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ABSTRACT 26 

The Macrobrachium rosenbergii nodavirus (MrNV), the causative agent of white-tail 27 

disease (WTD) in many species of shrimp and prawn, has been shown to infect hemocytes and 28 

tissues such as the gills and muscles. However, little is known about the host surface molecules 29 

to which MrNV attach to initiate infection. Therefore, the present study investigated the role 30 

of glycans as binding molecules for virus attachment in susceptible tissues such as the gills. 31 

We established that MrNV in their virus-like particle (MrNV-VLP) form exhibited strong 32 

binding to gill tissues and lysates, which was highly reduced by the glycan-reducing periodate 33 

and PNGase F. The broad fucose-binding Aleuria Aurantia lectin (AAL) was highly reduced 34 

MrNV-VLPs binding to gill tissue sections and lysates, and efficiently disrupted the specific 35 

interactions between the VLPs and gill glycoproteins.  Furthermore, mass spectroscopy 36 

revealed the existence of unique fucosylated LacdiNAc-extended N-linked and O-linked 37 

glycans in the gill tissues, whereas beta-elimination experiments showed that MrNV-VLPs 38 

demonstrated a binding preference for N-glycans.  Therefore, the results from this study highly 39 

suggested that MrNV-VLPs preferentially attach to fucosylated N-glycans in the susceptible 40 

gill tissues, and these findings could lead to the development of strategies that target virus-host 41 

surface glycan interactions to reduce MrNV infections. 42 

 43 
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INTRODUCTION 51 

Macrobrachium rosenbergii nodavirus (MrNV) is the primary causative agent of the 52 

white tail disease (WTD) in the giant freshwater prawn Macrobrachium rosenbergii (de Man, 53 

1879). Characterized by the distinctive whitish discoloration in the muscle tissues of post-54 

larvae prawn, WTD ultimately results as a 100% rate of sudden mortality among post-larvae 55 

and in extensive damage to giant freshwater prawn aquaculture (Azad et al., 2005; J. R. 56 

Bonami, Z. Shi, D. Qian, & J. Sri Widada, 2005). MrNV, along with its closely related Penaeus 57 

vannamei nodavirus (PvNV), has been shown to infect a broad spectrum of cells and 58 

organisms, ranging from mosquito cell cultures (C6/36) and aquatic insects to other types of 59 

prawn such as Penaeus monodon and Penaeus vannamei (Hayakijkosol & Owens, 2013; Sahul 60 

Hameed, Yoganandhan, Sri Widada, & Bonami, 2004; Sudhakaran et al., 2008; Sudhakaran, 61 

Parameswaran, & Sahul Hameed, 2007). MrNV is a single-protein capsid non-enveloped virus, 62 

with a single-stranded RNA+ bipartite genome, and exhibits a T=3 icosahedral conformation. 63 

Phylogenetic and structural analyses based on the amino acid sequences of the RNA2 region 64 

encoding the capsid protein suggests that MrNV could be classified in its own genus 65 

Gammanodavirus, distinct from the insect and fish infecting Alpha- and Betanodavirus genera 66 

(Ho et al., 2018; NaveenKumar, Shekar, Karunasagar, & Karunasagar, 2013). MrNV virus-like 67 

particles (MrNV-VLPs) can be generated from the expression in either bacterial or insect-based 68 

systems of the capsid gene of RNA2, and they appear structurally identical to infectious MrNV 69 

virions (J.-R. Bonami, Z. Shi, D. Qian, & J. Sri Widada, 2005; Bonami & Widada, 2011; Ho, 70 

Kueh, Beh, Tan, & Bhella, 2017).  71 

The molecular structure of the MrNV capsid has been extensively described, 72 

comprising primarily an internal capsid shell (S-domains of the capsid protein subunits) and 73 

the external protruding spikes (subunit P-domains) (Ho et al., 2017). We previously reported 74 

the successful infection and propagation of MrNV in the Sf9 insect cell line and its dependence 75 
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on caveolin-dependent endocytosis for internalization into susceptible cells (M. Somrit, 76 

Watthammawut, Chotwiwatthanakun, & Weerachatyanukul, 2016). Furthermore, we 77 

demonstrated that the amino acids T345-N371 at the C-terminus was crucial for binding and 78 

internalization of the virus into Sf9 cells (Monsicha Somrit et al., 2017). Nevertheless, the 79 

specific surface binding factors that the virus uses to enter Sf9 cells or susceptible prawn tissues 80 

have yet to be fully elucidated.  81 

Given the fact that MrNV has the ability to infect a broad spectrum of hosts as described 82 

above, can infect most tissues and hemocytes in M. rosenbergii yet specifically causes 83 

pathogenesis (WTD) in the muscle tissues (Hameed, Yoganandhan, Widada, & Bonami, 2004; 84 

Jean-Michel et al., 1999; Sri Widada et al., 2003), led us to suspect that the virus may not 85 

depend on only proteinaceous host surface receptors but maybe also on glycosylated host 86 

surface molecules as binding factors. These broad yet selective characteristics are similar to 87 

the noroviruses of the Caliciviridae, which interact with N-/O-linked fucosylated glycans of 88 

human blood group antigens (HBGAs) present throughout many parts of the body, yet 89 

primarily causes disease in the gastrointestinal tract (Almand, Moore, & Jaykus, 2017; J. Le 90 

Pendu, 2004). As glycan motifs such as fucosylated N-glycans or fucosylated LacNAcs (LNFs) 91 

are often shared across many species, however, these motifs still differ in their levels of 92 

expression even between tissues within the same species (Gagneux & Varki, 1999; Varki, 93 

2006, 2017). Therefore, viruses such as MrNV that exhibit broad species and tissue infectivity, 94 

yet specific in tissue pathogenesis may reflect the aforementioned concept. Regarding the 95 

dependence on glycans for host interaction in the nodavirus family, the binding of the Dragon 96 

grouper nervous necrosis virus (DGNNV) VLPs, a betanodavirus closely related to the Malabar 97 

grouper nervous necrosis virus (MGNNV), was shown to be highly sensitive to the treatment 98 

of SSN-1 fish cell lines with tunicamycin and neuraminidase (Liu et al., 2005; Low, Syarul 99 

Nataqain, Chee, Rozaini, & Najiah, 2017). This report was the first study to demonstrate the 100 
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importance of N-glycosylation and interestingly sialic acids in the binding and internalization 101 

process of a nodavirus. The involvement of glycans in the nodavirus infection process was 102 

further demonstrated in grouper per fin cell lines (GF-1), in which it was proposed that the 103 

nervous necrosis viruses interacted with the heat shock cognate protein 70 (Hsc70) near the 104 

cell surface. Hsc70 in turn purportedly further interacts with GF-1 surface glycosaminoglycans 105 

(GAGs), facilitating attachment and internalization of the virus particles (Chang & Chi, 2015; 106 

Low et al., 2017). MrNV may thus be similar to many other viruses, both enveloped and non-107 

enveloped, that are dependent on glycans for the initial binding and internalization into host 108 

cells.  109 

 In regard to other non-enveloped viruses, especially members of the ssRNA+, 110 

Caliciviridae and Picornaviridae depend on specific host surface glycan motifs for 111 

susceptibility and cell attachment factors. Noroviruses of the Caliciviridae rely on interactions 112 

with fucosylated human blood group antigens (HBGAs), depending on the strains. On the other 113 

hand, the ssRNA+ Picornaviridae viruses are dependent on sialylated receptors, in particular 114 

α 2, 6-linked neuraminic acid (Neu5Ac)-containing glycans (Ashok & Atwood, 2006; Stencel-115 

Baerenwald, Reiss, Reiter, Stehle, & Dermody, 2014; Stroh & Stehle, 2014). Furthermore, 116 

other non-enveloped viruses such as members of the dsDNA Reoviridae that infect hosts 117 

ranging from mammals to insects depend on glycans found in HBGAs or NeuAc-terminated 118 

glycans. Finally, the non-enveloped members of the ssDNA Parvoviridae along with members 119 

of the Papovaviridae are both dependent on glycosaminoglycans in the form of heparan sulfate 120 

for binding and cell entry (Huang, Halder, & Agbandje-McKenna, 2014; Raman, 121 

Tharakaraman, Sasisekharan, & Sasisekharan, 2016; Shanker et al., 2017; Stencel-Baerenwald 122 

et al., 2014; Stroh & Stehle, 2014; Thompson, de Vries, & Paulson, 2019). 123 

Accordingly, the we aimed to elucidate the role of glycans as host-surface binding 124 

molecules that specifically interact with MrNV-VLPs. Therefore, the present study 125 
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demonstrates for the first time the dependence of MrNV, in the form of virus-like particles 126 

(MrNV-VLPs), on glycans present in the gills of the giant freshwater prawn M. rosenbergii. 127 

Furthermore, we also report the identification of unique fucosylated LacdiNAc-extended 128 

(LDNF) N- and O-glycans, and that the VLPs were more dependent on N-linked than on O-129 

linked fucosylated glycans for binding to gill proteins. Thus, these findings help to elucidate 130 

the putative binding factors of MrNV in host tissues, and should facilitate the development of 131 

infection-blocking strategies based on the virus-glycan interactions as revealed in this study. 132 

 133 

RESULTS 134 

Gill tissues are the initial binding site of MrNV-VLPs 135 

The general binding ability of the virus-like particles of M. rosenbergii nodavirus 136 

(MrNV-VLPs) to various tissue lysates of M. rosenbergii was shown by ELISA (Fig. 1A). To 137 

identify which tissue was the initial site of binding for MrNV-VLPs, we conducted whole-138 

mount immunohistochemistry. MrNV-VLPs were pre-conjugated with NHS-X-biotin for 139 

labeling, and then tracked using Alexa 488-conjugated avidin, an approach preferred over a 140 

primary/secondary antibody approach due to inefficient perfusion of the probes into the tissues. 141 

When post-larval stage M. rosenbergii were immersed with biotin-conjugated MrNV-VLPs 142 

over a three-day period, the particles mainly localized in the gills as shown by the strong green 143 

fluorescence (Fig. 1B). This was further confirmed when gill tissue sections incubated with 144 

MrNV-VLPs showed extensive binding of the particles throughout the gill lamellae, which can 145 

be clearly observed by the red fluorescence on the lamellar epithelial lining (LEL) and the 146 

internal pillar cells (PC) of the gills (Fig. 1C, row 2, panel 3). This level of epithelial binding 147 

was neither observable in the hepatopancreas tissue sections nor in the muscle tissue sections 148 

(Sup. Fig. 1). Accordingly, these observations suggested the gills were the initial binding site 149 

upon exposure to MrNV-VLPs.  150 
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 151 

MrNV-VLP binding to gill tissues is glycan-dependent 152 

The possibility of glycans being involved in the binding process of MrNV-VLPs to the 153 

gills was examined using chemical and enzymatic methods, either on protein lysates or tissue 154 

sections. Treatment with sodium metaperiodate (NaIO4), which disrupts the intact structures of 155 

glycans, resulted in the highest level of reduction of MrNV-VLP binding to gill tissue lysates. 156 

In addition, treatment with the N-glycan core digesting enzyme PNGase F caused a significant 157 

reduction in particle binding but at a lower level than that of NaIO4 (Fig. 2A). However, it was 158 

also possible that the enzyme was either not able to totally remove all N-glycans represented 159 

by residual levels of GlcNAcs detected by sWGA, or that the lectin was also detecting terminal 160 

GlcNAcs of O-glycans (Fig. 2B). Additionally, the treatments with the glycosidases α1-2,3,6 161 

mannosidase, and α1-2,3,4,6 fucosidase both caused moderate reductions in MrNV-VLP 162 

binding (Fig. 2A), even though not being able to totally digest all mannoses and fucoses from 163 

the lysates (Fig. 2B). As a result, the glycosidases were still able to reduce MrNV-VLP binding 164 

levels in direct proportion to the level of digestion as shown in Figure 2B. These results, thus, 165 

demonstrated that the binding MrNV-VLPs to gill tissue lysate glycans were sensitive to 166 

reductions in total glycans by NaIO4, reductions of N-glycans levels by PNGase F, and to 167 

partial digestions of mannosylated and fucosylated structures. 168 

The reduction of MrNV-VLP binding due to alterations in glycan levels by NaIO4 and 169 

PNGase F was further examined in gill tissue sections. As shown in Figure 2C, gill tissues 170 

exhibited a high level of Con A and sWGA staining throughout the lamellar folds (GL), and in 171 

particular the lamellar epithelial lining (LEL), the pillar cells (PC) and the gill tips (GT) where 172 

gaseous exchange takes place. These observations suggested that the epithelial lining and cells 173 

possessed glycans that were both mannose and GlcNAc-rich. When the tissue sections were 174 

incubated with NaIO4 and PNGase F, there were evident, significant reductions of the green 175 
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fluorescence representing Con A and sWGA staining, respectively, along the epithelium (Fig. 176 

2D, 3rd column.); hence, indicating a reduction in glycans. The reductions in green 177 

fluoresecence of the lectins in the NaIO4 and PNGase F-treated sections corresponded to a near 178 

total inhibition of MrNV-VLP binding as evidenced by nearly absent red fluorescence (Fig. 179 

2D, rows 2 and 3, 4th column). Consequently, these epifluorescence microscopy results and 180 

ELISA experiments showed the MrNV-VLPs’ dependence on glycans of the gill tissues for 181 

binding. 182 

 183 

Gill tissue presents unique fucosylated N- and O-glycans 184 

Considering the involvement of glycans for the binding of MrNV-VLPs to gills, we 185 

further examined glycosylation patterns in order to identify possible glycan targets. 186 

Composition analysis by gas chromatography was conducted on major tissues to provide a 187 

general picture of the predominant carbohydrates present in the selected tissues. The results 188 

showed the presence of galactose (Gal), mannose (Man), fucose (Fuc), N-acetylgalactosamine 189 

(GalNAc) and N-acetylglucosamine (GlcNAc) residues in variable proportions (Sup. Fig. 2). 190 

Observation of high proportion of Man indicates the presence of oligomannosylated N-glycans, 191 

whereas Gal, Fuc, GalNAc and GlcNAc may be part of complex N- and O-glycans. Of 192 

particular interest, we note the high ratio of Fuc:[GlcNAc+Gal] in the gill (1.5) compared to 193 

that in muscle (0.4) and in the hepatopancreas (0.7) that is indicative of abundant fucosylated 194 

epitopes, possibly Lewis-type in this very tissue. Finally, in agreement with the accepted 195 

absence of sialic acids in Arthropoda (Tiemeyer, Nakato, & Esko, 2015), no sialic acid 196 

derivative could be identified in these tissues. 197 

We further attempted to pinpoint the major N- and O-glycans present in the gill tissue 198 

to further examine the specific glycosylation patterns involved in MrNV-VLP binding. 199 

Accordingly, gill tissue lysates were processed to release and enrich N- and O-glycans, then 200 
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subjected to MALDI-MS and MS/MS analyses. The N-glycan profile revealed a complex 201 

pattern dominated by the signal at m/z 2396.3 assigned to [M+Na]+ adduct of Man9GlcNAc2 202 

oligomannosylated N-glycan, along with a signal at m/z 2192.2 assigned to Man8GlcNAc2, in 203 

accordance with the prevalence of Man in the monosaccharide composition (Fig. 3A). The 204 

other three major signals at m/z 1590.9, 2010.1 and 2674.4 were annotated as 205 

Fuc1Hex3HexNAc3, Fuc2Hex3HexNAc4 and Fuc3Hex3HexNAc6, respectively. MALDI-206 

MS/MS spectrum of signal at m/z 2010 showed the presence of a Fuc residue both at the 207 

terminal reducing HexNAc residue owing to the fragment ion at m/z 1558 and on the non-208 

reducing HexNAc2 branch according to the fragment ion at m/z 1331 (Sup. Fig. 3). The last 209 

Fuc residue could be positioned at the C3 position of the internal HexNAc residue owing to the 210 

combined Y fragment ions at m/z 1750 and Z fragment ion at m/z 1883, which defines the 211 

terminal HexNAc(Fuc-3)HexNAc glycotope. Altogether, these data strongly suggest the 212 

presence of N-glycans sharing a core fucosylated structure differentially extended by HexNAc, 213 

HexNAc(Fuc)HexNAc, and [HexNAc(Fuc)HexNAc]2 motifs, respectively. These glycotopes 214 

are highly reminiscent of LacdiNAc (GalNAcβ1-4GlcNAc) epitopes synthesized by insects 215 

and other invertebrates in place of LacNAc (Galβ1-4GlcNAc) more commonly observed in 216 

vertebrates.  217 

 The MS profile of O-glycan revealed four major signals at m/z 953.4, 994.5, 1127.5 and 218 

1168.5 which were annotated with Fuc1Hex1HexNAc1-HexNAcitol, Fuc1HexNAc2-219 

HexNAcitol, Fuc2Hex1HexNAc1-HexNAcitol, and Fuc2HexNAc2-HexNAcitol, respectively 220 

(Fig. 3B). MS/MS analyses of these four signals indicated that these are Core 3 based O-221 

glycans extended with different variations of fucosylation on gill tissue (Fig. 3C-F). MS/MS 222 

spectra of [M+Na]+ molecular ions at m/z 953 and 1127 showed that the respective terminal 223 

glycotope is type-1 H glycotope based on C ion at m/z 433 and Z ion at m/z 543 (Fig. 3C), and 224 

Lewis b glycotope based on B ion at m/z 834 and Z ion at m/z 717 (Fig. 3E). MS/MS spectra 225 
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of another two signals at m/z 994 and 1168 showed the presence of an LDNF chain according 226 

to B ion at m/z 701 (Fig. 3D) and B ion at m/z 875 (Fig. 3F). Additionally, the respective Z ion 227 

at m/z 788 (Fig. 3D) and m/z 962 indicated the terminal glycotopes are HexNAc(Fuc-228 

3)HexNAc and (Fuc3-)HexNAc(Fuc-3)HexNAc. This LDNF chain is present on N-glycans as 229 

well. Therefore, the major O-glycans identified in the gill tissues appeared to be unique 230 

fucosylated glycans. The possibility of their interactions with MrNV-VLPs was explored in 231 

subsequent experiments. 232 

 233 

The fucose-binding Aleuria aurantia lectin (AAL) blocks the specific interaction between 234 

and MrNV-VLPs and gill tissue proteins  235 

To examine if MrNV-VLPs interact specifically with fucosylated glycoproteins of the 236 

gills, pull-down assays and Far Western blotting were performed using the particles as bait and 237 

the gill proteins as prey proteins. Firstly, Coomassie staining of SDS-PAGE gels of the gill 238 

proteins showed bands with masses ranging from 15 kDa to 250 kDa (Fig. 4 panel 1, lane 1). 239 

The gill proteins (prey) that interacted specifically to MrNV-VLPs (bait) were obtained by 240 

passing total gill protein lysates through VLP-coated columns (pull-down assay), and the eluted 241 

gill proteins were subjected to SDS-PAGE. The gel showed that the gill proteins that interacted 242 

with the VLPs had weights of between ~65 and ~75 kDa (Fig 4A, panel 1, lane 3). The co-243 

eluted MrNV-VLPs appeared as a fainter band at ~42 kDa (Fig 4A, panel 1, lane 2). To further 244 

confirm that the MrNV-VLPs did specifically interaction with the ~65-~75 kDa bands of the 245 

gill proteins, we performed Far Western blotting. PVDF membranes with transferred gill 246 

proteins that underwent the pull-down assay were incubated with MrNV-VLPs again as the 247 

bait protein and detected by anti-6xHis antibodies. The Far Western blot results showed that 248 

the MrNV-VLPs did bind strongly to the the ~65-75 kDa bands of the gill proteins from the 249 

pull-down assay (Fig. 4, panel 2, lane 3 upper band), and this selective binding was further 250 
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confirmed by the  MrNV-VLPs binding at the same ~65-75 kDa bands in the crude gill protein 251 

lane (Fig. 4, panel 2, lane 1). In Western blots using the AAL lectin as a probe revealed a 252 

binding to a large number of bands in the lane of crude gill proteins (Fig. 4, panel 3, lane 1), 253 

and to the ~65-~75 kDa bands of the pull-down gill protein lane (Fig. 4, panel 3, lane 3). When 254 

the membrane was pre-incubated with AAL, there was nearly a complete blocking of MrNV-255 

VLPs binding to crude gill protein lane (Fig. 4, panel 4, lane 1), and the same was observed in 256 

the pull-down gill protein lane (Fig. 4, panel 4, lane 3). Therefore, these results further 257 

confirmed that the MrNV-VLPs selectively interacted with fucosylated glycoproteins of the 258 

gills, as evidenced by the MrNV-VLPs binding to both pull-down and crude gill proteins of 259 

similar MW, and the disruption of this interaction by the broadly specific fucose-binding AAL. 260 

 261 

MrNV-VLPs binding to gill tissues is blocked by fucose-binding lectins 262 

To further verify the MrNV-VLP interaction with gill proteins were dependent on 263 

fucosylated glycoproteins, a panel of lectins were used to examine if there were other 264 

glycotopes also involved in the binding process. The ELISA experiments showed that the AAL 265 

lectin still showed the most inhibition (over 75%) of MrNV-VLPs binding to gill protein lysates 266 

(Fig. 5A). BC2L-C-Nt, which recognizes H-type 1, Leb, and Ley antigens, nor UEA-I, which 267 

recognizes primarily H-type 2 antigen displaying glycoconjugates, displayed efficient 268 

inhibition ability. However, Con A, which recognizes glycoconjugates containing high 269 

mannose type, hybrid type and bi-antennary N-glycans caused nearly a one-fold reduction in 270 

binding. Furthermore, sWGA that recognizes GlcNAcs caused a significant but small 271 

reduction, while LCA which binds to core-fucosylation of N-glycans did not exhibit any 272 

significant inhibition. On the other hand, PNA which binds to O-glycan LacNAcs (Tn-antigen) 273 

caused a significant but low level of inhibition, while RCA-I that binds to galactose/GalNAc 274 

and AIA (sialylated Tn-antigens) were ineffective. 275 
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When the gill tissues were pre-incubated with AAL, the lectin staining could be 276 

observed as an intense, green fluorescence throughout the gill tissue especially the lamella (GL) 277 

(Fig. 5B, row 5 panel 3). Simultaneously, there was a near complete loss of MrNV-VLP 278 

binding to the gill tissues when gill tissues were pre-incubated with AAL (Fig. 5B, row 5 panel 279 

4), similar to that observed following sodium metaperiodate treatment (Fig. 1C row 2). On the 280 

other hand, pre-incubation of the gill tissues with BC2L-C-Nt and Con A resulted in a moderate 281 

inhibition of MrNV-VLP binding (Fig. 5B, rows 2 and 3). Neither the N-glycan binding LCA 282 

nor the O-glycan binding PNA caused any reductions (Fig. 5B, rows 4 and 6). Other lectins 283 

such as UEA-I, RCA-I, WGA, AIA and PhosL (results not shown) also did not cause noticeable 284 

effects on binding. 285 

 286 

MrNV-VLPs prefer fucosylated N-glycans over O-glycans for binding 287 

In earlier results, the PNGase F treatment reduced MrNV-VLP binding to gills extracts 288 

and tissues, suggesting the involvement of N-glycans (Fig. 2A).  To further examine whether 289 

MrNV-VLPs interact specifically with O-glycans, gill tissue lysate-coated wells were treated 290 

with a GlycoProfile β-Elimination Kit to reduce total O-glycan levels (efficiency of O-glycan 291 

reduction shown in Sup. Fig. 4). Interestingly, the reduction of O-glycan by beta-elimination 292 

resulted in more than a two-fold increase in the binding of the VLPs to the tissue lysates (Fig. 293 

6). This could either indicate that the reagent reduced O-glycan complexities which further 294 

increased exposure to the O-glycans for binding, or there was increased access to fucosylated 295 

N-glycans. To verify the latter notion, we again used the Con A, AAL and BC2L-C-Nt lectins 296 

to try and block VLP binding after treatment with the beta-elimination reagent. The results 297 

showed that Con A reduced virus particle binding by nearly one-fold compared to reagent-298 

treated lysates, and more notably AAL was able to reduce binding to levels lower than those 299 

of both reagent and non- treated lysates.  BC2L-C-Nt, PNA and UEA-I which served as O-300 
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glycan-blocking lectins did not affect binding levels significantly (Fig. 6). Therefore, in 301 

conjunction with the effects of PNGase F of earlier results, the reduction in MrNV-VLP 302 

binding by these lectins after beta-elimination supported the notion that the reduction of O-303 

glycan levels more likely increased access for the binding of MrNV-VLPs to fucosylated N-304 

glycans.  305 

 306 

MrNV-VLPs exhibit binding to immobilized fucosylated glycoconjugates 307 

As the gill tissue lysates involved a large mixture of glycans from a crude extract, we 308 

coated immobilized glycans with known structures onto ELISA wells in order to pinpoint more 309 

precisely the carbohydrate moieties or motifs recognized by the MrNV-VLPs. With the 310 

selected panels of glycans used, MrNV-VLPs showed the highest level of binding towards 311 

polyacrylamide-conjugated alpha-fucose (PAA-α-Fucose), followed by PAA-GlcNAc, PAA-312 

Gal, and PAA-GalNAc (Fig. 7); thus, confirming their preference for fucosylation.  313 

Furthermore, MrNV-VLPs showed some levels of binding to the more complex 314 

fucosylated Lewis antigens, in particular human serum albumin-conjugated Lewis a (HSA-Lea) 315 

(Fig. 7). Therefore, these immobilized glycoconjugate results further confirmed the earlier 316 

experiments that the MrNV-VLPs preferred fucosylated glycans in general, and the moderate 317 

levels of binding to the Lewis antigens may reflect the nature of their broad specificity.  318 

 319 

DISCUSSION 320 

The Macrobrachium rosenbergii nodavirus (MrNV) is a non-enveloped virus, which, 321 

as we have demonstrated in a previous study, is highly dependent on the C-terminal 26 amino 322 

acids of the protruding P-domains for the binding and interaction process with the permissive 323 

Sf9 insect cell line (Monsicha Somrit et al., 2017). In our present study, we describe for the 324 

first time in this species that MrNV in the form of virus-like particles (VLPs) is highly 325 
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dependent on fucosylated glycans as binding factors on giant freshwater prawn tissues and that 326 

glycan-removal/blocking agents such as periodate, glycosidases and lectins could affect 327 

binding levels. Furthermore, this study also revealed the existence of N- and O-glycans with 328 

unique structures in the gill tissues, which may lead to the development of compounds that can 329 

specifically block viral attachment.  330 

 We demonstrated through the wholemount technique that the MrNV-VLPs attach 331 

primarily to the gill tissues of the post-larvae specimens. Past studies using in situ hybridization 332 

in diseased post-larval (PL) stage of prawn showed that the localization of MrNV were mainly 333 

in the striated muscles of the abdomen, cephalothorax and appendages (Sahul Hameed et al., 334 

2004; Sri Widada et al., 2003). Some studies showed that some signals of the virus can be 335 

found in the gills (Jean-Michel et al., 1999), and either in the intertubular epithelial cells or the 336 

phagocytic hemocytes within the hepatopancreas (Hsieh et al., 2006). The differences between 337 

the localization in our study using non-replicating VLPs and the aforementioned reports using 338 

infectious MrNV inocula may be explained by the fact that MrNV signals in past studies were 339 

observed only after the disease had progressed long enough for pathological signs of WTD to 340 

be noticeable (Hsieh et al., 2006; Sri Widada et al., 2003). As such, the detection in muscle 341 

tissues of the virus-afflicted specimens may reflect the “terminal” stage of the disease and does 342 

not provide information about the initial entry points of exposure/infection to the virus. The 343 

use of MrNV-VLPs as in our study, while not causing viral infection and pathologies in the 344 

susceptible host tissues, still provided a simple and meaningful way to observe the virus 345 

binding process due to their structural homology with native MrNV. Additionally, the 346 

wholemount experiments showing high level of MrNV-VLP binding to the gill tissues of PL 347 

may better reflect the natural introduction of the virus into the prawns incompletely closed 348 

circulatory system (McGaw, 2005). 349 
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The gills of decapod crustaceans are involved in gaseous exchange, in maintaining 350 

osmotic and ionic balance, in excretion/detoxification and in the immune response towards 351 

invading pathogens (Felgenhauer, 1992; Freire, Onken, & McNamara, 2008). With gaseous 352 

exchange requiring the oxygenation of hemocyanin within the hemolymph and conveyed to all 353 

tissues by the arterial system (Henry, Lucu, Onken, & Weihrauch, 2012),  the gills can provide 354 

a quick route for the entry of viral pathogens to ultimately cause infections in tissues throughout 355 

the animal. Our results showing the preference of MrNV-VLPs for the gills may indicate the 356 

potential exploitation of the tissue by the virus as a point of entry and transfer. This notion is 357 

supported by past studies showing that an influx of hemocytes in the gills occurs in M. 358 

rosenbergii challenged with pathogens (Jayasankar et al., 2002; Okuno et al., 2002), and that 359 

hemocytes can be and remain infected with MrNV after they have migrated to distant tissues  360 

(Gangnonngiw, Bunnontae, Phiwsaiya, Senapin, & Dhar, 2020; Hsieh et al., 2006). Therefore, 361 

our wholemount results demonstrated the gills as the initial tissues for MrNV-VLP binding, 362 

but further studies are required to characterize the transmission of the virus between the gills 363 

and hemocytes that ultimately results in infection of the muscles.  364 

 The surface binding factors for MrNV in susceptible cells or tissues of M. rosenbergii 365 

have yet to be fully elucidated. A recent study has shown cell surface-interacting 366 

transglutaminase (MrTGII) to be important in the binding and internalization process into M. 367 

rosenbergii hemocyte cells. MrTGII, and transglutaminases in prawn in general, are involved 368 

in the hemocyte clotting process during bacterial infections. Furthermore, through the existence 369 

of RGD-domains in MrTGII, and the fact that transglutaminases in vertebrates interact with 370 

the GAG heparan sulfate, it has been proposed that the enzyme may interact with cell surface 371 

integrins and GAGs to facilitate the entry of MrNV into the hemocytes (Gangnonngiw et al., 372 

2020). While these findings are preliminary and require further studies, it does indicate the 373 

possibility of glycans as facilitating factors in the binding process of MrNV. Previous studies 374 
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also revealed the potential role of glycans as binding factors for the Alpha and Beta genera of 375 

nodaviruses, our study adds a gammanodavirus to the list of glycan-binding nodaviruses.  376 

Following the demonstration that tissue glycans were crucial for the binding of the virus 377 

particles, we have established the structures of N- and O-glycans from gill in order to identify 378 

unique glycan structures that may be targeted by MrNV for binding. The N-glycan profiles 379 

revealed three major signals, all of which shared a core fucosylated structure and differentially 380 

extended by HexNAc, HexNAc(Fuc)HexNAc, and [HexNAc(Fuc)HexNAc]2 motifs, 381 

respectively. While the core fucosylated structure of the N-glycans is ubiquitous,  the α1-3 382 

fucosylation is typically found in invertebrates (Paschinger & Wilson, 2019). However, in this 383 

study, the ability of PNGase F to significantly reduce both the levels of glycans and MrNV-384 

VLP binding in the gill tissue sections and lysates strongly suggested that the N-glycan core 385 

was fucosylated at the α1-6 position.   386 

HexNAc extended core-fucosylated structures are similar to the “pseudohybrid”, 387 

paucimannosidic N-glycans found in the Drosophila melanogaster and Caenorhabditis elegans 388 

N-glycomes (Leonard et al., 2006; North et al., 2006; Schachter, 2009). Furthermore, the 389 

biantennary core fucosylated-HexNAc glycan structure was also found as part of the N-390 

glycome of the lepidopteran cell lines Sf-21 and Bm-N (Kubelka et al., 1993), in glycoproteins 391 

expressed from Trichoplusia ni cells (Hsu et al., 1997), in the nematode Pristionchus pacificus 392 

(Yan, Wilson, & Paschinger, 2015), and in larvae of several dipteran species (Kurz et al., 2015). 393 

On the other hand, the HexNAc(Fuc)HexNAc, and [HexNAc(Fuc)HexNAc]2 N-glycan motifs 394 

are both biantennary fucosylated LacdiNAc (LDNF) structures extended from the fucosylated 395 

core, both structures of which, while not unique, are specifically found in only a handful of 396 

organisms till date. LacdiNAc (LDN), and in particular LDNF, are motif extensions found 397 

almost exclusively in invertebrates and highly immunogenic in mammalians where the 398 

LacNAc extension is more predominant (van Die & Cummings, 2010). The single-branched 399 
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HexNAc(Fuc)HexNAc extension of the core was observed in the N-glycomes of the 400 

lepidopteran T.ni and Lymantria dispar larvae (Stanton et al., 2017), the ruminant-afflicting 401 

nematode Haemonchus contortus (Paschinger & Wilson, 2015), in a sulfated form of the 402 

dipteran Anopheles gambiae (Kurz et al., 2015; Kurz, King, Dinglasan, Paschinger, & Wilson, 403 

2016), the egg/miracidia stages of helminthic parasite Schistosoma mansoni (Smit et al., 2015) 404 

and in the nematode Dirofilaria immitis (Martini et al., 2019). The HexNAc(Fuc)HexNAc 405 

extension bound with phosphoethanolamine (PE) was also found in the  N-glycomes of the 406 

male larvae and venom of Apis mellifera, and can be further extended with βGal or α/βGalNAc 407 

(Hykollari, Malzl, Stanton, Eckmair, & Paschinger, 2019; Kubelka et al., 1993; Rendić, Wilson, 408 

& Paschinger, 2008).  409 

The biantennary [HexNAc(Fuc)HexNAc]2 N-glycan motif in this exact form has been 410 

previously reported in  6-week-old worms of S. mansoni whose N-glycome was otherwise 411 

dominated by biantennary fucosylated LacNAcs (Lewis x-like extensions) (Prasanphanich, 412 

Mickum, Heimburg-Molinaro, & Cummings, 2013; Smit et al., 2015). These LDNF glycotopes 413 

have been shown to elicit a strong immune response in the host animal towards S. mansoni 414 

(Prasanphanich et al., 2014; Prasanphanich et al., 2013). Similar biantennary motif extensions 415 

with additional βGal-βGlcA or with terminal fucosylations have been shown in the glycomes 416 

of A. mellifera (Hykollari et al., 2019; Rendić et al., 2008) and in D. immitis (Martini et al., 417 

2019), respectively. 418 

The four glycan structures identified in the gill O-glycome were fucosylated, core 3 419 

mucin-type O-glycans which are unique structures that have not so far been reported in 420 

invertebrate O-glycomes (Staudacher, 2015; Walski, De Schutter, Van Damme, & Smagghe, 421 

2017; Zhang & Ten Hagen, 2019; Zhu, Li, & Chen, 2019). Of the four identified O-glycans in 422 

our study, the first and the third were essentially fucosylated LacNAcs; the first corresponding 423 

to the H-type 1 glycotope (Fucα1-2Galβ1-3GlcNAc) and the third determined to be a Lewis b 424 
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glycotope (Fucα1-2Galβ1-3(Fucα1-4)GlcNAc). Both the H-type 1 and Lewis b are glycotopes 425 

of the HBGA system and have been demonstrated to be specific ligands for strains of 426 

noroviruses and rotaviruses, which are enteric viruses belonging to the Caliciviridae and 427 

Reoviridae family, respectively (Jacques Le Pendu & Ruvoën-Clouet, 2019). The two 428 

remaining identified O-glycans (second and fourth) were both fucosylated LacdiNAcs (LDNFs) 429 

linked to the core O-GalNAc, which are unique structures for O-glycans in invertebrates that 430 

mostly display branching LacNAc or βGal from the O-GalNAc core (Staudacher, 2015). A 431 

single study reported through structural analysis and antibody reactivity the presence of Lex 432 

substituted O-glycans in salivary mucins of the wasp Vespula germanica (Garenaux, Maes, 433 

Leveque, Brassart, & Guerardel, 2011), It is also notable that the LDNF extensions to the O-434 

GalNAc core of the two of four O-glycans in this study highly resemble the LDNF antennary 435 

extensions in the N-glycans described earlier in the study. Thus, the LDNFs and the fucosylated 436 

glycans found in the N- and O- glycomes in the gill tissues were the primarily candidates as 437 

binding factors for MrNV. 438 

Previous studies have shown that MrNV can bind, infect and successfully replicate in 439 

the dipteran (Aedes albopictus) cell line C6/36 (Hayakijkosol & Owens, 2013) and lepidopteran 440 

(Spodoptera frugiperda) cell line Sf9 (M. Somrit et al., 2016). Interestingly, recent studies in 441 

several species of dipterans closely related to A. albopictus, including Aedes egyptii and A. 442 

gambiae reported that their N-glycomes contained LDNF core extensions with the presence of 443 

additional terminal βGal or βGlcA residues (Kurz et al., 2015; Kurz et al., 2016). Similarly, the 444 

N-glycomes of lepidopterans such as Sf21 cells, T.ni cells, High Five cells, and L. dispar 445 

showed varying levels of LDNFs similar to the N-glycan identified in our MALDI-TOF 446 

MS/MS results, but with minor additions (Kubelka et al., 1993; Rendić et al., 2008; Stanton et 447 

al., 2017) (see a comparison in Sup Fig. 5). However, no similarities can be drawn between 448 

dipteran/lepidopteran O-glycans with those identified in the M. rosenbergii gill tissues. The O-449 
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glycomes of dipterans appear to be dominated by core 1 mucin-type O-glycans, with additional 450 

glucuronic acids or fucosylations (Kurz et al., 2015; Staudacher, 2015; Walski et al., 2017). 451 

The O-glycome of Sf9 cell line showed the presence LacNAc and LacdiNAc extensions to the 452 

O-GalNAcs but without fucosylation  (Gaunitz et al., 2013; Walski et al., 2017).. Therefore, 453 

the marked similarities between the fucosylated LacdiNAcs N-glycans but not O-glycans 454 

identified in the gill tissues of the M. rosenbergii and those identified in dipteran and 455 

lepidopteran cell lines known to be susceptible to MrNV infection may suggest the possibility 456 

of fucosylated N-glycans as being the common binding factor for this virus. 457 

The importance of fucoyslated glycans in MrNV-VLP binding to gill tissues was further 458 

confirmed by the use of fucose-binding lectins. As shown in the lectin-blocked tissue sections 459 

and tissue lysate experiments, incubation with the AAL lectin caused the highest level of 460 

reduction of MrNV-VLP binding as compared to other fucose-specific lectins in LCA, BC2L-461 

C-Nt and UEA-I. Given that AAL is a lectin that has been shown to bind to α1-2,3,4, or 6 462 

fucosylations in particular those bound to GlcNAc-containing glycans (Bergstrom, Astrom, 463 

Pahlsson, & Ohlson, 2012; Matsumura et al., 2007; Wimmerova, Mitchell, Sanchez, Gautier, 464 

& Imberty, 2003), it was highly likely that the lectin was capable of binding to the N-linked/O-465 

linked LDNF extensions or even the core fucosylation of the gill glycans. However, lack of 466 

significant blocking by LCA or the more specific PhoSL (data not shown) suggested the VLPs’ 467 

low preference for the core α1-6-linked fucose for binding. Furthermore, the relatively low 468 

blocking levels by BC2L-C-Nt and UEA-I suggested that terminal α1-2-linked terminal 469 

fucoses, which are the targets of both lectins (Baldus et al., 1996; Sulak et al., 2011), along 470 

with H-type 1/2 or Lewis b/y antigens were highly unlikely to be involved.. The dependence 471 

on fucosylated glycans was further confirmed by the Western blot experiments, in which the 472 

AAL lectin interacted specifically with the 65-75 kDa bands of gill proteins from the pull-down 473 

assays. Moreover, the pre-incubation of the PVDF membranes with AAL abolished MrNV-474 
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VLP binding to both crude and pull-down proteins, thus, confirming the capability of AAL in 475 

blocking the binding of the particles to fucosylated glycoproteins present in the gill tissues.  476 

In conjunction with the PNGase F results, the ability of the Con A lectin to reduce 477 

MrNV-VLP binding better than O-glycan binding lectins such as PNA and AIA suggested that 478 

N-linked glycans were the main type of glycosylation involved in the binding process. 479 

Furthermore, mannose residues may be directly or indirectly involved in interaction of MrNV-480 

VLPs with the LDNF extensions. These results were further supported by the treatment of the 481 

gill protein lysates with beta-elimination reagent. Although the removal of O-glycans by the 482 

reagent was not complete (Sup. Fig. 4), it was evident that beta-elimination of the gill lysates 483 

resulted in a significant increase in MrNV-VLP binding. This led us to question whether this 484 

was the effect of the reduced complexities of the O-glycan or an increased exposure of N-485 

glycans that may have facilitated more particle binding. Subsequently, beta-elimination 486 

reagent-treated gill proteins were then incubated with Con A and AAL to block remaining 487 

exposed N-glycans; while PNA, UEA-I and BC2L-C-Nt used for the remaining O-glycans. 488 

Ultimately, incubations with Con A and AAL resulted in the reduction of MrNV-VLP binding 489 

levels equal or even below that of untreated gill protein, strongly suggesting that the virus 490 

particles had a preference for fucosylated N-glycans over the O-glycans. 491 

In the present study, we demonstrated for the first time that fucosylated glycans, and in 492 

particular those of the N-glycan type, can act as factors that facilitate the binding and interaction 493 

process of MrNV-VLPs with the gill tissues of the giant freshwater prawn M. rosenbergii. 494 

Furthermore, mass spectrometry revealed the existence of N- and O-glycans with unique LDNF 495 

structures in the gills, which correspond well with the other results that show the high 496 

preference of the non-infectious MrNV-VLPs for gill tissues and fucosylated N-glycans. 497 

Therefore, the knowledge gained from the present study using the VLP counterpart of the 498 

infectious, native MrNV should lead to a better understanding of  the dependence of the virus 499 
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on fucosylated N-glycans for binding and interaction in susceptible tissues such as the gills and 500 

also lead to the development of either fucosylated glycan-based or fucosylated glycan-targeting 501 

compounds in order to combat viral infection. 502 

 503 

EXPERIMENTAL PROCEDURES 504 

Chemicals and reagents 505 

The tryptone and yeast extract used for preparing Luria Bertani (LB) broth were 506 

purchased from Titan Biotech, Delhi, India. Sodium chloride (NaCl), sodium carbonate 507 

(Na2CO3) sodium bicarbonate (NaHCO3), iodoacetamide (IAA), aminopropylsilane, 508 

sulfosuccinimidyl-6-(biotinamido)hexanoate (NHS-X-biotin), glycine, goat anti-mouse 509 

horseradish peroxidase (HRP), polyvinylidene fluoride (PVDF) blotting membranes, sodium 510 

hydroxide (NaOH) methanol, chloroform, pyridine, hydrochloric acid, formic acid, 511 

ethylenediaminetetraacetic acid (EDTA) and 4ʹ,6-diamidino-2-phenylindole dihydrochloride 512 

(DAPI) were purchased from EMD , Darmstadt, Germany.   513 

Ampicillin hydrochloride, Tris hydrochloride, imidazole, isopropyl β-d-1-514 

thiogalactopyranoside (IPTG), sodium phosphate monobasic/dibasic, fraction V bovine serum 515 

albumin (BSA) were purchased from Vivantis Technologies, Subang Jaya, Malaysia. Trypsin, 516 

chymotrypsin, glucose, mannose, β-N-acetylglucosamine (β-GlcNAc), L-fucose, α-galactose, 517 

β-N-acetylgalactosamine, (β-GalNAc), sialic acid, mouse anti-hexahistidine tag monoclonal 518 

antibodies, sodium metaperiodate, Triton-X 100, Tween 20, sodium borohydride, 519 

dichloromethane, GlycoProfile β-Elimination Kit and porcine mucin were purchased from 520 

Sigma-Aldrich, MO, USA. Alexa 488/594-conjugated goat-anti-mouse antibodies and Alexa 521 

488-conjugated avidin were purchased from Thermo Fisher Scientific, MA, USA. 522 

PNGase F, α1-2,3,6 mannosidase, and α1-2,3,4,6 fucosidase were purchased from New 523 

England Biolabs, MA, USA. Biotinylated lectins concanavalin A (ConA), succinylated 524 
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wheatgerm agglutinin (sWGA), Lens culinaris agglutinin (LCA), peanut agglutinin (PNA), 525 

Ricinus communis agglutinin I (RCA-I), Artocarpus integrifolia agglutinin/Jacalin lectin (AIA), 526 

Ulex europeaus agglutinin I (UEA-I), Aleuria aurantia lectin (AAL), and Lotus tetragonolobus 527 

lectin (LTA) were purchased from Vector Labs, CA, USA. Biotinylated BC2L-C-Nt, 528 

biotinylated PhosL, human serum albumin-conjugated (HSA) glycans (Isosep, Tullinge, 529 

Sweden), and polyacrylamide-conjugated (PAA) glycans were kind gifts from Drs. Anne 530 

Imberty and Annabelle Varrot (CNRS, Grenoble, France) and Dr Nicolai Bovin (IBCh RAS, 531 

Moscow, Russia), respectively.  532 

Preparation of Macrobrachium rosenbergii Nodavirus virus-like particles (MrNV-VLPs) 533 

Recombinant MrNV capsid proteins were expressed and purified according to 534 

previously described methods (Jariyapong et al., 2014). Briefly, pET16b plasmids (Novagen, 535 

Darmstadt, Germany) containing an inserted MrNV capsid protein gene with hexahistidine tag 536 

sequence (MrNVCAP-6xHis) were transformed into competent E. coli BL21 (DE3). The 537 

bacterial culture was then inoculated into LB broth containing 50 µg/mL of ampicillin, induced 538 

with 1 mM IPTG (25°C, 3 hr) and lysed in phosphate-buffered saline (PBS) containing protease 539 

inhibitor cocktail (GE Healthcare, Piscataway, NJ). The lysate supernatant was filtered and 540 

applied onto a Ni-NTA Histrap HP column. The MrNV-VLPs fractions were eluted by elution 541 

buffer (20mM Tris-HCl, 250 mM imidazole, 500 mM NaCl, pH 7.4) and then desalted with a 542 

G25 desalting column (GE Healthcare, Piscataway, NJ, USA). 543 

Examination of binding levels of MrNV-VLPs to post-larvae wholemounts, and to 544 

disease-associated tissues using ELISA and immunohistochemistry 545 

The M. rosenbergii post-larvae specimens were fixed with 4% paraformaldehyde 546 

overnight. The fixed post-larvae were decalcified in 0.1 M hydrochloric acid/formic acid for 3 547 

days at room temperature, then washed extensively with PBS solution. To prepare 548 

fluorescence-conjugated MrNV-VLPs for wholemounts, 1 mg of MrNV-VLPs in 500 μl PBS 549 
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pH 7.4 were mixed with a 1 mM solution of NHS-X-biotin. The decalcified shrimp were 550 

incubated in a 20 μg/mL solution of biotinylated-MrNV-VLPs for 2 days, followed by another 551 

2-days incubation in Alexa 488-conjugated avidin and DAPI before being visualized under an 552 

epifluorescence microscope. 553 

Giant freshwater prawn M. rosenbergii were purchased from a farm in Chachoengsao 554 

Province, Thailand and reared per FAO guidelines. All animals used in the study were 555 

governed by regulations of IACUC of Mahidol University and approved as Animal Ethic No. 556 

MUSC61-026-428. Proteins from the gills, heart, hemocytes, ganglion, hepatopancreas, 557 

stomach and muscle tissues were extracted using tissue lysis buffer (20 mM Tris-HCl, 150 mM 558 

NaCl, 2 mM EDTA, 100 mM sodium orthovanadate, 0.5% Triton-X 100, 1x protease-inhibitor 559 

cocktail, pH 7.4). Approximately 100 µg/mL of each tissue protein lysate were diluted in 560 

coating buffer (0.1 M Na2CO3, 0.1 M NaHCO3, pH 9.5), and coated on 96-well microtiter 561 

plates overnight at 4°C. The coated proteins were incubated with MrNV-VLPs for overnight at 562 

4°C, followed by anti-hexahistidine tag antibody (1:1,000) and the wells were then incubated 563 

with goat anti-mouse-HRP (1:2500) For visualization, each well was incubated with a SureBlue 564 

TMB peroxidase substrate (KPL, Gaithersburg, MA). The intensity of the developed enzymatic 565 

products was detected with a spectrophotometer at 452 nm wavelength. Statistical analyses 566 

were performed using Graphpad Prism software (San Diego, CA, USA). Statistical significance 567 

between treatment groups was determined by one-way ANOVA with Dunnett's Multiple 568 

Comparison Test. 569 

 570 

Binding of MrNV-VLPs to gill tissue lysates and tissue sections 571 

The VLPs were incubated with either gill tissue lysate-coated 96-well Maxisorp plates 572 

(Nunc, Roskilde, Denmark) or cryo-sectioned gill tissue sections. Gill tissue lysates were 573 

prepared by homogenizing freshly extracted gill tissues from blue-claw male M. rosenbergii 574 
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prawn in tissue lysis. Gill tissue sections were prepared from freshly dissected gills submersed 575 

in cryoprotective solution (Tris-buffered saline and 30% glucose w/v), and snap-frozen in 576 

liquid nitrogen. The OCT blocks sectioned on a cryo-stat machine, and placed on 577 

aminopropylsilane-coated slides, then subjected to immunohistochemistry. The gill tissue 578 

lysate-coated wells or slides were incubated with MrNV-VLPs at a concentration of 20 μg/mL 579 

(equivalent to ~16 million particles) for at least 6 hr at RT detected using anti-hexahistidine tag 580 

antibodies. In order to observe the effect of lectins or monosaccharides in preventing MrNV-581 

VLP-tissue glycan interactions, the gill tissue lysates or tissue sections were either pre-582 

incubated with biotin-conjugated lectins at a concentration of 4 μg/mL, followed by incubation 583 

with MrNV-VLPs. 584 

For chemical and enzymatic processing, gill tissue lysate-coated wells or tissue sections 585 

were treated with 20 mM sodium metaperiodate in PBS, pH 7.4 for a maximum duration of 2 586 

hours. Enzymatic digestion with PNGase F, α1-2,3,6 mannosidase, or α1-2,3,4,6 fucosidase 587 

were conducted using the volumes and enzyme concentrations suggested by the manufacturer 588 

(New England Biolabs, MA, USA).  589 

Binding of MrNV-VLPs to immobilized monosaccharides and glycan-coated wells 590 

96-well Maxisorp plates (Nunc, Roskilde, Denmark) were coated with either human 591 

serum albumin (HSA-) or polyacrylamide (PAA-) conjugated monosaccharides/glycans at a 592 

concentration of 2 μg/mL in coating buffer and incubated at 4°C overnight. After extensive 593 

washing, the immobilized monosaccharides/glycans-coated wells were then treated with 594 

MrNV-VLPs 20 μg/mL (in PBS, 0.5% BSA) at 4°C overnight to examine particle-saccharide 595 

binding. The detection of VLP binding followed the ELISA methodology described above.  596 

Binding of MrNV-VLPs to gill tissue lysates after beta-elimination treatment  597 

Gill tissue lysates were extracted and coated to 96-well Maxisorp plates as described 598 

above. After coating and washing off excess proteins, the wells were repeatedly washed in 599 
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distilled water to prepare for the beta-elimination reaction step. 25 μL of the beta-elimination 600 

reagent from the GlycoProfile β-Elimination Kit was then added to each experimental well and 601 

then incubated overnight at 4°C. The reaction was stopped by adding 100 μL of 0.1 M HCl to 602 

each well, followed by extensive washes by distilled water and PBS before being subjected to 603 

the ELISA methodology as described above.  604 

Release of N-glycans and O-glycans from gill tissue lysates 605 

Tissues including gill, hepatopancreas, stomach and muscles were collected from blue-606 

claw M. rosenbergii, homogenized and then lyophilized. The lyophilized tissues were 607 

resuspended in a solution of 6 M guanidine hydrochloride and 5 mM EDTA in 0.1 M Tris/HCl, 608 

pH 8.6 and agitated at 4°C overnight. The extracted glycoproteins were reduced by addition of 609 

DTT at a final concentration of 10 mM for 1 hr at 37°C, and then alkylated by addition of IAM 610 

at a final concentration of 50 mM at 37°C for 1 hr in the dark. The alkylated proteins were 611 

desalted by using dialysis membrane (MWCO 6-8000) followed by lyophilization. The 612 

recovered proteins were sequentially digested by trypsin in 50 mM ammonium bicarbonate 613 

buffer, pH 8.6 for 5 hr before chymotrypsin digestion at 37°C overnight. After brief boiling 614 

and cooling down, the glycopeptides were subjected to PNGase F digestion at 37°C, overnight.  615 

N-glycans were fractionated from peptides mixtures by C18 Sep-Pak cartridge in 5% 616 

acetic acid. The retained peptides were eluted by 20-40% 1-propanol with 5% acetic acid, 617 

followed by drying. The eluted peptides were subjected to reductive elimination with 1M 618 

sodium borohydride in 0.05N NaOH at 37°C for 72h. The reaction was stopped by acetic acid 619 

and sample was passed through Dowex 50W-X8. After drying, borate was distilled by cp-620 

evaporation of 10% acetic acid in methanol several times under a stream of nitrogen gas. 621 

MALDI-MS and MS/MS analyses 622 

Before being subjected to MS acquisition, the glycans were aliquoted for 623 

permethylation by using a modified NaOH/DMSO method (Dell et al., 1994). For MALDI-MS 624 
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glycan profiling, the permethyl derivatives were dissolved in acetonitrile, and 0.5 μL was taken 625 

to be mixed with 0.5 μL of 2,5-dihydroxybenzoic acid (DHB) matrix (10 mg/mL in acetonitrile), 626 

spotted on the target plate. Data acquisition was performed manually on a 4800 Proteomics 627 

Analyzer (Applied Biosystems) operated in the reflectron mode. MALDI-MS/MS sequencing 628 

of the permethylated glycans was performed on MALDI-QIT-TOF (Shimadzu) with the same 629 

spotting method.  630 

Pull-down assay and Far Western blotting 631 

The pull-down assay using Ni-NTA-immobilized 6xHis tagged proteins as bait was 632 

modified from a previously described method (Louche, Salcedo, & Bigot, 2017). 200 µg of 633 

purified MrNV-VLPs with a 6xHis tag were added to 1 mL Ni-NTA beads (GE Healthcare, 634 

Piscataway, NJ. The MrNV-VLP-bound Ni-NTA beads were then incubated with gill proteins 635 

by passing lysates through the resin-bed. The beads with bound gill proteins were eluted with 636 

1 mM NaCl, 250 mM imidazole-containing buffer. Gill proteins, MrNV-VLPs and MrNV-637 

VLP-bound gill proteins were subjected to SDS-PAGE on 12.5% polyacrylamide gel, followed 638 

by Coomassie Blue G250 staining. The same set of proteins were also transferred onto PVDF 639 

membrane. Membrane 1 was incubated with MrNV-VLPs (20 µg/mL) followed by anti-6xHis-640 

tag antibody (1:1000) and goat anti- mouse HRP (1:2500), membrane 2 was incubated with 641 

biotin conjugated AAL lectin (1:1000) followed by streptavidin-HRP (1:2500) and membrane 642 

3 was incubated with AAL lectin for 3 hrs. at RT followed by MrNV-VLPs (20 µg/mL) which 643 

were detected using anti-6xHis-tag antibodies. The immunoreactive bands were visualized by 644 

an enhanced chemiluminescence kit (Amersham Pharmacia, Buckinghamshire, UK). 645 

 646 

 647 

 648 

 649 
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FIGURE LEGENDS 650 

 651 

 652 

 653 
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Figure 1.  MrNV-VLPs exhibit a high preference for gill tissues. (A) ELISA showed that 654 

MrNV VLPs can generally bind to the selected tissue lysates (****p<0.0001 when compared 655 

to buffer control group). Values are the means ± SD of triplicate results. (B) MrNV-VLPs 656 

tracked by immunofluorescence (green) were highly localized to the carapace-covered gills of 657 

post-larvae whole-mount specimens. (C) In gill tissue sections, the MrNV-VLPs (red signals -658 

Alexa 594) were localized throughout the gill lamellae (GL), especially at the pillar cells (PC) 659 

and lamellar epithelium lining (LEL) (2nd row, panels 3 and 4) when compared to the control 660 

(1st row).  Bars = 50 μm. 661 

 662 
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 664 
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 665 

Figure 2. MrNV-VLP binding to gill tissue lysates and sections depends on glycans.  (A) 666 

ELISA experiments showed treatment  of lysates with sodium metaperiodate resulted in the 667 

highest level of reduction of MrNV-VLP binding (####p<0.0001 when compared to buffer 668 

control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001 when compared to the 669 

MrNV-VLP-only treated group) Values are the means ± SD of triplicate results from two 670 

independent experiments. The graph in (B) shows the efficiency of glycan reduction of each of 671 

the substances or enzymes used using lectins binding as indicators. (####p<0.0001 when 672 

compared to the sWGA-treated group; ***p < 0.001 and ****p<0.0001 when compared to the 673 

Con A-treated group; ^^^^p<0.0001 when compared to the AAL-treated group) Values are the 674 

means ± SD of triplicate results from two independent experiments. (C) demonstrates the 675 

extensive binding of Con A and sWGA lectins (green) throughout the gill lamellae GL, 676 

including the lamellar epithelial lining (LEL), pillar cells (PC) and gill tips (GT). (D) sodium 677 

metaperiodate treatment virtually abolished MrNV-VLP binding (red) to the gill tissues (row 678 

2, column 4) when compared to normal MrNV-VLP binding patterns (row 1, column 4). 679 

PNGase F was capable of reducing some level of binding (row 3, column 4). The lectins Con 680 

A (row 2, column 3) and sWGA (row 3, column 3) verified sodium metaperiodate and PNGase 681 

F reduced glycan levels. GL = gill lamellae, LEL = lamellar epithelial lining, PC = pillar cells, 682 

GL = gill tips. Bars = 100 μm. 683 

 684 
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 685 

Figure 3. Mass spectrometry analyses of gill tissues reveal the presence of unique 686 

fucosylated glycans. MALDI-MS profiles of permethylated N-glycans (A) and O-glycans (B) 687 

isolated from the gill tissue lysates are shown, respectively. All signals were annotated and 688 

assigned according to MS/MS analyses. The peaks labeled with * in (A) are polyHexose signals. 689 

Symbols used here: square, HexNAc; circle, Hex; triangle, Fuc. -itol reduced form. MS/MS 690 

spectra of the ions at m/z 953, 994, 1127 and 1168 corresponding to Fuc1Hex1HexNAc1-691 

HexNAc-itol (C), Fuc1HexNAc2-HexNAc-itol (D), Fuc2Hex1HexNAc1-HexNAc-itol (E), and 692 

Fuc2HexNAc2-HexNAc-itol (F), respectively, were shown and schematically illustrated. The 693 

peaks labeled with # in MS/MS spectra (C, D, E) are fragment ions with a further loss of 74 694 

mass units from fragment Z ions, and these ions were assigned as elimination of carbon 2, 3- 695 

substitutes of HexNAc. Glycosidic oxygen atoms are drawn out to discriminate between 696 

cleavages at either side of the oxygen. 697 



32 
 

 698 

Figure 4. Far Western blotting of gill proteins with MrNV-VLPs and blocking by AAL 699 

pre-incubation. Crude gill proteins, MrNV-VLPs, and gill proteins obtained from pull-down 700 

assay were run alongside each other on the same SDS-PAGE gel and then subjected to 701 

Coomassie staining (panel 1), transferred and followed by Far Western blot using MrNV-VLP 702 

as the bait (panel 2), Western blot with AAL lectin as a probe (panel 3), and AAL pre-blocking 703 

followed by Far Western blot using MrNV-VLPs as the bait  (panel 4). The MrNV-VLP lane 704 

(42 kDa band) served as a positive control for anti-6xHis antibodies used in the Far Western 705 

blots. The gill proteins from the pull-down assay showed major bands at 65-75 kDa. 706 

 707 
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 708 

Figure 5. Lectin inhibition of MrNV-VLP binding to gill tissue lysates and sections. (A) 709 

ELISA experiments of MrNV-VLPs binding to gill tissue lysate coated wells preincubated with 710 

different lectins showed AAL to cause the highest level of inhibition of particle binding 711 

(####p<0.0001 when compared to buffer control group; *p < 0.05, **p < 0.01, ***p < 0.001, 712 

****p<0.0001 when compared to MrNV-VLP-only treated group).  (B) Immunofluorescence 713 

staining of gill tissues by pre-incubation with biotinylated lectins (green), followed by 714 

incubation with MrNV-VLP (red). As shown in the panel (row 4, column 4), AAL was able to 715 

almost completely abolish the signals of MrNV-VLP binding to the gill tissues. GL = gill 716 

lamellae, LEL = lamellar epithelial lining, PC = pillar cells, GL = gill tips. Bars = 100 µm. 717 



34 
 

 718 

Figure 6. Beta-elimination treatment of gill tissue lysates reveals the low dependence on 719 

O-glycans for MrNV-VLP binding. Gill tissue lysates pre-treatment with beta-elimination 720 

reagent resulted in a significant increase in VLP binding levels, indicating either low 721 

dependence on O-glycans, or more access to N-glycans. Post-treating the reagent pre-treated 722 

lysates with Con A and AAL, resulted in highly significant reduction in VLP binding levels 723 

compared to the BC2L-C-Nt, PNA and UEA-I; suggesting a preference for N-glycans over O-724 

glycans (####p < 0.0001 when compared to beta-elimination reagent-treated lysates; ****p < 725 

0.0001 when compared to reagent-treated lysates incubated with MrNV-VLPs). Values are the 726 

means ± SD of triplicate results. 727 

 728 
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 729 

Figure 7. MrNV-VLPs exhibit binding to immobilized fucosylated glycoconjugates-730 

coated wells. MrNV-VLPs showed the highest level of binding towards 96-well ELISA plates 731 

pre-coated with polyacrylamide-conjugated alpha-fucose (PAA-α-Fucose), followed by PAA-732 

GlcNAc, PAA-Gal, and PAA-GalNAc (####p<0.0001 when compared to buffer control group; 733 

^p < 0.01,  ^^p < 0.01 and ^^^p<0.001 when compared to PAA-α-Fuc). MrNV-VLPs showed 734 

binding to the more complex fucosylated Lewis antigens, with the highest level of binding to 735 

HSA-Lewis a (###p<0.0001 when compared to buffer control group; *p < 0.01 and **p < 0.01 736 

when compared to HSA-Lea). Values are the means ± SD of triplicate results. 737 
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SUPPLEMENTARY FIGURES 

 

Supplementary figure 1. Proportion of monosaccharides in hepatopancreas, muscle, and gill 

tissues as revealed by GC-MS. The chart shows the proportions of the main monosaccharides 

fucose (Fuc), mannose (Man), galactose (Gal), N-acetylgalactosamine (GalNAc) and N-

acetylglucosamine (GlcNAc) from total monosaccharides extracted from the three tissues.  

 

Supplementary figure 2. MS/MS spectrum of permethylated N-glycans from gill tissue.  

 



 

Supplementary figure 3. Efficiency of the removal of O-glycans using beta-elimination 

reagents. The reduction of O-glycans by the process was first confirmed by examining the level 

of binding by O-glycan-binding lectins such as UEA-I and PNA to porcine mucins treated by the 

beta-elimination reagent. There was at least a 60% reduction in O-glycans in the mucin-coated 

wells (white bars). There was a possible slight reduction in O-glycan levels after treatment with 

the reagent as shown by the levels of AAL, BC2L-C-Nt and PNA binding (gray bars, *p<0.05). 

Non-significant (ns) reduction in Con A binding, indicated N-glycans were unaffected by the 

reagent. Values are the means ± SD of triplicate results. 

 

Supplementary figure 4. Comparison of N-glycans between dipteran, lepidopteran and in 

the gills of M. rosenbergii. 



 

Supplementary figure 5. Low binding levels of MrNV-VLPs to hepatopancreas and muscle 

tissues in M. rosenbergii. MrNV-VLPs (red signals – Alexa 594, 3rd column) did not exhibit 

notable levels of binding to hepatopancreas and muscles tissues (rows 2 and 4) when compared to 

gill tissues shown in Figure 1C.  Bars = 100 μm. 
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