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Abstract 16 

The midgut tract of the decapods is a digestive organ involved in the synthesis of 17 

peritrophic membrane, food transport, absorption of nutrients, and osmoregulation. The 18 

midgut tract has been described in detail in adult decapods, but little information is 19 

available regarding the morphology and ultrastructure of the midgut tract in larval 20 

stages. The present study describes the midgut tract and the midgut-hindgut junction of 21 

the larvae of the common spider crab Maja brachydactyla Balss, 1922 using techniques 22 

that included dissection, light microscopy, and electron microscopy. The study is 23 

mainly focused on the stages of zoea I and megalopa. The results obtained in this study 24 

showed that the larval midgut tract is a short and simple tube positioned anteriorly, 25 

between the stomach and the hindgut tract. During larval development, the maximum 26 

length of the midgut tract increased significantly, but no differences were found on 27 

either the maximum diameter or the morphological traits of the organ. The midgut tract 28 

is active at least ca. 12 h after hatching, as suggested by the presence of the peritrophic 29 

membrane in the lumen, the presence of abundant electro-dense vesicles in the cell 30 

apex, and the release of the vesicle content on the organ lumen. The midgut-hindgut 31 

junction is an abrupt transition between the midgut tract and the hindgut tract in which 32 

epithelial cells with mixed features of midgut and hindgut do not occur. 33 

Keywords: Pancrustacea; larval development; merocrine activity; peritrophic 34 

membrane; midgut-hindgut junction  35 



1. Introduction 36 

The functional morphology of the digestive system of the decapods (Malacostraca: 37 

Euricarida: Decapoda) tends to be relatively uniform among the different taxa 38 

(Felgenhauer, 1992; Icely and Nott, 1992). The digestive system is divided in three 39 

basic sections: the foregut, positioned anteriorly and formed by the oesophagus and 40 

stomach; the midgut, positioned in the middle and formed by the midgut gland, midgut 41 

tract, and midgut caeca; and the hindgut, positioned posteriorly and formed by the 42 

hindgut tract and the anus (Milne-Edwards, 1834; Felgenhauer, 1992; Icely and Nott, 43 

1992; Davie et al., 2015; Castejón et al., 2018a; Spitzner et al., 2018). The embryonic 44 

origin determines the features of each section of the digestive system, i.e. the foregut 45 

and hindgut derivate from the embryonic ectoderm and are characterized by epithelia 46 

covered by a cuticle lining; while the midgut derivate from the embryonic endoderm 47 

and it is characterized by secretory epithelia with brush border (Felgenhauer, 1992; 48 

Icely and Nott, 1992; Davie et al., 2015). The midgut tract of the decapods is usually 49 

described as a simple tube with columnar epithelium and located between the stomach 50 

and the hindgut tract (Felgenhauer, 1992; Icely and Nott, 1992; Davie et al., 2015; 51 

Spitzner et al., 2018), which role has been associated with the synthesis of the 52 

peritrophic membrane (Georgi, 1969; Holliday et al., 1980; Martin et al., 2006), 53 

transport of the ingested food (Gibson and Barker, 1979; Ceccaldi, 1989; Felgenhauer, 54 

1992; Icely and Nott, 1992), absorption of nutrients (Talbot et al., 1972), and 55 

osmoregulation (Komuro and Yamamoto, 1968; Talbot et al., 1972).  56 

Knowledge on the morphology of the midgut tract is important to differentiate non-57 

feeding from feeding larval stages (Lovett and Felder, 1989; Nakamura and Seki, 1990), 58 

to realize histopathological studies (Kaushik and Kumar, 1998; Martin et al., 2004), and 59 

to develop commercial diets for species of aquaculture interest (Fontagné et al., 1998; 60 



Bonaldo et al., 2006; Øverland et al., 2009). In decapods, the epithelium of the midgut 61 

tract has two cell types: digestive cells with columnar shape involved in secretory and 62 

absorptive activities; and small regenerative cells with oval shape probably involved in 63 

cell division and differentiation (Sonakowska et al., 2015; Sonakowska et al., 2016). 64 

The morphology and ultrastructure of the midgut tract has been studied and reviewed in 65 

adult decapods (Felgenhauer, 1992; Icely and Nott, 1992; Factor, 1995; Davie et al., 66 

2015). However, in the larval stages the majority of the studies focused on the whole 67 

digestive system so the midgut tract received little attention (Schlegel, 1911; Talbot et 68 

al., 1972; Lovett and Felder, 1989; Mikami et al., 1994; Abrunhosa and Kittaka, 1997; 69 

Jantrarotai and Sawanyatiputi, 2005; Tziouveli et al., 2011). Recently, the midgut tract 70 

was described in the larvae of the freshwater shrimp Neocaridina davidi (Sonakowska‐71 

Czajka et al., 2021).  72 

In this study, the larval stages of the common spider crab Maja brachydactyla Balss, 73 

1922 were used as a model to describe the midgut tract in true crabs’ larvae. The 74 

common spider crab inhabits the eastern Atlantic coast from the British Isles to the 75 

Sahara and SW Mediterranean Sea (Sotelo et al., 2008b; Abelló et al., 2014), being a 76 

species of commercial interest (Freire et al., 2002; Sotelo et al., 2008a). The larval 77 

development embraces two planktonic zoeal stages (zoea I and zoea II), and a single 78 

planktonic-benthic megalopa stage that metamorphoses into a benthic juvenile (Clark, 79 

1986; Guerao et al., 2008). This species has been a useful model to describe several 80 

digestive organs during the larval stages, e.g. oesophagus (Castejón et al., 2018b), 81 

stomach (Castejón et al., 2015b, 2019b), midgut gland (Castejón et al., 2019a), midgut 82 

caeca (Castejón et al., 2022), and hindgut tract (Castejón et al., 2021). 83 



The aim of the present study is to describe in detail the midgut tract during the larval 84 

development of the common spider crab Maja brachydactyla Balss, 1922 and discuss its 85 

potential role and importance in the digestion processes.  86 

2. Material and methods 87 

2.1 Culture system and larval obtaining 88 

The adult specimens of M. brachydactyla were captured on the North Atlantic and 89 

provided by the local supplier Cademar S. Coop. R. L. (Alcanar, Tarragona) in April 90 

2014, transported to the Institut de Recerca i Tecnologia Agroalimentàries (IRTA) 91 

facilities in Ebro Delta (Sant Carles de la Ràpita, Tarragona, Spain), and placed in 2,000 92 

L cylindrical tanks maintaining a sex ratio of one male per 5‒6 females, water renewal 93 

rate of 3.5 m3 h-1, 12:12 h light dark photoperiod, and temperature  of 18 ± 1 °C, and 94 

salinity of 35 ± 1 g L-1. Animals were fedwith frozen and fresh mussels (genus Mytilus).  95 

The spawning occurred spontaneously and the free swimming larvae were gathered in 96 

special collectors directly from the adult tanks. The larvae (zoeae I, 12 h post-hatching) 97 

were placed in 600 mL glass beakers at an initial density of 30 larvae per beaker. The 98 

beakers were placed inside 360 L tanks (96 x 96 x 40 cm) used as culture chambers 99 

maintaining constant temperature (21 ± 1 °C) and salinity (35 ± 1 g L-1), 12:12 h light 100 

dark photoperiod, and fed with live Artemia sp. Kellogg, 1906 nauplii (INVE 101 

Aquaculture Nutrition, Salt Lake UT, USA). Daily, the larvae were pipetted to beakers 102 

with clean water and fresh food. The larval culture lasted 12 days, being finished when 103 

the larvae settled and metamorphosed to juvenile. 104 

2.2 Larval sampling and analyses of the midgut tract growth  105 

The specimens from two beakers were sampled on a daily basis, distributed for either 106 

dissection (10–20 specimens) or light microscopy (4–6 specimens), and fixed 107 



accordingly (see “Light microscopy study” section). Larvae were also fixed for electron 108 

microscopy (12 zoea I, 0 days post-hatching; 12 megalopae, 10 days post-hatching; see 109 

“Transmission electron microscopy (TEM) study” section for details). The specimens 110 

selected for dissection were fixed in formaldehyde 4% and dissected using a Nikon 111 

SMZ800 stereomicroscope (Nikon Instruments Inc., Melville, NY, U.S.A.) and teasing 112 

needles. The maximum length, width and height of the midgut tract from 5.6 ± 0.9 113 

specimens day-1 were measured using image analysis software (AnalySIS, SIS, 114 

Münster, Germany), in a total of 73 specimens. The average between the width and 115 

height was calculated as the maximum diameter of the midgut tract in each specimen.  116 

The R software version 4.1.0 (R Development Core Team, 2021) was used to perform 117 

all the statistical analyses. A general linear model was used to show the daily variation 118 

of the midgut tract length during the larval development. A One-Way ANOVA (type II) 119 

was used to compare the variation in maximum length and diameter among different 120 

stages: zoea I (0 days post-hatching, as newly hatched), zoea II (3 days post-hatching, as 121 

newly moulted), megalopa (6 days post-hatching, as newly moulted), and megalopa (11 122 

days post-hatching, a day before the moult to juvenile because enough juveniles were 123 

not obtained in day 12). The data met the ANOVA assumptions, being the homogeneity 124 

of variances tested using the Levene’s test of the package "car 3.0-7" (Fox and 125 

Weisberg, 2019), and the normality of the residuals using the Shapiro-Wilk test. The 126 

post hoc Tukey's HSD test was applied when differences were significant. In all the 127 

statistical analyses were stablished a critical level (α) of 0.05 to reject the null 128 

hypothesis. 129 

2.3 Light microscopy 130 

The specimens were fixed for 24 h using Davidson's fixative (ethanol absolute: 131 

seawater: formaldehyde 37 %: glycerol: glacial acetic acid in proportion 3: 3: 2: 1: 1) 132 



and conserved in ethanol 70%. The conserved samples were processed in an automatic 133 

tissue processor (Especialidades Médicas Myr, Tarragona, Spain), then samples were 134 

embedded in paraffin using a paraffin processor (Especialidades Médicas Myr, 135 

Tarragona, Spain) to make the paraffin blocks. The paraffin blocks were sliced in 2 µm 136 

sections employing a Leica RM2155 microtome (Leica, Wetzlar, Germany). The 137 

general structure was visualized using Haematoxylin & Eosin stains; while the 138 

polysaccharides were highlighted using Periodic acid–Schiff (PAS) contrasted with 139 

Methylene Blue, and PAS combined with Alcian Blue (pH 2.5) contrasted with 140 

Hematoxylin. The protocol for the different stains was realized following Castejón 141 

(2018). The light microscopy observations were realized in a Leica LB30T 111/97 142 

optical microscope (Leica, Wetzlar, Germany) connected to a camera (Olympus DP70 143 

1.45 Mpx; Olympus Corporation, Germany) and image analysis software (DP 144 

Controller 2.1.1.83 and DP Manager 2.1.1.163; Olympus Corporation, Germany). 145 

2.4 Transmission electron microscopy (TEM)  146 

The specimens were fixed in a solution of 2% paraformaldehyde and 2.5% 147 

glutaraldehyde in cacodylate buffer (0.1 mol L-1 pH 7.4) during ca. 12 h at 4 °C and 148 

constant darkness. Then, the fixed specimens were washed with the same cacodylate 149 

buffer and post-fixed in 1% osmium tetroxide solution in cacodylate buffer during 90 150 

minutes at 4 °C. The post-fixed specimens were washed again with cacodylate buffer, 151 

double-distilled water, and dehydrated in a graded series of acetone (30%, 50% and 152 

70% realizing one time each step, followed by 90%, 95% and 100% realizing three 153 

times each step, in all cases were used 15 min step). The post-fixed and clean specimens 154 

were embedded in Spurr’s resin. The semi-thin slices were obtained using a Leica UCT 155 

ultramicrotome (Leica, Wetzlar, Germany) and stained with Toluidine Blue. The ultra-156 

thin slices were obtained using the same ultramicrotome and stained with uranyl acetate 157 



and lead citrate. Observations were made with a Jeol EM-1010 transmission electron 158 

microscope (tungsten filament, 80 kV). Post-fixing procedures and observations were 159 

realized at Centres Científics i Tecnològics de la Universitat de Barcelona (CCiTUB; 160 

Hospital Clinic, Barcelona, Spain).   161 



3. Results 162 

The midgut tract of of M. brachydactyla during the larval development is an organ 163 

positioned dorsal and anteriorly, after the stomach and before the elongated hindgut 164 

tract, below the heart. The anterior margin of the midgut tract continues dorsally with a 165 

pair of anterior caeca, medially with the stomach, and ventrally with the midgut gland 166 

(Fig. 1A–C; 2B). The posterior margin of the midgut tract continues dorsally with a 167 

single posterior caecum, and medially with the midgut-hindgut junction, which 168 

immediately continues with the hindgut tract (Figs. 1A–C; 2B-D). The midgut tract, 169 

during the entire larval development, is a short cylindrical tube from 302 ± 41 µm at 170 

hatching to 460 ± 34 µm in megalopa 11 days post-hatching (Fig. 1A–E). The midgut 171 

tract elongates significantly during the larval development following a linear model 172 

(Fig. 1D; R2 = 0.67, F1,71 = 144, p < 0.001). The midgut tract was significantly longer 173 

during the megalopa stage than during the zoeal phases (Fig. 1E; F3,17 = 21.2, p < 174 

0.001), but the maximum diameter did not vary significantly among the different stages 175 

(Fig. 1F; F3,17 = 0.30, p = 0.83). 176 

Morphological organization of the midgut tract 177 

In all the larval stages, the midgut tract of the common spider crab is lined by a simple 178 

columnar epithelium with two cell types: the digestive cells (Fig. 2), and the 179 

regenerative cells (Fig. 2A, D–E); following the nomenclature of Sonakowska et al.  180 

(2015; 2016; 2021). The digestive cells are tall columnar, dominate the epithelium, and 181 

presents microvilli in contact with the lumen (Figs. 2D–E; 3A; 4B–C; 5; 7A). Lipid 182 

droplets were observed in the cytoplasm of the main epithelial cells (Figs. 2F; 4B, D). 183 

In contrast, the regenerative cells are scarce in comparison to the digestive cells, they 184 

are small and never reach the lumen of the organ (Figs. 2D–E; 3C; 6). The epithelium is 185 

supported by a highly electron-dense and undulated basal lamina (Figs. 3C–D; 4B, E; 186 



6A–B; 7). The basal lamina is surrounded by a thin layer formed by circular 187 

musculature which muscle fibres are visible by electron microscopy and connective 188 

tissue (Figs. 3C; 4E; 6A). 189 

The ultrastructural study of the digestive cells do not showed clear differences when 190 

comparing between zoea I (0 days post-hatching) and megalopa (10 days post-hatching) 191 

stages. The digestive cells have a polarized organization. As mentioned before, the 192 

apical membrane forms elongated, slender and undulated microvilli that reach the lumen 193 

of the midgut tract (Figs. 2D–E; 3A; 4B–C; 5; 7A). The lateral membranes are generally 194 

straight with slight undulations (Fig. 3), showing elongated cell-to-cell junctions in the 195 

cell apex (ca. 4–5 µm; Figs. 3B–C; 4C; 5C). The basal membrane is infolded forming 196 

the basal tubular system in the basal region of the cytoplasm (Figs. 3C–D; 4B, E; 6A; 197 

7A–B).  198 

The apical region of the digestive cells is characterized by the presence of electron-199 

dense vesicles which density increases towards the apical membrane (Figs. 3A–B; 4B–200 

C; 5A–C; 7A), numerous mitochondria (Figs. 3A–B; 4B–C; 5A–B; 7A–B), and 201 

cisternae of rough endoplasmic reticulum (usually) oriented parallel to lateral cell 202 

membranes (Figs. 3B; 4B–C). The perinuclear region contains low density of 203 

organelles, consisting on sparse mitochondria and cisternae of rough endoplasmic 204 

reticulum (Figs. 3B–C; 4B, D). The basal region is dominated by the basal tubular 205 

system, a complex network of tubules formed by the basal cell membrane (Figs. 3C–D; 206 

4B, E; 6A; 7A–B), as it is observed the fusion between the tubules and the basal cell 207 

membrane (Figs. 3D; 4E; 6A). The basal tubular system surrounds some mitochondria 208 

(Figs. 3C; 4E; 6A–B; 7B). The Golgi bodies have been observed on the apical and basal 209 

regions. 210 



The regenerative cells are cells located near to the basis of the epithelium that never 211 

reach the midgut tract lumen due to their small size (Figs. 2D–E; 3C; 6A–B). The 212 

ultrastructure of the regenerative cells does not shown any clear polarity. Consequently, 213 

it is not possible to define any membrane or cytoplasmic region (Fig. 6A–B). The 214 

cytoplasm is lucent with ribosomes (Fig. 6). The mitochondria are small and scarce 215 

(Fig. 6A, C). The cytoplasm contains some electron-dense and lucent vesicles (Fig. 6). 216 

Secretory activity of the midgut tract 217 

The peritrophic membrane is present in the midgut tract already in the zoea I (ca. 12 h 218 

post-hatching), being also reported in all the posterior stages (Figs. 2C–E; 3A; 5). The 219 

peritrophic membrane is stained by Haematoxylin and PAS stains (Figs. 2C–E). The 220 

PAS combined with Alcian Blue stain revealed a remarkably stained band in the apex of 221 

the main epithelial cells, similar staining occurred in the peritrophic membrane (Fig. 222 

2E). The position of the apical stained band observed by light microscopy (Fig. 2E) 223 

coincides with the electron-dense vesicles observed by electron microscopy (Figs. 3A–224 

B; 4B–C; 5A–C; 7A). The content of the electron-dense vesicles is released among the 225 

microvilli following a merocrine type of secretion (Fig. 5A–C). The secretions are 226 

released through the microvilli (Figs. 3A; 5C). Near to the midgut tract lumen, a few 227 

layers composed by a highly, electron-dense, amorphous matrix are observed within the 228 

microvilli (Figs. 3A; 5D–E). The amorphous layers are sequentially wider and less 229 

electron-dense as they are released in the lumen of the midgut tract (Fig. 5D–E). 230 

The midgut-hindgut junction 231 

The transition between the midgut tract and the hindgut tract, the midgut-hindgut 232 

junction, is abrupt as reported by dissection (Fig. 1A–C), by light microscopy sections 233 

(Fig. 2B–D), and by transmission electron microscopy preparations (Fig. 7). Light 234 

microscopy observations reveal that the midgut-hindgut junction, in longitudinal 235 



section, is a deep invagination created by the epithelia of both midgut and hindgut tracts 236 

(Fig. 2B–D). Each half of the invagination corresponded to the epithelia of one of the 237 

intervening organs (Fig. 2C–D). The transition itself occurs within a lapse of few cells 238 

located deeply in the invagination (Fig. 2C–D). The brush border of the midgut tract 239 

was immediately substituted by the cuticle lining of the hindgut tract (Fig. 2D). 240 

Transmission electron microscopy confirmed the abruptness of the transition among 241 

organs in the midgut-hindgut junction (Fig. 7). Cells with mixed features of the midgut 242 

and hindgut tracts epithelia were not observed. Instead, the ultrastructure of the 243 

epithelial cells from each organ is conserved. The last digestive cell of the midgut tract 244 

reduces gradually the size of its microvilli, and the density of apical electron-dense 245 

vesicles, towards the junction (Fig. 7A–B). The basis of the last digestive cell conserves 246 

the basal tubular system and mitochondria, the folding of the basal membrane, and the 247 

electron-dense basal lamina (Fig. 7). A striking feature is the infolding of the last 248 

digestive cell basis, creating a superior cap of basal lamina that supports the first 249 

epithelial cell of the hindgut tract (Fig. 7B–C). The first epithelial cell of the hindgut 250 

tract is rounded and covered by a very thin cuticle, none other relevant feature was 251 

observed (Fig. 7B). Apparently, the cuticle is limited to the hindgut epithelial cells and 252 

does not extend towards the last digestive cell (Fig. 7B). The height of the hindgut 253 

epithelial cells and the cuticle thickness increases quickly in the next cells after the first 254 

epithelial cell of the hindgut tract (Fig. 7A). 255 

4. Discussion 256 

Morphology of the larval midgut tract 257 

The midgut tract of the larval stages of the common spider crab M. brachydactyla is a 258 

short and simple tube positioned anteriorly, between the stomach and the hindgut tract, 259 

as observed in adults from the same species (Castejón et al., 2021). The midgut tract as 260 



a simple tube, internally lined by a simple columnar epithelium, is shared by the larvae 261 

of several decapod taxa, including other brachyuran species (Jantrarotai and 262 

Sawanyatiputi, 2005; Spitzner et al., 2018), anomurans (Williams, 1944; Abrunhosa and 263 

Kittaka, 1997), astacideans (Factor, 1981), achelatans (Mikami et al., 1994), and 264 

carideans (Tziouveli et al., 2011; Sonakowska‐Czajka et al., 2021). Major differences 265 

were found on the relative length of the midgut tract. Similarly as observed in this 266 

study, the midgut tract is a short tube in other brachyurans (Spitzner et al., 2018), and 267 

anomurans (Williams, 1944; Abrunhosa and Kittaka, 1997). On the contrary, it is a 268 

large tube reaching the sixth abdominal segment in clawed lobsters (Factor, 1981), and 269 

caridean shrimps (Tziouveli et al., 2011; Sonakowska‐Czajka et al., 2021).  270 

During the larval development of M. brachydactyla, the maximum length of the midgut 271 

tract increased significantly, but no differences were found on either the maximum 272 

diameter or the morphological traits of the organ. A similar developmental pattern based 273 

upon a general lengthening has been observed in the European shore crab Carcinus 274 

maenas (Spitzner et al., 2018), the king crab Paralithodes camtschaticus (Abrunhosa 275 

and Kittaka, 1997), and the shrimp Lysmata amboinensis (Tziouveli et al., 2011). 276 

Moreover, the gross features of the larval midgut tract of M. brachydactyla resembles 277 

those described in other adult decapods, including other brachyuran species (Reddy, 278 

1937; Barker and Gibson, 1978; Erri Babu et al., 1982; Trinadha Babu et al., 1989; 279 

Kaushik and Kumar, 1998), and astacideans like crayfishes (Komuro and Yamamoto, 280 

1968), and clawed lobsters (Yonge, 1924; Barker and Gibson, 1977). Williams (1944) 281 

reported a septum between the midgut and the hindgut junction in the pre-zoeae of the 282 

porcelain crab Porcellana platycheles. Such feature has not been reported by neither 283 

this nor other studies. The author postulated that the septum might disappear in the next 284 



moult, so additional studies are required to confirm if the septum is a feature restricted 285 

to pre-hatch or embryonic stages.  286 

Role of the larval midgut tract 287 

The digestive cells of the midgut tract epithelium of M. brachydactyla showed a similar 288 

cell organization and ultrastructure in the zoea I and megalopa stages. This resemblance 289 

is interesting considering their different lifestyles: the zoeae are planktonic and free 290 

swimming stages; while the megalopae have a benthic lifestyle (Guerao et al., 2008). 291 

Moreover, the ultrastructure of the digestive cells of the midgut tract in M. 292 

brachydactyla larvae resembles the described in adults of different decapod species, 293 

which involves a great diversity of diets and lifestyles, e.g. true crabs (Reddy, 1937; 294 

Barker and Gibson, 1978; Erri Babu et al., 1982; Trinadha Babu et al., 1989; Kaushik 295 

and Kumar, 1998), caridean shrimps (Sonakowska et al., 2015), clawed lobsters (Barker 296 

and Gibson, 1977), and crayfishes (Komuro and Yamamoto, 1968).  We propose that 297 

the conservatism of the midgut tract among life stages, taxa and diets might respond to a 298 

shared design to carry out the late phases of the digestive cycle, i.e. the biochemical 299 

processing of the food and the excretion of residuals (Icely and Nott, 1992). In 300 

comparison, the stomach is an structure with a great variation among life stages, diet 301 

and phylogeny, as it is a complex structure involved in the mechanical processing of the 302 

food (Icely and Nott, 1992; Heeren and Mitchell, 1997; Allardyce and Linton, 2010; 303 

Brösing, 2010; Brösing and Türkay, 2011; Castejón et al., 2015a; Castejón et al., 2015b; 304 

Davie et al., 2015). 305 

The histological observations of the midgut tract of the larvae of M. brachydactyla 306 

revealed functionality since ca. 12 h after hatching, in which the lumen of the midgut 307 

tract is filled by the peritrophic membrane. Similar observations were realized in the 308 

larvae of clawed lobsters (Factor, 1981), and caridean shrimps (Tziouveli et al., 2011). 309 



The peritrophic membrane is an acellular matrix present in the majority of the arthropod 310 

taxa, which separates the ingested content from the midgut and hindgut epithelia 311 

(Lehane, 1997; Boonsriwong et al., 2006). The peritrophic membrane of the decapods is 312 

composed primarily by chitin, structural proteins and several classes of enzymes 313 

(Forster, 1953; Martin et al., 2006; Wang et al., 2012). The role of the peritrophic 314 

membrane might to be a protective barrier against pathogens, abrasive particles, and 315 

toxic compounds (Barbehenn and Martin, 1992; Lehane, 1997; Terra, 2001; Martin et 316 

al., 2006; Hegedus et al., 2009; Wang et al., 2012). Wang et al. (2012) also indicated 317 

that the peritrophic membrane might assist or accelerate the digestive process, and play 318 

an important role in the gut immune system. 319 

The midgut tract of the decapods has been traditionally considered the organ responsible 320 

of the secretion of the peritrophic membrane (Felgenhauer, 1992; Martin et al., 2006; 321 

Davie et al., 2015; Van Thuong et al., 2016). This study supports such proposal, 322 

providing evidence for secretory activity in the digestive cells of the midgut tract in 323 

larvae ca. 12 h after hatching. The secretory activity was identified as merocrine, 324 

consisting on releasing the electron-dense content of the vesicles located in the cell 325 

apex. Similarly, electron-dense vesicles sharing a similar location were also identified 326 

on the main epithelial cells of the midgut tract of adults of the dungeness crabs 327 

Metacarcinus magister and the clawed lobster Homarus americanus (Mykles, 1979), in 328 

adults of the ridgeback prawns Sicyonia ingentis (Martins et al., 2006); as well in the 329 

larvae of the freshwater shrimp Neocaridina davidi (Sonakowska‐Czajka et al., 2021).  330 

The present study showed that the content of the electron-dense vesicles apparently 331 

aggregates within the microvilli to form electron-dense layers that are sequentially 332 

released into the lumen. Following the proposal of Mykles (1979), it is tempting to 333 

suggest that the above mentioned process correspond to the formation of peritrophic 334 



membrane layers. Georgi (1969) also reported an overlap between the weave pattern of 335 

the peritrophic membrane and the spacing of the underlying microvilli. However, 336 

Martin et al. (2006) determined that the electron-dense vesicles do not contain chitin, 337 

and were unable to identify their role. Thus, we propose that electron dense-vesicles 338 

correspond to the protein content of the peritrophic membrane, including enzymes 339 

involved in its formation and stabilization. This hypothesis is also supported by the 340 

similar staining observed between the apical band observed in the epithelial cells, and 341 

the peritrophic membrane (Fig. 2E). Consequently, the production and release of 342 

electron-dense vesicles should play an important role for the digestive physiology, 343 

specially addressing the abundance of vesicles and the ultrastructural organization of the 344 

main epithelial cells as secretory cells (Komuro and Yamamoto, 1968; Mykles, 1979).  345 

The digestive cells of the midgut tract of M. brachydactyla larvae also contain lipid 346 

droplets, which were mostly observed in the megalopa stage, suggesting a role related 347 

with the absorption and storage of nutrients. The absorptive role of this organ has been 348 

suggested for species with an elongated midgut tract as shrimps (Talbot et al., 1972; 349 

Tziouveli et al., 2011), but is absent in species in which the midgut tract is vestigial as 350 

for example crayfish (Komuro and Yamamoto, 1968). The relative length of the midgut 351 

tract of M. brachydactyla is intermediate between the previous examples, so a 352 

complementary absorptive/storage role might be possible. The presence of a basal 353 

tubular system and mitochondria on the cell basis also suggest a potential 354 

osmoregulatory role for the midgut tract (Komuro and Yamamoto, 1968; Talbot et al., 355 

1972).  356 

The regenerative cells observed in the midgut tract of M. brachydactyla were similar to 357 

those reported in the midgut epithelium of the crayfish Procambarus clarkii (Komuro 358 

and Yamamoto, 1968) and the shrimp N.  heteropoda (Sonakowska et al., 2015). The 359 



last authors suggested these cells divide and differentiate into other cell types. Later, 360 

Sonakowska‐Czajka et al. (2021) confirmed mitotic activity, supporting its role and 361 

denomination as regenerative cells.   362 

The larval midgut-hindgut junction 363 

The midgut-hindgut junction of the larval stages of M. brachydactyla is an invagination 364 

in which occurs the abrupt transition between the epithelia of the midgut tract and the 365 

hindgut tract. The transition between the midgut tract and the hindgut tract is also 366 

apparently abrupt in the larvae of P. camtschaticus (Abrunhosa and Kittaka, 1997) and 367 

H. americanus (Factor, 1981), but further detailed studies are required. Barker and 368 

Gibson (1978) mentioned that the midgut-hindgut junction contains cells with mixed 369 

features of the midgut and hindgut epithelia. The results obtained in this study cannot 370 

support such affirmation. In the larvae of M. brachydactyla, the epithelia of each organ 371 

maintain only contains the features of such organ, and epithelial cells with mixed 372 

features of the midgut and hindgut epithelia were not found. This observation is 373 

consistent with the fact that each organ originates from a different embryonic layer: 374 

endoderm for the midgut tract, and ectoderm for the hindgut tract (Felgenhauer, 1992; 375 

Icely and Nott, 1992; Davie et al., 2015), so the differentiation patterns of each 376 

embryonic layer might be conserved during the development. In this sense, the study of 377 

the midgut-hindgut junction of the ghost shrimp Lepidophthalmus louisianensis did not 378 

found cells with mixed features (Felder and Felgenhauer, 1993).  379 

In conclusion, the midgut tract of the larvae of the common spider crab is functional 380 

since hatching. The midgut tract morphology suggests a similar role during the entire 381 

life cycle. The midgut tract is a secretory organ involved in high production of electron-382 

dense vesicles and the peritrophic membrane. Moreover, the midgut tract is involved in 383 

the storage of nutrients as lipid droplets.  Regenerative cells were reported. The midgut-384 



hindgut junction is an abrupt transition between both organs; the epithelia of each organ 385 

(midgut tract and hindgut tract) conserved its identity as probable consequence the 386 

different embryonic origin of each organ.  387 
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Figure Legends 600 

Figure Legends 601 

Figure 1. Maja brachydactyla. Gross morphology and development of the midgut tract 602 

during the larval development. Dissected midgut tract and associated caeca, scale bar = 603 

100 µm (A–C): zoea I 0 days post-hatching, lateral view (A), zoea II 4 days post-604 

hatching, lateral view (B), and megalopa 9 days post-hatching, ventral view (C). 605 

Variation of the midgut tract length during the larval development (D). Size of the 606 

midgut tract in different larval stages, different letters indicate significant differences (p 607 

< 0.05) (E–F): length (E) and diameter (F). Abbreviations: AC, anterior caeca; arrow, 608 

midgut-hindgut junction; HGT, hindgut tract; M6d, megalopa 6 days post-hatching; 609 

M11d, megalopa 11 days post-hatching; MGE, midgut tract epithelium; MGT, midgut 610 

tract; PC, posterior caecum; ZI0d, zoea I 0 days post-hatching; ZII3d, zoea II 3 days 611 

post-hatching.  612 

 Figure 2. Maja brachydactyla. Tissue organization of the larval midgut tract. General 613 

diagram of the midgut tract (A). Midgut tract, longitudinal section (B-D): zoea I (3 days 614 

post-hatching), general view, Haematoxylin-Eosin, scale bar = 50 µm (B); zoea I (0 615 

days post-hatching), peritrophic membrane and midgut-hindgut junction, Haematoxylin-616 

Eosin, scale bar = 20 µm (C); zoea II (7 days post-hatching), epithelium and midgut-617 

hindgut junction, PAS contrasted with Methylene Blue, scale bar = 20 µm (D). Midgut 618 

tract, transversal section, scale bar = 20 µm. (E–F): zoea I (2 days post-hatching), 619 

epithelium and peritrophic membrane, PAS and Alcian Blue pH 2.5 contrasted with 620 

Haematoxylin (E); megalopa (10 days post-hatching), epithelium with lipid droplets, 621 

Osmium Tetroxide and Toluidine Blue (F). Abbreviations: AC, anterior midgut caecum; 622 

arrow, midgut- hindgut junction; asterisk, apical stained band of the epithelial cells; BL, 623 

basal lamina; C, cuticle; CT, connective tissue; DC, digestive cells (midgut tract); H, 624 



hearth; LD, lipid droplets; MF, muscle fibres; MGE, midgut gland epithelium; MGG, 625 

midgut gland (a.k.a. hepatopancreas); MGT, midgut tract; Mv, microvilli; PC, posterior 626 

midgut caecum; PM, peritrophic membrane; RC, regenerative cells (midgut tract); SE, 627 

stomach epithelium; St, stomach. 628 

Figure 3. Maja brachydactyla. Zoea I (0 days post-hatching). Midgut tract. 629 

Ultrastructure of the digestive cells. Cell apex and microvilli of the epithelial cells, scale 630 

bar = 500 nm (A). Apical and perinuclear region of the digestive cells, scale bar = 2 µm 631 

(B). Perinuclear and basal region of the digestive cells and regenerative cell, scale bar = 632 

4 µm (C). Basal tubular system of the digestive cells and basal lamina, scale bar = 500 633 

nm (D). Abbreviations: arrowheads, secretions located through the microvilli; BL, basal 634 

lamina; BTS, basal tubular system; EV, electron-dense vesicles (cytoplasm); LV, lucent 635 

vesicles (cytoplasm); Mt, mitochondria; Mv, microvilli; My, myofibrils; N, nucleus; 636 

numbers (1–2), layers of secretion of peritrophic membrane; RC, regenerative cell; 637 

RER, rough endoplasmic reticulum. 638 

Figure 4. Maja brachydactyla. Megalopa (10 days post-hatching). Midgut tract. 639 

Ultrastructure of the digestive cells. General diagram (A). General view of the digestive 640 

cells, scale bar = 5 µm (B). Apical region of the digestive cells, scale bar = 1 µm (C). 641 

Perinuclear region of the digestive cells, scale bar = 1 µm (D). Basal tubular system and 642 

basal region of the digestive cells, detail of the basal lamina, scale bar = 1 µm (E). 643 

Abbreviations: asterisk, cell-to-cell junction; BL, basal lamina; BTS, basal tubular 644 

system; EV, electron-dense vesicles (cytoplasm); LD, lipid droplets; Mt, mitochondria; 645 

Mv, microvilli; My, myofibrils; N, nucleus; RER, rough endoplasmic reticulum. 646 

Figure 5. Maja brachydactyla. Larval midgut tract. Secretory activity of the digestive 647 

cells. Megalopa (10 days post-hatching), mecrocrine secretion (A–B): scale bar = 1 µm 648 

(A), scale bar = 500 nm (B). Zoea I (0 days post-hatching), scale bar = 500 nm (C–E): 649 



mecrocrine secretion (C); layers of secretion of peritrophic membrane through the 650 

microvilli (numbers 1 to 2) (D); layers of secretion of peritrophic membrane (numbers 1 651 

to 5) (E). Abbreviations: arrowheads, fusion between the apical membrane and the 652 

electron-dense vesicles; arrows, secretions located through the microvilli; asterisk, cell-653 

to-cell junction; EV, electron-dense vesicles (cytoplasm); Mt, mitochondria; Mv, 654 

microvilli; numbers (1-5), layers of secretion of peritrophic membrane. 655 

Figure 6. Maja brachydactyla. Zoea I (0 days post-hatching). Ultrastructure of the 656 

regenerative cells. General view, scale bar = 2 µm (A–B). Detailed view of the lucent 657 

vesicles and mitochondria, scale bar = 500 nm (C). Abbreviations: BL, basal lamina; 658 

BTS, basal tubular system; EV, electron-dense vesicles (cytoplasm); LV, lucent vesicles 659 

(cytoplasm); Mt, mitochondria; My, myofibrils; N, nucleus.  660 

Figure 7. Maja brachydactyla. Megalopa (10 days post-hatching). Midgut-hindgut 661 

junction. General view, scale bar = 5 µm (A). Detailed view of the last digestive cell of 662 

the midgut tract and the first hindgut tract epithelial cell, scale bar = 1 µm (B). 663 

Transition of the basal lamina, scale bar = 2 µm (C). Abbreviations: BL, basal lamina; 664 

BTS, basal tubular system; C, cuticle; CE, potential end of the cuticle; DC, digestive 665 

cells of the midgut tract; FHE, first hindgut tract epithelial cell; HE, hindgut tract 666 

epithelial cells; LDC, last digestive cell of the midgut tract; Mt, mitochondria; Mv, 667 

microvilli. 668 
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