective and immunological functions. The most important components 368 

of the mucus layer are mucins, which are large glycoproteins that provide viscosity and 369 

adhesion to the mucus layer and also act as a physical barrier to pathogens [31]. The mu- 370 

cus layer also consists of numerous other molecular components such as antimicrobial 371 

peptides, immunoglobulins, complement proteins, lysozyme, and lectins that directly 372 
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attack or neutralize invading pathogens and is created through secretion as well as slough- 373 

ing of dead cells [32]. Additionally, the mucus layer also contains various cytokines and 374 

chemokines that attract immune cells to the site of infection, promoting a local immune 375 

response. While many antimicrobial peptides have been identified in fish mucus and ex- 376 

plored for their potential therapeutic use in humans, only a few have been studied in clin- 377 

ical trials. An extensive list of antimicrobial agents found in teleost is nicely presented in 378 

a review [33]. 379 

Elasmobranchs (sharks, skates, rays, and sawfishes) are among the oldest and most 380 

diverse marine vertebrates and differ from bony fish in several aspects including cartilag- 381 

inous skeleton and that the skin is covered by placoid scales (denticles) that reduce fluid 382 

friction and thus enhance swimming efficiency [34]. The mucus layer of elasmobranchs is 383 

far less researched than in bony fish and the specific components are unknown, although 384 

likely different to bony fish due to dissimilar skin architecture as well as extensive evolu- 385 

tionary separation. Although not formally tested in any studies to our knowledge, it is 386 

believed that elasmobranchs only have a thin mucus layer [35]. No studies to our 387 

knowledge have examined glycans in elasmobranchs however a study on Japanese bull- 388 

head sharks (Heterodontus japonicus) identified a C-type lectin, that belong to a group of 389 

carbohydrate binding proteins [36]. Moreover, several studies have mapped the skin bac- 390 

terial microbiota of sharks and rays [37] and on skate skin several antibiotic producing 391 

bacteria were identified [38]. 392 

4.2. Shark skin histology 393 

Several studies have demonstrated that the skin of sharks possesses secretory cell 394 

types, despite not exhibiting a slimy texture upon handling (e.g., Scyliorhinus canicular, 395 

small-spotted catshark) [35]. These cells can be found stretching from the stratum basale 396 

to the epidermal surface and may be similar to the epidermal secretory cells of bony fish. 397 

With this in mind, we analyzed skin biopsy sections from spiny dogfish and chain cat- 398 

sharks and found a significant presence of secretory cells throughout the epidermis. These 399 

voluminous cells are likely columnar goblet cells or granular cells [35]. In comparison to 400 

rays, small-spotted catsharks display a higher abundance of secretory cells, with 40 secre- 401 

tory cells per 100 basal cells observed in the dorsal region and 20 secretory cells in the 402 

front region and fins. This is in contrast to nurse sharks (Ginglymostoma cirratum), which 403 

exhibit a much lower number of voluminous secretory cells [35].  404 

In our work, PAS staining unveiled distinct secretory cell coloration differences be- 405 

tween the shark species. In skin samples obtained from dogfish, secretory cells, presuma- 406 

bly of goblet type, were magenta-pink in color upon PAS staining. Conversely, in cat- 407 

sharks, secretory cells displayed magenta-pink coloring as well as light green staining. 408 

The differential staining observed between the two shark species may be attributed to the 409 

use of a light green counterstain in conjunction with PAS staining. This counterstain is 410 

utilized to enhance tissue definition and highlight glycogens and mucins, which can result 411 

in a PAS light green/blueish color [39]. Similarly, in biopsies of the mucosa rich human 412 

esophagus stained with PAS/AB, goblet cells containing acidic mucin-filled vacuoles can 413 

distend the cytoplasm and result in a blue discoloration rather than the typical pink hue 414 

[40]. Furthermore, certain images depict the presence of pink staining within the blueish 415 

secretory vacuole, suggesting the co-existence of distinct mucins within the same secre- 416 

tory vacuole (Figure 2B, D, F).  Thus, the histological findings indicate that the mucin in 417 

catsharks may possess a dissimilar chemical structure, potentially exhibiting a greater 418 

acidity, in comparison to the mucin present in dogfish. Overall, our histology data estab- 419 

lishes the presence of a mucus layer in the examined shark species as well as adds to and 420 

complements the limited histology literature on shark skin. 421 

4.3. Glycans unique to elasmobranchs and potential roles 422 
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The mucins, making up the majority of the mucus layer, are highly glycosylated with 423 

the glycans often contributing 50-80% to the molecular weight of the glycoconjugate [41]. 424 

There are several glycan sugar modifications including sialylation, sulfation and fucosyl- 425 

ation with important regulatory functions, for example of mucosal immune function [42]. 426 

The O-glycans can protect against pathogens, by adhering to bacteria and acting as releas- 427 

able decoys [43], thereby preventing them from interacting with the epithelial cells [27]. 428 

Moreover, O-glycans are hydrophilic and usually negatively charged when present on 429 

fish skin [14-16, 27], they promote binding of water and salts and are major contributors 430 

to the viscosity and adhesiveness of mucus, which forms a physical barrier between the 431 

surrounding water and epithelium [44]. 432 

In this study, we characterized O-glycans and N-glycans in three types of elasmo- 433 

branchs, the first such mapping performed. In spiny dogfish and little skates, we detected 434 

39 and 22 glycans respectively, mainly core 1 and core 2. In dogfish, the glycans were 435 

mostly neutral and not acidic (heavily sialylated or sulfated), and the majority were O- 436 

glycans yet a few N-glycans were also found. In skates, we found more acidic glycans, all 437 

O-glycans. In both species most of the glycans were heavily fucosylated and to a lesser 438 

extent exhibited a HexNAc termination. The mucus harvested from catsharks was not suf- 439 

ficiently concentrated to allow a complete glycan extraction, although three glycans with 440 

Galβ1-3/4GlcNAc repetition were found. 441 

In dogfish, two glycans with rare three adjacent HexNAcs (polyHexNAc) were 442 

found. This sequence is a carbohydrate polymer composed of N-acetylhexosamine resi- 443 

dues which was first isolated from bacteria [45]. PolyHexNAc was later found in heart- 444 

worms (dirofilaria immitis) and showed a strong immunoactivity [46], as well as in fungi 445 

where it serves as an antioxidant [47]. It is plausible to think that the polyHexNAc glycans 446 

were derived from the microbiota community on the sharks if not from the sharks them- 447 

selves, however unlikely because of the relatively high abundance of these glycans and 448 

that no large amounts of bacteria were detected (Supplementary Figure 3). 449 

When examining the dogfish glycans in depth, we discovered, to our surprise, that 450 

the O-glycans in dogfish show an outstanding resemblance to human gastric mucin O- 451 

glycans. Rossez et. al demonstrated that the O-glycans residing in human gastric mucus 452 

are, as in dogfish, mostly neutral, highly fucosylated, and carry several lactosaminic units 453 

(repetition of Galβ1-3/4GlcNAc) [48]. Core 2 was the main core structure detected in these 454 

gastric mucins and numerous fucosylated oligosaccharides carried the blood group O de- 455 

terminant (Fucα1-2Galβ1). Moreover, they showed that these glycans can serve as  po- 456 

tential binding sites for bacteria such as Helicobacter pylori [48]. The ability of fish mucins 457 

to bind bacteria is also a known concept for fish mucus as demonstrated in salmonoids 458 

[31, 49, 50]. This similarity between two genetically remote species (human and shark) 459 

suggests that 1. Some glycans may be evolutionary very conserved and have similar func- 460 

tions. 2. Shark biology may have relevance to humans with potential medical translational 461 

applications. 462 

As mentioned above, the fucosylation modification on the dogfish (and skate) gly- 463 

cans was very abundant. Indeed, in Atlantic Salmon and zebrafish fucosylation on N- and 464 

O-glycans are common [14, 51]. However, the arrangement of the Fuc group within the 465 

glycan is different in dogfish (Figure 3). Fucose mediates protein interactions which are 466 

essential to biological processes such as host-microbiota communication, viral infection, 467 

or immunity [52]. In immunoglobulins, core fucosylation is particularly important. For 468 

example, fucosylation of IgG antibodies shifts the balance of Type I and Type II Fc gamma 469 

receptors (FcγR) that will be engaged by immune complexes which in turn, modulates the 470 

effector cells and functions that can be recruited during immune activation [53]. In mam- 471 

mals, fucosylation is highly important as it constitutes a component of the ABO blood 472 

group. Interestingly, we found that both spiny dogfish and little skate skin secretions con- 473 

tain glycoproteins carrying the human H blood group type glycan. The H blood group 474 

type 1 glycan epitope, Fucα1–2Galβ1–3GlcNAc, is expressed at the termini of O-glycans 475 

on a high molecular weight sialomucin and at the non-reducing termini of N-glycans on 476 
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a number of unidentified glycoproteins of medium molecular size [54]. In humans, this 477 

epitope is encoded by either the FUT1 (fucosyltransferase 1, in blood) or FUT2 (epithelial 478 

cells on mucosal surfaces) which is required for the final step of synthesis of soluble A and 479 

B antigens [55], but interestingly also mediates diverse biologic processes such as angio- 480 

genesis, macrophage polarization, keratinocyte migration, and cancer cell survival [56, 57]. 481 

Its role in fish and sharks is currently unknown.  482 

The skin mucin O-glycomes of Atlantic salmon (Salmo salar) and rainbow trout (On- 483 

corhynchus mykiss) have previously been described in detail [14-16, 27]. The sample collec- 484 

tion and mucin isolation process used differed from the current study, but the sample 485 

preparation and MS were performed using the same methodology. The glycans detected 486 

in the elasmobranchs in the current study were notably different from the glycans de- 487 

tected in the salmonids (Figure 8). Since the current study was based on less material, we 488 

compared the glycans making up >50 % of the glycans. Although 20-60 glycans (depend- 489 

ing on species) have been detected on the salmonid skin mucins, the vast majority of the 490 

glycans are short (two monosaccharides) and acidic, with the acidic moiety mainly being 491 

comprised of sialic acids instead of the sulfation detected in the current study (Figure 8). 492 

Low levels of sulfation are also found in the salmonids, however, sialylation dominates 493 

by far. The salmonid mucin’s short and sialylated glycans have a poor pathogen binding 494 

ability, possibly due to steric hindrance/too short epitopes since fish pathogens bind larger 495 

sialylated epitopes on other epithelial sites in these salmonids with higher avidity [15, 49]. 496 

Indeed, we have speculated that the short glycans on the salmonid skin glycans act akin 497 

to Teflon, to limit the number of bacteria attaching to the external surface of the fish, in 498 

contrast to the mucins produced on internal epithelial sites that appear to act as releasable 499 

decoys, transporting pathogens away from the epithelial surface. Medium-sized fucosyl- 500 

ated glycans, similar to those dominating on the elasmobranch surface, are mainly found 501 

on the gills in the salmonids, and to a lower extent in the gastrointestinal tract. Since mu- 502 

cins from these regions in the salmonids have a higher avidity for pathogen binding than 503 

the skin mucins, one may speculate that the elasmobranch skin mucins bind bacterial 504 

pathogens efficiently and have a different function/role with regards to interactions with 505 

bacteria than the salmonid mucins, possibly providing nutrients for a beneficial microflora 506 

[58]. 507 
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 508 

Figure 8. Summary of the most common elasmobranch skin glycans and comparison with the most 509 
common previously described skin glycans from salmonids. A cartoon of the main glycans that to- 510 
gether constitute >50% of total glycans (based upon MS signal response) in spiny dogfish (51 %), 511 
chain catshark (100 %) and little skate (74 %) compared with Atlantic salmon (74 %) and rainbow 512 
trout (81 %) [15, 27]. Little skate: m/z: 530, glycan name: Fuc(a1-2)Gal(b1-3)GalNAcol, m/z 733, gly- 513 
can name: Fuc(a1-2)(HexNAc-)Gal(b1-3)GalNAcol, m/z 610 glycan name: Fuc(a1-2)(SO3-)Gal(b1-)- 514 
GalNAcol. Scheme 1041. b,): glycan name: Fuc(a1-2)Gal(b1-3)[Fuc(a1-2)Gal(b1-3)GlcNAc(b1-6)]Gal- 515 
NAcol,  m/z: 530 glycan name: Fuc(a1-2)Gal(b1-3)GalNAcol. m/z 733, b,  glycan name: Fuc(a1- 516 
2)Gal(b1-3)[HexNAc(b1-6)]GalNAcol and m/z: 895, c, glycan name:, Fuc(a1-2)Gal(b1-3)[Gal(b1- 517 
4)GlcNAc(b1-6)]GalNAcol, respectively. Chain catsharks: m/z: 749a,b, glycan name: Hex-(Hex- 518 
HexNAc-)HexNAcol,  Gal(b1-3)[Gal-GlcNAc(b1-6)]GalNAcol, respectively and m/z 895d glycan 519 
name: Hex-(deHex-)HexNAc-Hex-HexNAcol. (d) In both fish shown-  short NeuAc-containing O- 520 
glycans, the most abundant being the disaccharide NeuAcα2-6GalNAc. 521 

4.4. N-glycans 522 

We discovered three N-glycans in dogfish. It is well known that N-glycans are im- 523 

portant in retaining growth factor and cytokine receptors at the cell surface, probably 524 

through interactions with galectins, or cytokines such as TGF-β [59]. It is reasonable to 525 

assume that the low number of N-glycans in dogfish or their absence in the other two 526 

types of sharks is either true since N-glycans are less common than O-glycans in bony fish 527 

mucus layer, or false due to the method used to collect the mucus layer. However, sup- 528 

porting the lower abundance of N-glycans compared to O-glycans is that if present they 529 

are found on most proteins in mucosal layers and are thus easily detected [60]. 530 

4.5. Study limitations 531 
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The spiny dogfish were only females. The mucus harvest method may have missed 532 

some glycans and did not work well in chain catsharks in which longer absorption time 533 

or scraping may be needed.  534 

2. Materials and Methods 535 

2.1. Animals 536 

Spiny dogfish caught by hook gear were purchased from commercial fisherman in 537 

Chatham, MA in 2022. Only female spiny dogfish were available, likely due to commercial 538 

fishing often targeting female schools[17]. Chain catsharks were collected from a National 539 

Oceanic and Atmospheric Administration survey vessel by dredging in the mid-north At- 540 

lantic between 2017 and 2019. Skates were collected by trawl net around Woods Hole, MA 541 

by the Marine Biological Laboratory (MBL) in 2021. All elasmobranchs were housed in 542 

tanks with natural sea water flow-through systems-maintained year-round at 14°C at the 543 

Marine Resources Center (MRC) at the MBL. Elasmobranchs are housed in single-species 544 

groups, they are fed a diet of food-grade frozen capelin (Atlantic-Pacific North Kingstown, 545 

RI) and fresh frozen locally caught squid three days per week. Photos were taken with an 546 

Iphone 13 Pro (Apple Inc.). Experiments were approved by the Institutional Animal Care 547 

and Use Committee (IACUC) at the MBL (protocol no 22-22). 548 

2.2. Skin mucus sampling 549 

Skin mucus was sampled using the Kleenex tissue absorption method, previously 550 

developed for salmonoids [18]. Briefly, housed elasmobranchs were caught gently with a 551 

net and a Kleenex tissue was placed on the skin for 10 seconds to saturate it with mucus 552 

fluid before it was put in the upper compartment of Spin-X tubes (Sigma-Aldrich) on ice 553 

and later spun down at 700 g in a 4 °C cooled benchtop centrifuge to collect the absorbed 554 

mucus fractions. Tank water controls samples were also harvested by placing the Kleenex 555 

(Kimberly-Clark) briefly in the tank water. The liquid samples were transferred to plastic 556 

cryotubes, snap frozen on dry ice and stored at -80 °C. The samples had volumes of 0.6-1 557 

ml. Sample protein content was estimated by the bicinchoninic (BCA) assay (Thermo- 558 

Fisher). 559 

2.3. Skin biopsy sampling and histology 560 

For skin biopsies, the elasmobranchs were gently caught by a net and transferred to 561 

a plastic procedure tank of 90 l (cooler style, with a lid) with the general anesthetic AQUI- 562 

S® 20E (eugenol) under INAD #11-741 37.5 mg/L dissolved in sea water. Animals were 563 

maintained under anesthesia via a water pump delivering anesthetic sea water into the 564 

mouth. Biopsies were harvested by 4 mm punch biopsy tools (Kai Medical) and fixed in 565 

4% formaldehyde followed by paraffin embedding and sectioning. Staining was per- 566 

formed at the ZooQuatic Laboratory (NH, US), according to standard protocols. 567 

2.4. Mass spectrometry 568 

Glycans were released from the proteins and analyzed in their reduced form as non- 569 

derivatized alditols with liquid chromatography connected to mass spectrometry kept in 570 

the negative ion mode and sequenced using collision-induced dissociation (CID) by MS2 571 

and MS3 experiments.  572 

2.4.1. Glycan release 573 

Samples were analyzed using a standard glycomics workflow as described below. 574 

The method for glycoprotein dot blot, glycan release, and analysis used here is de- 575 

scribed in detail elsewhere [19]. The method is optimal for O- and N-glycans consisting of 576 

2-16 monosaccharide residues. 577 

Briefly, the shark skin samples were dried down using a speedVac vacuum concen- 578 

trator (Thermo-Fisher), then proteins were reduced in 400 µl of extraction buffer (0.1M 579 
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dithiothreitol, ultrapure 6M guanidinium hydrochloride (MP Biomedicals), 5 mM EDTA, 580 

0.1M triethylamine bicarbonate buffer; pH 8.1), and placed in 37 °C overnight. The sam- 581 

ples were then dot blotted to PVDF membrane (Immobilon P, Millipore) and acidic glyco- 582 

proteins were visualized with Alcian Blue (see Supplementary Figure 1). 583 

PVDF membrane spots were excised and placed in test tubes (two spots/sample), fol- 584 

lowed by 5 x 15 min destain/washes in MeOH. The glycans were released from the protein 585 

with 40 µl beta elimination solution (0.5 M NaBH4 in 0.05 M NaOH) at 50 °C in a water 586 

bath. Samples were neutralized with 1-2 ul conc HAc, followed by desalting using cation 587 

exchange media (AG50WX8 (Biorad) in C18 ziptips (Millipore), two ziptips/sample, and 588 

dried with speedvac. Borate residuals were eliminated by repeated additions of MeOH (5 589 

x 50 ul) and evaporated in between. 590 

2.4.2. Glycan analyses with LC/MS 591 

Reduced glycans were resuspended in 6 µl of water and injected (2 µl) onto a liquid 592 

chromatography-electrospray ionization tandem mass spectrometry (LC-ESI/MS). The ol- 593 

igosaccharides were separated on a column (10 cm × 250 µm) packed in-house with 5 µm 594 

porous graphite particles (PGC, Hypercarb, Thermo-Hypersil, Runcorn, UK) and a flow 595 

rate of 5 µl/min. The oligosaccharides were eluted with the following gradient: 0-46 min 596 

0-45% B, wash 46-54 min 100% B, then equilibration between 54-78 min with 0% B.  Buffer 597 

A was 10 mM ammonium bicarbonate (ABC) and buffer B was 10 mM ABC in 80% ace- 598 

tonitrile.   599 

A 30 cm × 50 µm i.d. fused silica capillary was used as transfer line to the ion source. 600 

The samples were analyzed in negative ion mode on an LTQ linear ion trap mass spec- 601 

trometer (Velos Pro, Thermo Electron, San José, CA), with an IonMax standard ESI source 602 

equipped with a stainless-steel needle kept at –2.5 kV. Compressed air was used as nebu- 603 

lizer gas. The heated capillary was kept at 270°C. Full scan (m/z 380-1800, two microscan, 604 

maximum 100 ms, target value of 30,000) was performed, followed by data-dependent 605 

MS2 scans (two microscans, maximum 100 ms, target value of 10,000) with normalized 606 

collision energy of 35%, isolation window of 3 units, activation q=0.25 and activation time 607 

30 ms). The threshold for MS2 was set to 300 counts. Data acquisition was conducted with 608 

the Xcalibur software (Version 2.0.7).   609 

2.4.3. MS2 Spectra interpretation 610 

The obtained tandem mass spectrometry (MS/MS) spectra were interpreted manually 611 

and confirmed using the freely available software ‘GlycoWorkbench’ [20]. Since the spe- 612 

cies analysed in this project have not been characterized previously, interpretations are 613 

just based on similarities to already characterized glycans. Spectra were compared to 614 

structures from human and mouse, stored in Unicarb-DB database (www.expasy.org) 615 

when available and also compared to reference spectra from mucin glycan interpretations 616 

from Atlantic salmon [14]. Peak quantification was performed manually using the Xcali- 617 

bur software (Thermo Scientific). Note that MS ionization efficiency for individual glycans 618 

may vary slightly, due to that for example acidic glycans may ionize better than neutral 619 

glycans in negative ion mode. MS fragmentation cannot distinguish between different 620 

hexoses and N-acetylhexosamines, Monosaccharide symbols used in figures follow the 621 

SNFG (Symbol Nomenclature for Glycans) symbols. Supportive evidence for typical core 622 

2 branching (R-Galβ1-3(R-GlcNAcβ1-6)GalNAc-Ser/Thr) is obtained by the diagnostic ion 623 

A0,4 [21]. This arises from cleavage between C-3 and C-4 in the GalNAc residue that is linked 624 

to the peptide backbone and is annotated as ‘A0,4’ in Figure 5. 625 

2.4.4. Chemicals 626 

Chemicals were from Sigma-Aldrich unless stated otherwise.  627 

2.4.5. Pilot experiments 628 

http://www.expasy.org)/
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Aliquots of one sample from each of the three different elasmobranch species were 629 

prepared and analyzed twice at increasing amounts in initial pilot experiments using a 630 

standard glycomics workflow (see Methods). Since no glycans were detected, a third pilot 631 

experiment was performed by pooling five samples from spiny dogfish. Increasing the 632 

starting amounts allowed for the detection of 29 O-glycans and three N-glycans. The BCA 633 

assay (Supplementary Table 1) results for protein concentration far exceeded the levels 634 

normally required for glycomics, however, we could use this as a guideline to pool and 635 

process the remaining samples (Supplementary File 1). In hindsight, the BCA protein as- 636 

say did most likely not truly reflect glycoprotein content, since hardly any glycans were 637 

detected in the catshark samples. 638 

5. Conclusions  639 

This is the first study that comprehensively examines the mucus layer of two shark 640 

and one skate species including histology and glycoproteomics. Several novel glycans 641 

were identified that differs to glycans previously observed in teleost fish and some bear 642 

resemblance to human glycans. While speculative, it may be that since shark skin is cov- 643 

ered with denticles that reduce drag, there is less of a need for a thick mucus layer. Con- 644 

versely, it may also be that various molecules, for example antimicrobial, are more con- 645 

centrated or more potent in the shark thin mucus layer. Further research on elasmobranch 646 

skin is motivated, especially bioprospecting studies that aim to identify novel molecules, 647 

understand their function and if possible, translate to human clinical use.  648 

Supplementary Materials: The following supporting information can be downloaded at: 649 
www.mdpi.com/xxx/s1, Figure S1: title; Table S1: title; Video S1: title. 650 
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