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Abstract 24 

The adhesion between food particles and mucus is a fundamental process in particle sorting in 25 

suspension-feeding bivalves that requires specific recognition. Interactions between carbohydrate-26 

binding proteins (lectins) expressed on the feeding organs and carbohydrates present on microbial 27 

cell surface can provide this specificity. Microalga cell surface carbohydrates (MCSC) represent 28 

unique patterns that can be considered as species-specific fingerprints. In this study, sorting 29 

efficiencies in blue mussels fed with microalgae having modified MCSC and engineered 30 

microspheres coated with target carbohydrates was measured. The nature and quantities of surface 31 

carbohydrates required to trigger sorting in mussels was evaluated and the relationship between 32 

ligand quantities and SE was determined. Mussels fed with Chlamydomonas which MCSD were 33 

blocked with ConA or PEA lectins (affinity to mannose and glucose) led to a significant decrease 34 

of the sorting efficiencies, not observed when the lectin UEA (affinity to fucose) was used. The 35 

ability of commercial lectins to inhibit sorting was not linear and a threshold was noted between 36 

30 and 45 ug lectins per million algae cells. Further, mussels were fed with microspheres coated 37 

with neoglycoproteins. Results showed that glucose-BSA, but not fucose-BSA, has an effect on 38 

particle sorting in mussels, and 1.08 x 109 molecules of glucose per microspheres, corresponding 39 

to a density of 6.99 x 106 molecules of glucose per µm2, triggers particle selection. These findings 40 

support that selection of food particles by mussels rely on the strength of the bond between 41 

suspended particle and the mucosal layer that mediate sorting, and that these bonds depend on the 42 

quantity of compatible ligands on each particle. 43 
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Introduction 51 

 52 

The elementary functions of carbohydrates are to provide energy to the body and to offer structural 53 

support to cell walls. Beyond these basic functions, carbohydrates are also recognized as key 54 

elements in various molecular recognition and interaction processes (Varki, 1993; Sears and 55 

Wong, 1996; Wang and Boons, 2011; Varki, 2017). In fact, almost all cell surface molecules and 56 

secreted proteins undergo glycosylation resulting in their modification by covalently-linked 57 

carbohydrate moieties. A comprehensive overview of about fifty biological functions of glycans, 58 

including intercellular signaling, intercellular adhesion, cell–matrix interactions, recognition of 59 

pathogen-associated molecular patterns or immune modulation of host by symbionts (including 60 

parasites), is provided by Varki (2017). In marine organisms, carbohydrates are also involved in 61 

many recognition processes including reproduction, chemical communication and host-symbiont 62 

interactions (Caldwell and Pagett, 2010). For example, the endosymbiotic dinoflagellate 63 

(Symbiodinium C1f) cell surface displays glycan ligands, including mannose/glucose and 64 

galactose, that are involved in recognition during initial contact at the onset of symbiosis with their 65 

coral host larvae, Fungia scutaria (Wood-Charlson et al., 2006). Similarly, a 40-kDa glycoprotein 66 

(gp40) presents on the cell surface of the heliozoon Actinophrys sol and displaying mannose- 67 

and/or glucose-related residues was found to be involved in the immobilization and ingestion of 68 

prey flagellates (Sakaguchi et al., 2001). Finally, several heterotrophic dinoflagellates are known 69 

to use a similar mechanism involving the same carbohydrate residues (i.e., mannose and/or 70 

glucose) to catch their prey (Ucko et al., 1999; Wootton et al., 2007; Martel, 2009).  71 

The role of carbohydrate residues in food capture is not unique to unicellular organisms and has 72 

also been demonstrated in suspension feeding bivalves, including mussels (Pales Espinosa et al., 73 
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2008; Pales Espinosa and Allam, 2013). The strikingly-efficient ability of suspension feeding 74 

bivalves to select their food particles have been recognized for decades (Newell and Jordan, 1983; 75 

Pastoureaud et al., 1996). To optimize energy uptake from their surroundings, these organisms 76 

preferentially ingest nutrient-rich particles while rejecting poor quality ones in pseudofeces 77 

(Loosanoff and Engle, 1947; Morton, 1960). This ability was shown to be mediated by interactions 78 

between carbohydrates associated with the cell surface of microalgae and C-type lectins present in 79 

mucus covering the feeding organs (Pales Espinosa et al., 2010; Pales Espinosa and Allam, 2018). 80 

Microalga cell surface carbohydrates (MCSC) represent unique patterns that can be considered as 81 

species-specific fingerprints (Cho, 2003; Pales Espinosa et al., 2016; Jones et al., 2020). This 82 

characteristic allows, for example, the discrimination of toxic and non-toxic microalgae (e.g., 83 

dinoflagellates) presenting similar morphology (Hou et al., 2008). Experimental modification of 84 

MCSC significantly reduced the recognition of endosymbiotic microalgae by corals (Wood-85 

Charlson et al., 2006) and microalgae sorting by suspension feeding bivalves (Pales Espinosa et 86 

al., 2009) highlighting the fundamental role of these epitopes in diverse mechanisms. Further, the 87 

MCSC profile represents an excellent predictor of the fate (ingestion vs. rejection) of different 88 

microalgae in the feeding process of Crassostrea virginica (eastern oyster), Mytilus edulis (blue 89 

mussel), Mercenaria mercenaria (hard clam) and Argopecten irradians irradians (Northern bay 90 

scallop) (Pales Espinosa et al., 2016; Jones et al., 2020). In particular, statistical models (e.g., 91 

decision trees) showed that the relative abundance of mannose and glucose residues on microalgae 92 

cell surface represents a major driver of particle selection in these species (Pales Espinosa et al., 93 

2016; Jones et al., 2020). Specifically, results showed that of two microalgae used in experimental 94 

diets, the one richer in mannose/glucose residues on the cell surface would be more likely selected.  95 
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The objective of this study was to determine the nature and quantity of carbohydrates mediating 96 

particle selection in the blue mussel M. edulis. Specifically, we wanted to quantitatively assess the 97 

sorting behavior to determine whether a minimal quantity of carbohydrates associated with cell 98 

surface is needed to trigger selection. To do so, mussels were given a choice between synthetic 99 

microspheres coated or uncoated with different quantities of various neoglycoproteins (e.g., 100 

glucose-BSA), or with microalgae having “modified” MCSC (i.e., having target MCSC blocked 101 

using different quantities of commercial lectins). Results underline to role of mannose/glucose 102 

residues in sorting and provide the quantities of carbohydrates required on microalgae cell surface 103 

to trigger selection. 104 

 105 

Material and Methods 106 

 107 

Bivalves 108 

Blue mussels (35 ± 2.15 mm in length, mean ± SD), Mytilus edulis, were collected from Long 109 

Island Sound (Port Jefferson, NY, USA). Their external shell surface was scrubbed to remove mud 110 

and marine life. Mussels were then acclimated in the laboratory for at least 1 week (salinity 28, 111 

15°C) and fed daily (15% dry mass) using fresh cultures of Pavlova lutheri, Isochrysis sp. and 112 

DT’s Live Marine Phytoplankton (Sustainable Aquatics, Jefferson City, TN, USA; Pales Espinosa 113 

and Allam, 2006). Animals were unfed for 1 day prior to being used in particle-sorting assays. 114 

 115 

Microalgal cultures 116 

Two microalgae species, Chlamydomonas sp. (11/35, Milford Microalgal Culture Collection) and 117 

Tetraselmis chui (PLY429, same source), were used in lectin-binding assays and feeding 118 
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experiments because their cell size (ca. 10 µm) and their unique cell surface carbohydrate signature 119 

are suitable for particle selection experiments using bivalves (Pales Espinosa et al., 2016; Jones et 120 

al., 2020). In lectin-binding assays, strains were grown in triplicate in 250 ml Erlenmeyer flasks 121 

using F/2-enriched media (Guillard, 1982) at 15°C under a 12 h light/12 h dark cycle. Cultures 122 

were harvested in the exponential phase of growth and used in further assays as described below. 123 

For feeding experiments, microalgae were produced in 3 L cultures under the conditions described 124 

above. 125 

 126 

Binding of FITC-labeled lectins to Chlamydomonas sp. 127 

The cultures of Chlamydomonas sp. were centrifuged at 400 g for 10 min, washed once with 128 

filtered (0.22 µm) artificial seawater (FSW), and resuspended in FSW. FITC-conjugated lectins 129 

(Table 1, Con A, Canavalia ensiformis lectin; PEA, Pisum sativum agglutinin; UEA, Ulex 130 

europaeus agglutinin; EY laboratories, Inc., Mateo, CA, USA), were diluted in FSW to 1 mg/ml. 131 

The lectins ConA and PEA have affinity for mannose and glucose residues and were used to block 132 

these carbohydrates on microalgae cell surface. The lectin UEA has affinity for fucose and was 133 

used to evaluate the role of this carbohydrate in sorting as prior studies suggested that it does not 134 

mediate particle sorting in mussel (Pales Espinosa et al., 2016). Lectins (final concentration 135 

ranging from 0 to 100 µg/ml) were separately added to microcentrifuge tubes containing 1 ml of 136 

washed microalgae (106 cells). Microalgae were then incubated in the dark at room temperature 137 

for 1 h, washed 3 times (400 g, 10 min) and resuspended in FSW for flow cytometry analysis. 138 

Each assay was performed in triplicate. 139 

 140 

Microsphere coupling 141 
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Two types of carboxylated polystyrene microspheres (7µm diameter, Magsphere Inc., Pasadena, 142 

CA, USA) were used: red fluorescent (CAFR007UM) and white plain (CA007UM). These were 143 

covalently coupled with one of the following compounds: bovine serum albumin (BSA; control) 144 

or either one of the neoglycoproteins glucose-BSA or fucose-BSA (GLYcoDiag Applied 145 

Genomics, France). These neoglycoproteins were selected because previous results showed that 146 

glucose is one of the main drivers of particle selection in suspension feeding bivalves whereas 147 

fucose appears to play a minor role (Pales Espinosa et al., 2016; Jones et al., 2020). The coupling 148 

procedure was performed using the PolyLink Protein Coupling kit (Polysciences Inc., Warrington, 149 

PA, USA) according to the manufacturer’s instructions. Briefly, aqueous suspensions of 150 

microspheres (equivalent to 12.5 mg or 108 beads per reaction) were transferred into 1.5 ml 151 

microcentrifuge tubes, washed 3 times (1500g, 5 min) and resuspended in 170 μl of PolyLink 152 

Coupling buffer. The EDAC solution (200 mg/ml) was prepared just before use and added (20 µl) 153 

to each tube. Beads were then shaken for 20 min, washed once, and transferred into new tubes 154 

previously coated with 1% BSA to limit beads adherence to the tube wall. A solution of BSA 155 

(control) or neoglycoproteins (final quantity ranging from 0.03 to 0.71 mg) was finally added to 156 

each tube and the beads were incubated for 4 hours at room temperature with gentle agitation. 157 

After coupling, the beads were washed twice (1500g, 5 min) with nuclease free water. The 158 

supernatants were kept and used to calculate the coupling efficiency. The protein concentrations 159 

in the initial neoglycoprotein solutions and in the supernatant were measured with a Pierce BCA 160 

protein assay reagent kit (Pierce, Rockford, IL), and the difference between both values 161 

represented proteins/neoglycoproteins that adhered to the microspheres. The coupled microbeads 162 

were then stored at 4 °C and used in feeding experiments within a week. 163 

 164 
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Feeding experiments 165 

To evaluate the involvement of MCSC in particle selection by mussels and determine the threshold 166 

quantity of carbohydrates above which selection is possible, cells of Chlamydomonas sp. (2000 167 

ml) were treated with commercially available FITC-lectins (i.e., Con A, PEA and UEA; 15, 30 168 

and 45 µg lectin per 106 cells per ml) or seawater (i.e., control) following the protocol described 169 

in the section “Binding of FITC-labeled lectins to Chlamydomonas sp.”. Each labeled 170 

Chlamydomonas sp. suspension was then mixed with Tetraselmis chui (unlabeled) to formulate 171 

three experimental diets. In addition, a control experimental diet was also prepared by mixing 172 

unlabeled Chlamydomonas sp. and unlabeled T. chui. Equal concentrations of each particle type 173 

(i.e., Chlamydomonas sp. and T. chui) were suspended in filtered seawater (105 cells/ml final 174 

concentration) and delivered to 12 mussels maintained in individual 500-ml tanks. Microalgae 175 

were kept in suspension by means of gentle manual mixing with a pipette every 15 min, and water 176 

samples were taken periodically to determine potential differential sedimentation. Pseudofeces 177 

were collected from each tank as soon as they are produced by mussels, typically within 30 min. 178 

They were then vortexed to disrupt particle aggregates, passed through a 35-µm nylon-mesh sieve 179 

and their composition was determined using flow cytometry. 180 

In parallel, carboxylated polystyrene microspheres (red and white) were coated with gradually 181 

increasing amounts of neoglycoproteins and BSA (i.e., 0.03 to 0.71 mg) in order to determine the 182 

threshold of carbohydrates that triggers selection. Microspheres (e.g., red beads coated with 0.03 183 

mg of BSA and white beads coated with 0.04 mg of glucose-BSA) were then mixed and suspended 184 

in filtered seawater (105 cells/ml final concentration) and delivered to 12 mussels maintained in 185 

individual 300-ml tank. Sorting experiments were then run as described for microalgae. 186 
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Preliminary trials showed that microsphere color does not have any effect on particle sorting by 187 

mussels or BSA/neoglycoprotein binding efficiency. 188 

 189 

Flow cytometry analysis 190 

Microalgae and microspheres were analyzed using a FACSCalibur flow cytometer (Becton 191 

Dickinson Biosciences, CA, USA). A minimum of 104 events were analyzed. The 488-nm argon 192 

laser was used for excitation, and test particles (microspheres, labeled and unlabeled microalgae) 193 

were identified and characterized on the basis of one or more of the following parameters: forward 194 

(FSC) and side (SSC) light scatters, FITC fluorescence (FL1, 535 nm), and photosynthetic 195 

pigments auto-fluorescence (FL3, 675 nm and FL4, 695 nm). Microalgal size (FSC) and 196 

intracellular complexity (SSC) were evaluated after each treatment (lectins) to check for cell 197 

alterations. 198 

 199 

Data treatment and statistical analysis 200 

All data are presented as mean ± standard deviation. For the feeding experiments, data were 201 

analyzed using goodness-of-fit tests (G test). Two series of tests were performed comparing the 202 

proportion of each particle type in samples of the diet and pseudofeces collected from the mussels. 203 

The first series of tests ensured that within each treatment, replicate samples of the diet and 204 

pseudofeces were homogeneous. The second series tested the null hypothesis that, within each 205 

treatment, the proportion of each particle type (i.e., cells treated or untreated, or microspheres) in 206 

diets and pseudofeces were not different. In addition to the comparison of raw counts, a sorting 207 

efficiency (SE) index was calculated to examine particle selection (Iglesias et al., 1992). This index 208 

was defined as:  209 
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SE = 1 - PP/DP,  210 

where PP and DP represent the proportion of the particle of interest in pseudofeces and diet, 211 

respectively. A positive SE for a given particle type indicates that it is preferentially ingested 212 

(particle type is depleted in pseudofeces, compared to diet), a negative SE indicates rejection 213 

(particle type is enriched in pseudofeces compared to diet), and zero indicates the absence of active 214 

selection. After confirming their normal distributions, calculated SE values obtained for each of 215 

the two particles in each treatment were compared to zero using a one-sample Student’s t-test (two-216 

tailed). The null hypothesis was that the selection efficiencies were equal to zero (i.e., no selection). 217 

Two sample t-tests were then used to examine differences in SE between the two particle types in 218 

each treatment. 219 

To facilitate the schematic representation of the results, an SE percent change was calculated as: 220 

SE % Change = 100 x (SE control - SE test) / SE control, 221 

Where SE control represent efficiencies measured in untreated controls (e.g., untreated microalgae, 222 

or uncoated spheres) and SE test representing efficiencies measured in each respective treatment.  223 

 224 

Results 225 

The fluorescence of Chlamydomonas sp. exposed to several concentrations of FITC-lectins (ConA, 226 

PEA and UEA, up to 100 µg/ml) was first evaluated. Results showed a linear increase in cell 227 

fluorescence (FL1) as lectin concentrations increased from 0 to 35 µg/ml and then remained 228 

unchanged up to 50 µg/ml (Fig. 1). Lectin concentrations > 50 µg/ml induced another increase of 229 

the green fluorescence (FL1) which microscopic observations showed it to be due to the 230 

penetration of lectins inside the cell instead of just staining the carbohydrates present on cell 231 

surface. In parallel, preliminary assays showed that cell integrity was not affected when 50 µg of 232 
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lectin/ml was used while a slow decrease in cell integrity was noticed when lectin concentrations 233 

approached 100 µg of lectin/ml. Consequently, three concentrations of lectins lower than 50 µg/ml 234 

(i.e., 15, 30 and 45 µg/ml) were chosen for the feeding assays. 235 

In the control treatment (i.e., involving the pairing of unlabeled Chlamydomonas sp. and unlabeled 236 

Tetraselmis chui), mussels significantly ingested Chlamydomonas sp. while they rejected T. chui 237 

(Fig. 2). The sorting efficiency indexes (SE) for Chlamydomonas sp. varied between 0.41 and 0.47.  238 

When Chlamydomonas sp. was treated with 15 and 30 µg/ml of ConA or PEA, mussels continue 239 

to preferentially ingest Chlamydomonas sp. as compared to T. chui. The SE slightly decreased to 240 

0.32 and 0.35 when the algae were labelled with 30 µg/ml ConA and PEA, respectively. When 241 

Chlamydomonas sp. was labelled with 45 µg/ml of ConA or PEA, mussels stopped selecting 242 

microalgae and the SE dropped to 0.03 and 0.13, respectively. Interestingly, when 243 

Chlamydomonas sp. was labelled with 45 µg/ml of UEA, a lectin specific to fucose residues, the 244 

sorting activity was not affected and mussels continued to preferentially ingest Chlamydomonas 245 

sp. as compared to T. chui with an SE equal to 0.38.  246 

The percent change in the sorting efficiency confirmed trends detected with raw SE values. In 247 

addition, the best fit for the data was not given by a linear regression but by a polynomial regression 248 

model yielding R2 values of 0.96 and 0.95 for ConA and PEA, respectively (Fig. 3). 249 

Experimental diets were then made by mixing 2 types of beads (e.g., red beads coated with BSA 250 

and white beads coated with glucose-BSA) suspended in filtered seawater (105 beads/ml final 251 

concentration) and delivered to 12 mussels maintained in individual 300-ml tank. The number of 252 

each bead type in diet and pseudofeces was determined using flow cytometry and used to calculate 253 

sorting efficiencies. In the feeding Experiments 1 and 2 (i.e., 0.05 x 109 and 0.67 x 109 molecules 254 

of glucose coated per bead respectively, Table 2 and Fig. 4), the sorting efficiency indexes (SE) 255 



13 
 

were not significantly different (p = 0.94 and 0.72 respectively) and no preferential ingestion for 256 

either type of microspheres (coated with BSA or glucose-BSA) was recorded. In experiment 3 257 

(i.e., 1.08 x 109 molecules of glucose coated per bead), mussels preferentially ingested 258 

microspheres coated with glucose-BSA and the SE was significantly different between coated 259 

microspheres and uncoated controls (p = 0.04). The percent change in the sorting efficiency index 260 

showed that the increasing quantity of glucose-BSA coated on microspheres (0.5 x 109 pg/bead to 261 

1.08 x 109 pg bead) induces a gradual increase in sorting (Fig. 5). In the fucose-BSA experiments 262 

(i.e., Exp. 4 and Exp. 5 with 0.60 x 109 and 1.24 x 109 of molecules of fucose coated per bead 263 

respectively, Table 2 and Fig. 4), the sorting efficiency indices were not significantly different 264 

between experimental (fucose-BSA) and control (BSA alone) microspheres (p = 0.99 and 0.92 265 

respectively).  266 

 267 

Discussion 268 

This study aimed to evaluate the nature and the quantity of surface carbohydrates required to 269 

trigger sorting of food particles in the blue mussel and to determine the relationship between the 270 

quantity of MCSC and sorting efficiencies. The results presented here prove that carbohydrates 271 

and more specifically mannose and glucose residues present on particle surface (as opposed to 272 

fucose residues), drive particle selection in the blue mussel. For instance, lectins specific for 273 

mannose and glucose (i.e., ConA and PEA) were the most effective at inhibiting particle selection 274 

likely via the blocking of cognate carbohydrates present on algae cell surface. Furthermore, results 275 

with engineered microspheres showed that particles coated with glucose-BSA, but not fucose-BSA 276 

or BSA (at least at similar quantities as glucose-BSA), induce particle selection in mussels. Cell 277 

surface carbohydrates play key roles in a broad range of functions involving cellular recognition 278 
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such as host-pathogen interactions (Allen and Dawidowicz, 1990; Stahl and Ezekowitz, 1998), 279 

reproduction (Kim and Fritz, 1993; Benoff, 1997) and symbiosis establishment and maintenance 280 

(Wood-Charlson et al., 2006; Vidal-Dupiol et al., 2009). These carbohydrates are ligands for 281 

carbohydrate-binding proteins (i.e., lectins) that function as recognition molecules in a wide range 282 

of biological systems (Sharon and Lis, 2004). Previous work focusing on predator-prey 283 

interactions showed that mannose and glucose residues present on microalgae cell surfaces are 284 

used by some members of the heterotrophic dinophyceae (Ucko et al., 1999; Wootton et al., 2007; 285 

Martel, 2009) and tintinid ciliates (Cobb, 2017) to select and capture their food particles. Similarly, 286 

our previous findings demonstrated that mannose and glucose residues associated with microalgae 287 

cell surface represents the main cue for selection in a broad range of suspension-feeding bivalves 288 

(Jing et al., 2011; Pales Espinosa et al., 2016; Pales Espinosa and Allam, 2018; Jones et al., 2020). 289 

In these organisms, MCSC, particularly mannose and glucose, interact with lectins present in 290 

mucosal secretions covering feeding organs, triggering selection (Jing et al., 2011; Pales Espinosa 291 

et al., 2016; Pales Espinosa and Allam, 2018). The current study provides a quantitative estimation 292 

of MCSC required to mediate selection. 293 

The number of glucose molecules (in the form of glucose-BSA) needed to trigger particle selection 294 

in mussels was estimated to be 1.08 109 molecules per 7 µm-bead which was equivalent to 6.99 295 

106 molecules per µm2. Very little information is available on the quantity of carbohydrate present 296 

at the surface of cells. For example, it has been reported that HeLa, K562 and BGC cells (cancerous 297 

human cell lines) have about 4 1010, 4.7 109 and 5.3 107 molecules of mannose/glucose at their cell 298 

surface, respectively (Cheng et al., 2008; Zhang et al., 2010; Ding et al., 2011). These human cell 299 

lines, which sizes are approximatively 20 µm, are known to harbor more carbohydrates (~ 2 fold) 300 

than normal cells (Chen et al., 2016). Given this information, the estimated quantity of glucose 301 
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(i.e., 1.08 109 molecules) attached to the beads and able to mimic live microalgae and initiate a 302 

biologic response seems plausible.  303 

In another type of cell recognition, carbohydrate-carbohydrate interactions provide dissociated 304 

cells from marine sponges the ability to re-aggregate through a 200-kD glycan associated with 305 

their cell surface (Fernandez-Busquets and Burger, 2003; Bucior et al., 2004). The 200-kD glycan 306 

density per cell able to initiate an aggregation response was calculated to be 828 molecules/µm2, 307 

representing a molecular weight of 160,000 kD/µm2 (Bucior et al., 2004). In our study, it was 308 

estimated that the weight of 6.99 106 molecules of glucose /µm2, which are able to enable sorting 309 

in our experiment, corresponds to 1,260,000 kD/µm2. This is nearly 8 times higher than the weight 310 

of the 200-kD glycan able to trigger cellular recognition in sponge. This difference can be caused 311 

by multiple reasons. First and foremost, the strength of the bonds required to trigger selection in 312 

mussel is likely higher than that of bonds needed to initiate an aggregation response in sponge. In 313 

the former, selected particles have to resist the flow of water that mussels pump through the gill to 314 

capture food particles, as weakly bound particles are transferred to the food rejection tract. In 315 

contrast, cellular aggregation in sponge does not face the same physical stress and may simply 316 

require the initiation of recognition signaling. Further, the difference might be due to the fact that 317 

the interactions do not involve the same type of ligand-receptor interactions (one being 318 

carbohydrate-lectin and the other one being carbohydrate-carbohydrate) and/or to the size or the 319 

glycan. In our case, the carbohydrate is delivered as a neoglycoprotein meaning a molecule of BSA 320 

linked to 21 glucose residues, whereas the BSA (not used for the molecular mass comparisons 321 

discussed here) is simply used as a backbone to attach glucose molecules and does not interact 322 

with mucosal lectins to initiate sorting. In contrast, the 200-KD glycan, although larger that our 323 
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neoglycoproteins on a molecule-to-molecule comparison, is solely made of carbohydrates (Bucior 324 

et al., 2004) and may include more active binding sites per molecule as compared to BSA-glucose. 325 

Overall, results showed that the relationship between the biological response (sorting) and the 326 

density of available ligands (i.e., carbohydrates coated to microspheres able to trigger particle 327 

selection or quantity of commercial lectins added to microalgae cell surface to inhibit sorting) 328 

seems to follow a non-linear model. This “all-or-none” principle is common in biology, with a 329 

good example being the action potential observed in neurons or muscle cells where activation 330 

occurs only when a voltage threshold is reached. This nonlinear dynamic is also a hallmark of cell 331 

adhesion mechanisms, and has been described to enhance the stability and the strength of the 332 

receptor-ligand bonds (Kong et al., 2008; Lagunas et al., 2012). For example, Lagunas et al. (2012) 333 

demonstrated that binding of mouse embryonic fibroblast cells to substrate coated with RGD (Arg-334 

Gly-Asp) is non-linear to the density of RGD, where a threshold of 4.0 pmol RGD/cm2 is required 335 

for successful cell attachment. In the particle selection mechanism, bonds between mucosal lectins 336 

and carbohydrates present on algae cell surface may follow the same principle and a minimal 337 

number of bonds is required to initiate selection. In other words, the strength of the bonds between 338 

food particles and the mucus covering the feeding organs will determine whether a particle is 339 

captured and transferred to the food selection tract or directed to the “default” tract for particle 340 

rejection. 341 

 342 

Conclusion 343 

 344 

This study represents an important step for understanding particle selection in suspension feeders, 345 

and evaluates the nature and quantities of surface carbohydrates required to trigger sorting in the 346 
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blue mussel. Further, the relationship between carbohydrate quantities and sorting efficiencies was 347 

determined. These results confirm the major role of mannose / glucose residues in this process and 348 

provide a quantitative assessment of the sorting behavior. We estimate the quantity of glucose 349 

ligand needed to trigger selection to be about 1.08 x 109 molecules on a 7 µm in diameter 350 

polystyrene microsphere. These findings represent a first step for evaluating whether these ligand 351 

density thresholds are conserved among other suspension-feeding invertebrates. 352 
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Legends 370 

 371 

Table 1. FITC lectins used to label microalgae cell surface carbohydrates. Origins of lectin, 372 

carbohydrate specificity and FITC ratio are given. 373 

 374 

Table 2. Parameters and outcomes of each of the 5 experiments. Microspheres (107 beads) were 375 

coated with different quantities of BSA (Bovin Serum Albumin, used as control) or one of 376 

neoglycoproteins, glucose-BSA (Glc-BSA) or fucose-BSA (Fuc-BSA). The coupling efficiency 377 

(percent of protein bound to the beads as compared to the quantity of protein in the reaction) was 378 

calculated for each reaction (line 3) as well as the quantity of proteins bound to each bead (pg of 379 

protein/bead, line 4). Neoglycoproteins used in this study are made of 1 molecule of BSA 380 

glycosylated with 21 molecules of carbohydrates (glucose or fucose). Consequently, the quantity 381 

of carbohydrates bound to beads (line 6 and 7) was determined using the ratios between the 382 

molecular weight of BSA (66500 g/mol) and the glucose residues (3780 g/mol) or fucose residues 383 

(3444 g/mol). Finally, the quantity of carbohydrate molecules by surface of beads (106/µm2) was 384 

calculated. For each experiment using microspheres coated with BSA or neoglycoprotein, a sorting 385 

efficiency index was calculated and result of the statistical analysis presented (p value, line 10). * 386 

indicates significant sorting. 387 

 388 

Figure 1. Fluorescence intensity (mean ± standard deviation, 3 biological replicates per data point) 389 

of Chlamydomonas sp. labeled with several concentrations of FITC-lectins (ConA, PEA and UEA, 390 

up to 100 µg/ml). Black arrows indicate concentrations (15, 30 and 45 µg/ml) used in feeding 391 

experiments. 392 
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 393 

Figure 2. Sorting efficiencies (mean ± standard deviation, n = 12 per data point) of M. edulis fed a 394 

mixture of Tetraselmis chui and Chlamydomonas sp. treated with FITC-lectins (Con A, PEA and 395 

UEA; 15, 30 and 45 µg lectin per 106 cells per ml) or seawater (control). * indicates significant 396 

sorting.  397 

 398 

Figure 3. Percent change in sorting efficiency (mean ± standard deviation, n = 12 per data point) 399 

for microalgae treated with different quantities of lectins as compared to controls (0 µg lectin). 400 

Dashed lines and equations represent the best fitting models for each lectin. 401 

 402 

Figure 4. Sorting efficiencies (mean ± standard deviation, n = 12) of M. edulis fed a mixture of 403 

BSA- and neoglycoprotein-coated microspheres (glucose-BSA or fucose-BSA; from 0.05 to 1.24 404 

109 molecules of carbohydrates per microsphere). * indicates significant sorting. 405 

 406 

Figure 5. Percent change in sorting efficiency (mean ± standard deviation, n = 12) for microspheres 407 

coated with different quantities of glucose-BSA. The dashed line and equation represent the best 408 

fitting model. 409 

 410 

  411 
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