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ABSTRACT 

Sesarmid crabs have important ecological roles in the mangroves of the Indo-west-Pacific 

biogeographic region. By processing large amount of leaf litter, these crabs retain organic 

matter in the mangroves, increase the rate of mineralisation, and fuel additional trophic links 

with the processed material. However, the dietary composition of the mangrove sesarmids is 

still a controversy. Gut content analyses suggest a dominant contribution of mangrove leaf 

litter in the crab diet but stable isotope data seem to support the assimilation of organic matter 

derived from the microphytobenthos but not mangrove litter. In addition, ability of the 

sesarmid crabs to obtain sufficient nutrition from mangrove litter, which is rich in structural 

carbon (cellulose) but poor in other nutrients such as nitrogen, has been questioned. The over-

arching goal of this thesis was to fill these gaps of knowledge in detritivory of the mangrove 

sesarmids, using Parasesarma erythodactyla (Hess, 1865), the dominant shredder in sub-

tropical Australian mangroves, as an animal model.  

The role of mangrove leaf litter in the diet of P. erythodactyla was evaluated though a series 

of feeding experiments. Using natural abundance and dual-labelled (
13

C and 
15

N) mangrove 

leaf litter as feed, I showed that the crabs were well sustained on the leaf litter only diet for an 

extended period (9 weeks), and assimilated mangrove carbon and nitrogen at the efficiency of 

36% and 56.6%, respectively. Experimentally determined carbon and nitrogen trophic 

discrimination values (Δδ
13

C and Δδ
15

N) between P. erythodactyla and its three potential 

food sources,  namely  mangrove leaf litter, microphytobenthos and prawn muscle, were 

significantly different from the global mean values (~+1 ‰ for Δδ
13

C and +3 ‰ for Δδ
15

N) 

commonly used for interpretation of stable isotope data on mangrove food webs. The close 

proximity between Δδ
13

C(crab-mangrove) determined by this study (+5.45‰ ) and the difference 
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in δ
13

C values of the sesarmid-mangrove litter pairs reported in the liturature (mean = 

+5.2+1.8‰ ) suggests that the same Δδ
13

C(crab-mangrove) values may apply to other mangrove 

sesarmids feeding on mangrove litter. Dietary composition calculated by the IsoConc mixing 

model based on trophic discrimination values determined in this study supports a dominant 

contribution of mangrove leaf litter to the crab’s diet (89% in terms of biomass). Together, 

these results reinforce the notion that sesarmid crabs are the key initial processor of mangrove 

primary production, particularly in the Indo-west-Pacific, where mangrove sesarmids are 

most diverse and abundant.   

Unlike other detritivores, sesarmid crabs are capable of assimilating fresh mangrove leaf litter 

before significant microbial decomposition can occur, although aged litter is usually 

preferred.  Mechanisms by which these animals could exploit this low-quality food source, 

however, remains unclear. Using a molecular approach, I showed that mangrove detritivorous 

crabs are physiologically adapted to utilizing cellulose-rich mangrove detritus, the most 

abundant carbon source in this ecosystem, by possessing endogenous cellulose hydrolysis 

enzymes. Direct evidence of endogenous cellulase production not only in P. erythodactyla 

but also in other crabs of Sesarmidae, Varunidae, Macrophthalmidae, Heloeciidae, and 

Ocypodidae families is presented. The cDNA sequences encoding endo-β-1,4-glucanase, one 

of the key enzymes required for complete digestion of cellulose, identified in these crabs are 

the first endogenous cellulase gene sequences reported for brachyuran crabs. I also 

demonstrated that the essential amino acid Threonine, Isoleucine, and Phenylalanine and the 

long-chain polyunsaturated fatty acid, docosahexaenoic acid (DHA), could be de novo 

synthesized in P. erythodactyla, possibly with assistance from its gut microflora. In addition 

to nutrients derived from animal and microphytobenthos food, these de novo synthesised 
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nutrients represent a subsidy for the nitrogen and LC-PUFA deficient mangrove litter diet of 

the crab. 

Findings of this study re-affirm the important role of the sesarmid crabs in mangrove organic 

matter dynamics. Through the sesarmid link, the unpalatable and hard-to-digest mangrove 

leaf litter is converted to either crab secondary production or faecal materials of improved 

nutritive values, supporting the nutrition of fauna in the mangrove and connected habitats.  
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Chapter 1. Introduction 

1.1 General overview 

Grapsoid crabs are some of the most abundant brachyurans in mangroves (Jones, 1984). 

The majority of mangrove grapsoids belongs to family Sesarmidae (previously 

Sesarminae (Lee, 1998) but see (Ng et al., 2008)). The highest species diversity of 

grapsoids is recorded in the mangroves of the Indo-Pacific region (Lee, 1998), with up 

to 51 species (44 sesarmid species) described in  Singapore-Malaysia (Tan and Ng, 

1994) and 61 species (48 sesarmid species) in Australia (Davie, 2002). Being the initial 

processors of mangrove leaf litter, the grapsoids have an important role in cycling of 

organic matter in the mangroves. By ingesting high percentages of leaf litter, these crabs 

retain a significant amount of autochthonous primary production in the mangroves 

(Cannicci et al., 2008; Lee, 1998). Crab litter processing also generates faecal material, 

which, upon microbial enrichment,  has improved nutritive values and smaller fragment 

sizes than mangrove litter, potentially valuable to the nearshore consumers (Lee, 1997; 

Werry and Lee, 2005). In addition, mangrove grapsoids themselves are source of food 

for higher trophic levels. Remnants of grapsoids are prominent items in the diet of 

fishes in the mangroves of Malaysia (Leh et al., 2012; Sasekumar et al., 1984) and 

Australia (Sheaves and Molony, 2000).  

Despite the reported significant trophic role of the sesarmid crabs, their actual diet 

remains controversial. The high rates of litter removal (Table 1.1) and the high 

abundance of leaf litter relative to other food items found  in the stomach of these crabs 

(Malley, 1978; Poovachiranon and Tantichodok, 1991) suggest a dominant contribution 

of mangrove leaf litter to their diet. Large deviations (~5‰) of carbon isotopic values 

(δ
13

C) of the grapsoid crabs from those of mangrove leaf litter, however, question a 

leading dietary role of this food source (Bouillon et al., 2002; Guest and Connolly, 
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2004; Mazumder and Saintilan, 2010). It must be noted, however, that past 

interpretations of mangrove crab stable isotope data were based on the means of the 

highly variable (among pairs of consumer and food source) trophic discrimination 

values reported in the literature rather than the true trophic discrimination values 

between the grapsoids and  their potential food sources.  The apparent lack of direct 

evidence supporting the assimilation of mangrove organic matter by the crabs, coupled 

with the paucity of information on physiological capacity of the grapsoid crabs for 

exploiting a poor nutritive food source like the mangrove leaf litter (which often have 

C/N ratio approaching 100, Table 1.2) cast doubts on the dietary contribution of 

mangrove leaf litter, and thus the trophic role of grapsoid crabs in tropical mangrove 

ecosystems.  

The goal of my research is to resolve paradoxical issues related to detrivitory in the 

mangrove sesarmid crabs. I used novel approaches to study the feeding ecology of the 

mangrove sesarmids, including (1) application of natural-abundance and enriched stable 

isotope tracers, (2) compound-specific stable isotope analysis of amino acids and fatty 

acids, and (3) biochemical and molecular techniques in enzymatic and genetic analyses, 

to gain an in-depth understanding of the sesarmids’ dietary composition and the 

adaptations they possess to tackle a food source rich in cellulose but poor in nitrogen. 

The sesarmid crab Parasesarma erythodactyla was used as the animal model for my 

research since it is one of the most abundant grapsoid crabs in the mangroves along the 

eastern coast of Australia (Davie, 1993), and its feeding ecology (Camilleri, 1989; 

Camilleri, 1992) and trophic roles (Hall et al., 2006; Nerot et al., 2009; Werry and Lee, 

2005) has been investigated in previous studies.  

In this chapter, I will provide a short review on the ecological roles and feeding ecology 

of the mangrove sesarmid crabs in general, and of P. erythodactyla in particular. I will 
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also highlight knowledge gaps in these topic areas, and thus the significance of my 

research. The aims and objectives of my study and the structure of this thesis will then 

be described. Finally, progress on publication of my work will be reported.  

1.2 Role of sesarmid crabs in tropical mangrove ecosystems 

Direct ingestion and storage of leaf litter in crab burrows (‘leaf-caching’, (Giddins et al., 

1986)) remove significant amount of litter from the mangrove forest floors, promoting 

organic matter retention and recycling in the mangroves. An important role of sesarmid 

crabs in litter turnover in the mangroves has been established based on their ability to 

consume large quantity of, often fresh, mangrove leaf litter. Ingestion of mangrove 

detritus was first demonstrated by the presence of substantial amounts of mangrove 

detrital materials in the stomach of the sesarmid crabs (Malley, 1978), later 

substantiated with observations of direct litter removal and consumption both in the 

field (Olafsson et al., 2002; Poovachiranon and Tantichodok, 1991; Robertson, 1986) 

and laboratory experiments (Camilleri, 1989; Lee, 1989; Micheli, 1993). Litter removal 

rates greatly vary among studies; however, in general, were high in mangrove forests 

throughout the world (Lee, 1998). Although difficulties associated with quantification 

of crab density, such as the crabs’ ability to avoid pitfall traps or multiple burrow use by 

individual crab, may affect the accuracy of litter removal rate quantification (Lee, 

1998), consistently high litter removal rates reported from various mangrove settings 

(Table 1.1) indicate an indisputable role of these organisms in litter dynamics in tropical 

mangrove ecosystems.  
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Table 1.1. Reported rates of litter removal by sesarmid crabs recorded from 

mangroves throughout the world. Processing rates are expressed as percentage of 

leaf litter production.  

  

 

Both crab secondary production and their faecal materials may have an important 

contribution to the mangrove food web. Crab biomass provides food for mangrove 

vertebrates. Sasekumar et al. (1984) found grapsoids such as Chiromantes spp. and 

Metaplax spp. in the guts of fishes caught in Malaysian mangroves. Gut content and 

stable isotope analysis of three common predatory fishes of tropical mangroves in 

Australia, namely the mangrove jack Lutjanus argentimaculatus, the groupers 

Epinephelus coioides and E. malabaricus, also revealed a high contribution of sesarmid 

crabs to the diets of these fishes (Sheaves and Molony, 2000). In addition, the trophic 

link to higher consumers was also demonstrated by the transfer of polyunsaturated fatty 

acids (PUFA) markers of mangrove leaves from the sesarmid crab P. erythodactyla to 

its potential predator, the blue swimmer crab Portunus armatus (previously P. 

 Locality Crab species Mangrove species 

Litter 

processing rate
 

(%) 

Reference 

Chunda Bay, 

Australia  

Perisesarma (previously 

Sesarma) messa  

Rhizophora stylosa 28 Robertson (1986) 

Thailand  Neoepisesarma 

versicolor 

Rhizophora apiculata 87 Thongtham and 

Kristensen (2005) 

Hong Kong  Perisesarma bidens Kandelia obovata  57 Lee (1989) 

Merbok, 

Malaysia 

Perisesarma (previously 

Sesarma) eumolpe 

 Perisesarma (previously 

Sesarma) onychophorum  

Avicennia officinalis  

Bruguiera gymnorhiza 

B. parviflora  

R. apiculata 

 

42–54 Ashton (2002) 

East  Africa  Neosarmatium africanum 

(previously N. meinerti) 

Avicennia marina 67 Olafsson et al. 

(2002) 

Mgazana estuary,  

South Africa 

Neosarmatium africanum 

(previously  Sesarma 

meinerti)  

A. marina 44 Emmerson and 

McGwynne (1992) 



5 

 

pelagicus), in a laboratory experiment (Hall et al., 2006). How important this trophic 

link from the grapsoid crabs is in sustaining estuarine secondary production is yet to be 

thoroughly assessed. Such links would constitute important steps in the ‘trophic relay’ 

process, transferring energy from highly productive marshes and mangroves to estuaries 

and the coastal ocean (Kneib, 1997).  

An important trophic role of crab-processed leaf litter, in the form of faecal materials, in 

the mangrove and nearshore food web has also been reported. Assimilation efficiency of 

sesarmid crabs on a leaf litter diet is generally low, i.e. ~50 % or less (Lee, 1997; 

Thongtham and Kristensen, 2005), but assimilation efficiency up to 82% was reported 

in Neosarmatium meinerti (previously Sesarma meinerti, Emmerson and McGwynne, 

1992). A substantial amount of leaf litter detritus therefore becomes available to 

decomposers and detritus feeders in the form of crab faecal material. Crab foraging 

breaks down mangrove leaf litter to fine fragments, facilitating the leaching of feeding 

deterrents from and colonization of microorganisms on mangrove detritus in the faecal 

materials, thus improving the nutritional quality of mangrove detritus (Lee, 1997; Werry 

and Lee, 2005). Lee (1997) showed that faeces of Perisesarma (previously Sesarma) 

messa fed Rhizophora stylosa leaf litter had significantly lower C/N ratio and tannin 

concentration than the leaf litter itself. The increase in nutritive value and palatability of 

crab-processed detritus may explain the higher moulting frequency and reduced 

mortality in the amphipod Parhyalella sp. raised on P. messa faecal material compared 

with those fed the leaf-litter-only diet.  Faecal materials of litter-consuming grapsoid 

crabs may also serve as a potential food source for nearshore consumers. Werry and Lee 

(2005) demonstrated that the copepods Temora turbinata and Oithona rigidis 

maintained on a mixed diet of P. erythodactyla faeces and the microalga 

Nannochloropsis sp. attained higher survivorship and carbon assimilation efficiency 
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than those on the sole algal diet. These data suggest a potential trophic role of crab-

processed mangrove materials in nearshore pelagic food chains.   

Litter processing by sesarmid crabs also has important impacts on the quality of and the 

biogeochemical processes in mangrove sediment. Crab foraging mediates more efficient 

transfer of organic matter from mangrove detritus to sediments. Nerot et al. (2009) 

demonstrated that inclusion of  the sesarmid crab P. erythodactyla in mesocosms 

containing senescent Avicennia marina leaves increased the amount of long-chain fatty 

acids (the fatty acid markers of plant materials (Hall et al, 2006)) and the C/N ratio,  but 

decreased the δ
13

C values of surface sediments. Similarly, it was reported that foraging 

on Kandelia obovata leaves by Parasersama plicatum  resulted in higher C/N ratio, 

organic carbon and total nutrient content in surface mangrove sediments (Chen and Ye, 

2010). Faster turnover of mangrove organic matter in the presence of the sesarmid crabs 

may be attributed to more efficient microbial decomposition of fine leaf detritus in crab 

faeces compared to the decomposition of unprocessed litter. Indeed, after three weeks of 

decomposition, faeces produced by P. erythodactyla supported 70x higher microbial 

density than the whole leaf litter (Werry and Lee, 2005). Similarly, microbial 

decomposition of faecal materials of Neoepisesarma versicolor fed green Rhizophora 

apiculata leaves was 55x faster than that of unprocessed leaf litter (Kristensen and 

Pilgaard, 2001).  

Crab bioturbation activity can influence biogeochemical processes in the mangroves in 

different ways (Cannicci et al., 2008). Most grapsoid crabs construct and maintain their 

burrows in mangrove sediments (Lee, 1998). Crab burrowing significantly changes the 

surface topography of the sediment (Warren and Underwood, 1986); facilitates 

exchange of organic matter between the surface and subsurface sediment; helps 

determine the dominant biogeochemical processes (McHenga et al., 2007; Smith et al., 
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1991); increases the heterogeneity of microbial communities, and thus their activity in 

sediment (Kristensen et al., 2008). Crab burrows also promote movement of water and 

air deep into the sediment (Ridd, 1996; Stieglitz et al., 2000), changing the oxidation 

status of the surrounding sediment and the relative importance of sulphur and iron 

reduction processes in anaerobic oxidation of organic carbon (Kristensen et al., 2008). 

The same process may help export salt from mangrove sediment and relieve mangroves 

from salinity stress. Changes in sediment chemistry due to crab bioturbation may 

positively influence mangrove forest productivity. Smith et al. (1991) reported that the 

removal of sesarmid crabs (by using pitfall traps) from Rhizophora forests in north 

Queensland, Australia, increased the soil sulphide and ammonium concentrations and 

lowered the productivity and reproductive output of the forests. Because of their 

important influences on the physical structure and function of the mangrove 

ecosystems, sesarmid crabs were regarded as ‘keystone species’ (Smith et al., 1991) or 

‘ecosystem engineers’ (Kristensen et al., 2008) of mangrove ecosystems.  

1.3 Feeding ecology of grapsoid crabs 

Grapsoid crabs have diverse feeding habits. Although most grapsoids are omnivores, 

vascular plant materials are their major dietary source, particularly in members of 

Sesarmidae (Lee, 1998). Gut contents analysis revealed that vascular plant may make up 

> 80% of the sesarmid diet (Malley, 1978; Poovachiranon and Tantichodok, 1991). 

Opportunistic consumption of animal tissues was, however, reported in many grapsoids. 

Predation on smaller crabs or mangrove invertebrates were reported in Metopograpsus 

and Helice spp. (Lee, 1998), and cannibalism is also common (Kneib et al., 1999). 

Carnivory in sesarmids is, however, often opportunistic and was attributed to the need 

of these crabs to fulfill requirements for nitrogen (Thongtham and Kristensen, 2005), 

which is present in very low concentrations in mangrove detritus (Table 1.2). 
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Table 1.2. C/N ratios of fresh mangrove leaf litter 

 

 

 

 

 

 

 

 

 

Mangrove litter is considered the primary food source of the sesarmids based on two 

lines of evidence. Firstly, high consumption of mangrove leaves by a wide variety of 

sesarmid crabs has been reported both in field and laboratory conditions in a large 

number of studies (eg. Camilleri (1989); Camilleri and Ribi (1986); Lee (1989); Micheli 

(1993); Robertson (1986); Robertson and Daniel (1989)). Rate of litter foraging 

recorded in these studies were generally high (Table 1.1). For example, amount of leaf 

litter processing by sesarmid crabs was estimated to be equivalent to 33-71 % of 

mangrove leaf production in northern Australia (Robertson and Daniel, 1989) or even > 

100% of leaf production in Ao Nambor mangroves, Thailand, although  leaf removal 

rate by the crabs was possibly over-estimated, as admitted by the authors 

(Poovachiranon and Tantichodok, 1991). Secondly, significantly higher proportions of 

vascular plant materials relative to other food items (e.g. fungi, macro- and micro-algae, 

sand and clay, or animal tissues) found in the guts of various mangrove sesarmids 

Mangrove species Location C/N ratio Reference 

Rhizophora stylosa Chunda Bay, 

Australia 

Moreton Bay, 

Australia 

75 

 

115 

Robertson (1986) 

Werry and Lee (2005) 

R. mucronata Gazi Bay, 

Kenya 

100 (wet season) 

105 (dry season) 

Bosire et al. (2005) 

Avicennia marina Moreton Bay, 

Australia 

70 Werry and Lee (2005) 

Ceriops tagal Chunda Bay, 

Australia 

Gazi Lagoon, 

Kenya 

80 

 

178 (dry season) 

256 (wet season)  

Robertson (1988) 

 

Woitchik et al. (1997) 

Sonneratia alba Gazi Bay, 

Kenya 

70 (wet season) 

85 (dry season) 

Bosire et al. (2005) 
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indicates a strong preference of these crabs for mangrove detritus over other food 

sources. Leaf fragments were found to occupy 95% of the stomach volume of the 

sesarmid Chiromanthes onychophorum in the mangrove swamp on Penang Island, 

Malaysian (Malley, 1978). Gut contents analysis of five sesarmid species 

(Neoepisesarma versicolor, N. mederi, Chiromanthes onychophorum, C. eumolpe, and 

C. haswelli) in the mangrove forest at Ao Nambor, Thailand, also revealed that 

mangrove leaves, which made up 55-82%  volume of the crab foreguts, was the 

dominant dietary item (Poovachiranon and Tantichodok, 1991). Besides Southeast Asia, 

mangrove leaf litter was also found to be the prominent food items in the gut of the 

mangrove grapsoids in South Africa (Steinke et al., 1993), East Africa (Dahdouh-

Guebas et al., 1997), and subtropical Australia (Camilleri, 1992).  

The primary role of mangrove litter in the diets of leaf-eating grapsoids is, however, 

challenged by observations of large differences between the δ
13

C values of mangrove 

leaves and crab tissues. δ
13

C values of three dominant grapsoids of the temperate 

mangrove forests of South Australia (P. erythodactyla, Paragrapsus laevis, and 

Helograpsus haswellianus) were 3-11‰ more enriched than mangrove leaves 

(Mazumder and Saintilan, 2010). Guest and Connolly (2004) also reported a difference 

of ca. 6‰ between the δ
13

C values of P. erythodactyla and the mangrove leaves in the 

A. marina-dominated forests in south Queensland. These values are much higher than 

the global mean of stable carbon isotope trophic discrimination values (∆δ
13

C), defined 

as the deviation of δ
13

C value of consumer from its diet, of 0-1‰ (McCutchan et al., 

2003; Vander Zanden and Rasmussen, 2001). This discrepancy questions the role of 

mangrove litter as the main dietary source of the mangrove grapsoids (Mazumder and 

Saintilan, 2010). Food sources that are more enriched in δ
13

C than the mangrove leaf 

litter such as benthic meiofauna and microorganisms, animal debris, and particularly 
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microphytobenthos (MPB), were, therefore, proposed to have more significant 

contribution to the crabs’ diet (Bouillon et al., 2002; Guest and Connolly, 2004; 

Kristensen et al., 2010; Mazumder and Saintilan, 2010). This hypothesis is further 

supported by the observation of sediment browsing activity in some sesarmids (Skov 

and Hartnoll, 2002) and the higher nitrogen contents of these alternative food sources 

compared with mangrove leaf litter (Bouillon et al., 2002; Guest and Connolly, 2004; 

Kristensen et al., 2010). However, whether or not food sources other than mangrove leaf 

litter are available in an amount sufficient to sustain the dense crab population is still 

questionable. By comparing the nitrogen demand of the sesarmid crab Neoepisesarma 

versicolor with the availability of MPB and microbial biomass in the sediment, 

Thongtham and Kristensen (2005) estimated that this sersamid would need to ingest an 

unrealistically high amount of sediment to meet its nitrogen demand.  

It must be noted that the inference of the crabs’ dietary composition based on stable 

isotope data to date has been based on the assumption that the real trophic 

discrimination values of the crabs from their potential food sources were close to the 

global mean values reported in the literature. This, however, may not be true. Indeed, 

trophic discrimination values of specific pairs of consumer and diet were often found to 

vary widely from the mean values (McCutchan et al., 2003; Peterson and Fry, 1987; 

Vander Zanden and Rasmussen, 2001). In other words, a “standard” trophic 

discrimination value does not exist for all pairs of consumer and food source. Through 

feeding experiments, ∆δ
 13

C values between the sesarmids Episesarma singaporense 

and E. versicolor and the Rhizophora apiculata diet were determined to be 5.1‰ and 

4.1‰, respectively (Herbon and Nordhaus, 2013), while the global mean ∆δ
13

C values 

are less than 1‰ (McCutchan et al., 2003; Peterson and Fry, 1987; Vander Zanden and 

Rasmussen, 2001). Unfortunately, this is the only report on experimentally determined 
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trophic discrimination data in mangrove grapsoids. Without establishing the true trophic 

discrimination values between the crabs and their potential food sources, including 

mangrove leaf litter, MPB, and animal tissues, it is impossible to accurately estimate 

their dietary composition from the stable isotope data.  

While ingestion of mangrove leaf litter by sesarmid crabs is well established, 

assimilation of this dietary source is poorly understood. Mangrove litter has been 

regarded as an unpalatable food source for invertebrates due to their low nutritional 

quality, reflected by their high C/N ratios, low N contents, and high concentrations of 

feeding deterrents. Fresh mangrove litter often have C/N ratios in the range of 50-100 

(Table 1.2), which is significantly higher than 17, the highest assumed value for a food 

source to be nutritive for invertebrates (Russell-Hunter, 1970). Thongtham and 

Kritensen (2005) showed that both fresh and aged R. apiculata leaves had too low N 

contents to support the growth of Neoepisesarma versicolor. Tannins, the polyphenolic 

compounds that interferes with protein digestion through binding to plant proteins and 

digestive enzymes of herbivores (Neilson et al., 1986), are present at high 

concentrations in mangrove leaves  (Lee, 1998). Palatability of mangrove leaf litter, 

however, could be improved through the decomposition process. Soaking of  freshly 

senescent mangrove leaves in water  may leach out 30% of leaf tannins in 20 h (Hernes 

et al., 2001). Growth of decomposer microbes on aged litter increases its nitrogen 

content (Giddins et al., 1986). Higher nutritional values and lower tannin content of the 

aged litter may account for the preference of the grapsoids for decomposing leaves (Lee, 

1989; Micheli, 1993). However, microbial enrichment of fresh leaf litter is not essential 

to sustaining the growth of some species such as Perisesarma (previously Sesarma) 

messa  (Micheli, 1993), Perisesarma bidens and Parasesarma affinis (Kwok and Lee, 

1995) and P. erythodactyla (Nerot et al., 2009). It was suggested that some mangrove 
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macrobenthos were probably adapted to assimilating low-quality but highly abundant 

vascular plant material (Lee, 2008). Physiological adaptations that enable these species 

to utilise material of such a low nutritive quality as their staple food are, however, still 

obscure.  

1.4 Parasesarma erythodactyla – the dominant sesarmid crab in the eastern 

Australian subtropical mangroves  

Parasesarma erythodactyla (Hess, 1865), previously known as Sesarma erythodactyla, 

is the most common sesarmid in the mangroves on the east Australian coast (Davie, 

1993). It is present at high abundances from the Torres Strait to Victoria, and has 

recently been recorded in South Australia (Wiltshire et al., 2010). Camilleri (1989) 

described P. erythodactyla as the dominant leaf-shredder in the mangrove forest of 

Queensland based on its high density in the local mangroves and its high litter 

consumption rates. In the leaf choice experiment, she found that this crab showed 

preference for Avicennia over Bruguiera or Rhizophora leaf litter, and for aged leaves 

over fresh ones (Camilleri, 1989). Leaf-derived materials were found as the most 

abundant food items in the gut of P. erythodactyla collected from Myora Springs, 

Stradbroke Island, Queensland (Camilleri, 1992). Gut contents analysis also revealed a 

minor contribution of algal material and the lack of animal food source in the stomach 

contents of 20 individuals examined.  

Similar to other mangrove grapsoids, published δ
13

C values of P. erythodactyla, which 

range from -21 to -23‰, are about 5 to 7‰ more enriched than those of mangrove leaf 

litter (ca. -28‰) (Guest and Connolly, 2004; Mazumder and Saintilan, 2010; Nerot et 

al., 2009; Oakes et al., 2010). Stable isotope trophic discrimination values between this 

crab and its potential food sources, however, have not been determined experimentally, 

hindering the accurate quantification of its dietary composition.  
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1.5 Rationale of this thesis 

The role of mangrove leaf litter in the diet of mangrove sesarmids is yet to be 

established despite the fact that the crabs are well known for shredding and ingesting  

large amounts of this dietary item. In order to reconcile paradoxical issues related to the 

contribution of this food source in the sesarmid crabs, I investigated the importance of 

mangrove leaf litter in the nutrition of the model sesarmid crab P. erythodactyla using 

three different approaches. Firsly, I compared the survival and fitness of the crabs on a 

mangrove leaf-litter-only diet to those also utilising additional organic matter from the 

sediment. Next, I investigated if organic matter derived from the mangrove leaf litter 

can be assimilated by the crabs through a series of natural-abundance and enriched 

stable isotope experiments. Finally, I determined the food-specific trophic 

discrimination values between the crabs and their potential food sources experimentally 

and then used these values to quantify of the contribution of each dietary component 

using mixing model analysis.  

It is important to explore how sesarmid crabs obtain sufficient nutrients to support its 

growth from a food that is cellulose-rich but nutrient-poor like mangrove leaf litter. The 

biochemical capacity for digesting cellulose, a critical step in acquiring nutrients from 

cellulose-rich materials, in this crab was, therefore,  addressed. Also, the emerging 

prevalence of cellulase-encoding genes in various animal phyla, particularly 

herbivorous and detritivorous invertebrates (Davison and Blaxter, 2005; Tanimura et al., 

2013; Watanabe and Tokuda, 2001), prompted an investigation on the  production of 

endogenous cellulases in local mangrove grapsoid crabs.  

In addition, I explored the potential contribution of the gut microflora to the nutrition of 

P. erythodactyla. Provision of essential nutrients such as essential amino acids (EAAs), 

polyunsaturated fatty acids (PUFAs) and vitamins, is one way how gut microorganisms 
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may benefit their hosts (Dillon and Dillon, 2004; Harris, 1993). For animals utilising 

poor-quality staple food such as the mangrove sesarmids, their gut microflora 

potentially provide a suplement for nutrients that are limited in or missing from their 

staple food. Incorporation of EAAs derived from the intestinal microbiota were 

demonstrated in a number of invetebrates (Douglas, 1998; Fong and Mann, 1980) 

including detritivorous crustaceans (Armitage et al., 1981), while bacteria capable of 

synthesising long-chain PUFAs (LC-PUFAs) have been identified in the gut of marine 

fishes and invertebrates (Jøstensen and Landfald, 1997; Nichols, 2003). It would, 

therefore, be interesting to investigate if intestinal symbiotic microorganisms may offer 

P. erythodactyla EAAs and LC-PUFAs as supplements for the nitrogen- (Table 1.2) and 

LC-PUFA-poor (Hall et al., 2006; Meziane et al., 2007) mangrove leaf litter diet. 

Finally, implications of findings from the current study for the dynamics of mangrove 

carbon in estuarine food webs will be discussed. For decades, tropical mangroves have 

been perceived as net carbon exporters (Odum, 1980; Odum and Heald, 1975) 

providing trophic support to coastal consumers (Chong et al., 2001; Melville and 

Connolly, 2003; Zagars et al., 2013). Recent studies, however, put a strong emphasis on 

the carbon sequestration capacity of tropical mangroves (Donato et al., 2012; Donato et 

al., 2011; McLeod et al., 2011), and question the trophic contribution of mangrove 

primary production to estuarine and offshore food chains (Bouillon et al., 2002; 

Kruitwagen et al., 2010; Mazumder and Saintilan, 2010). In situ consumption and 

tranformation of mangrove detritus to secondary production by benthic fauna could 

significantly affect the fate of mangrove organic matter. Understanding of the trophic 

ecology of the grapsoid crabs, an important component of the mangrove macrobenthos,  

would shed significant light on carbon dynamics in tropical mangroves and the 

ecosystem services provided by these systems. 
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1.5 Aims and objectives the thesis 

This thesis aims to address several current controversial issues concerning detritivory by 

the mangrove sesarmid crabs, using P. erythodactyla as an animal model. The specific 

objectives of my research are: 

 Evaluating the implications of an exclusive mangrove leaf litter diet for crab 

fitness (Chapter 2) 

 Investigating the direct assimilation of mangrove leaf litter organic matter by 

P. erythodactyla (Chapter 2)  

 Determining the true trophic discrimination values (Δδ
13

C and Δδ
15

N) 

between P. erythodactyla and its potential food sources, and reassessing 

their contributions to the crab’s diet based on isotopic data (Chapter 2) 

 Exploring the potential biochemical and genomic capacity for cellulose 

digestion in P. erythodactyla (Chapter 3) 

 Investigating the potential contribution of the gut microflora to the nutrition 

of P. erythodatyla (Chapter 4) 

 Re-evaluating the trophic role of sesarmid crabs in tropical mangrove 

ecosystems in the light of my findings (Chapter 5) 

The results of this thesis will: 1) provide answers to the current controversy on the 

primary role of mangrove leaf litter in the diet of the sesarmids; 2) for the first time, 

elucidate molecular mechanisms of detritus digestion and assimilation in the mangrove 

sesarmids; and 3) contribute to the understanding of organic matter dynamics of tropical 

mangrove ecosystems. 
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1.6 Structure of the thesis 

This thesis consists of a General Introduction (Chapter 1), a Conclusion (Chapter 5) and 

three data chapters (Chapter 2-4). Each data chapter is presented as a stand-alone 

manuscript, prepared for submission to a peer-reviewed international journal, and thus 

has a particular style of formating, citation and referencing complying with specific 

journal guidelines. At the time of thesis submission, Chapter 2 has already been 

published while Chapters 3 and 4 are under review/in revision. Co-author of the 

published paper contributed scientific advice and editorial guidance to the manuscripts.  

Published paper: 

Bui, T.H.H., Lee, S.Y., 2014. Does ‘You are what you eat’ apply to mangrove grapsid
#
 

crabs? PLoS ONE 9, e89074 (Chapter 2) 

Manuscripts in review 

Bui, T.H.H., Lee, S.Y., In revision. Endogenous cellulase production in the leaf litter 

foraging mangrove crab Parasesarma erythodactyla. (Chapter 3) 

Bui, T.H.H., Lee, S.Y., In review. Potential contributions of gut microflora in the 

nutrition of the sesarmid crab Parasesarma erythodactyla. (Chapter 4) 
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Chapter 2. Does ‘you are what you eat’ apply to mangrove grapsid crabs?  

 

This chapter has been published in PLoS One. Co-author of this paper is my principle 

supervisor, Prof. Shing Yip Lee. The bibliographic details of the paper are “Bui, T.H.H., Lee, 

S.Y., 2014. Does ‘You are what you eat’ apply to mangrove grapsid
#
 crabs? PLoS ONE 9, 

e89074.” 

# 
Recent revision in the taxonomy of brachyuran crabs established that the sub-family 

Sesarminae should be elevated to family status (Ng et al., 2008). However, to avoid 

uneccessary confusion, the word ‘grapsid’ was still be used in this chapter in accordance to 

the published paper.   

Published version of this paper can be found at the publisher’s website: 
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2.1 Abstract 

In tropical mangroves, brachyuran crabs have been observed to consume high percentages of 

leaf litter production. However, questions concerning their ability to assimilate this low-

quality food remain, as stable isotope analysis of C and N does not seem to support 

assimilation. Individuals of the common eastern Australian mangrove grapsid Parasesarma 

erythodactyla feeding on a mangrove leaf litter or mangrove+microphytobenthos diet 

developed a significantly higher hepatosomatic index than those with access to only 

sediment. Lipid biomarker analysis and feeding experiments using 
13

C and 
15

N-enriched 

mangrove leaf litter confirmed rapid assimilation of mangrove C and N by P. erythodactyla. 

Eight-week feeding experiments utilizing three food types (mangrove leaf litter, 

microphytobenthos and prawn muscle) established different food-specific trophic 

discrimination values (Δδ
13

C and Δδ
15

N) that are significantly different from those 

commonly applied to mixing model calculations. The mean Δδ
13

C(crab-mangrove) of +5.45‰ was 

close to the mean and median literature values for  grapsid-mangrove pairs in 29 past studies 

(+5.2+1.8‰ and +5.6‰, respectively), suggesting that this large discrimination may 

generally be characteristic of detritivorous grapsid crabs. Solutions from the IsoConc mixing 

model using our determined trophic discrimination values suggest significantly higher and 

dominant contributions of mangrove C to the diet than those based on the global mean 

trophic discrimination values. Our results reaffirm the physiological capacity for and 

important mediating role of grapsid crabs in processing low-quality mangrove C in tropical 

estuaries, and caution against the use of global trophic discrimination values in stable isotope 

analysis of food-web data, especially those involving detritivores. While recent studies have 

questioned the trophic significance of mangrove detritus in coastal food chains, the 

contribution of this productive carbon source needs to be re-assessed in the light of these 

data.  
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2.2 Introduction 

Despite their limited global areal extent of ca. 1.52x10
5
 km

2
 [1-2], tropical mangrove forests 

are amongst the most productive ecosystems on earth [3-4]. Early paradigms on estuarine 

carbon dynamics emphasized the ‘outwelling’ role of mangroves and saltmarshes in 

subsidising nearshore consumers with organic matter [5-7], but the spatial extent and the 

trophic significance of exported vascular plant detritus in nearshore food webs seem to be 

overstated [4,8]. The generally low nutritive value (e.g. high C/N ratio) and recalcitrant 

nature (e.g. high structural carbon content) of mangrove and saltmarsh plant detritus has 

prompted  recent suggestions that this production may be consumed or mineralized minimally 

(eg. [9-10]), thus promoting storage. Other reports argued that even when this detritus is 

consumed, it may lead to trophic ‘cul-de-sacs’ [11].  

The notion that mangrove detritus contributes little to nearshore consumer food chains is 

apparently supported by the stable isotope tracer analysis data. Numerous studies, using 

stable isotope analysis of carbon, nitrogen and occasionally sulphur, covering a range of 

mangrove-dominated systems, have yielded consumer signatures deemed too distant (e.g. > 

+5‰ for δ
13

C) to directly relate consumer biomass to assimilated mangrove detritus material 

(e.g. [12-14]; review in [15]). Alternatively, more 
13

C-enriched producers such as the 

microphytobenthos (MPB), seagrass and phytoplankton have been suggested as the primary 

C sources. This notion also corroborates with the paradigm that algal C is more easily 

utilizable by animals compared to mangrove leaf litter (with a low N content but high 

concentration of secondary metabolites). 

While the trophic dependence of nearshore consumers on mangrove detritus is debatable, 

there is much direct evidence of consumption of this relatively poor food source by grapsid 

crabs (Brachyura: Grapsidae) throughout the Indo-west-Pacific (IWP) [16-19], where these 
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crabs are diverse and abundant [20]. Gut content analysis revealed that mangrove leaf litter 

was the dominant food item of the mangrove grapsids, though evidence of animal tissue and 

sediment consumption was also recorded [21-23]. With high consumption rates, significant 

percentages (>50%) of mangrove leaf litter production were retained and processed via this 

pathway, potentially ‘short-circuiting’ the food chain [24]. Initial processing by grapsid crabs 

may physically and biologically facilitate subsequent utilization of mangrove detritus by 

other consumers in nearshore food chains. The crabs act as shredders of fresh or aged leaf 

litter, greatly reducing the size but increasing the surface area to volume ratio of processed 

fragments, thus enhancing microbial colonisation and physical leaching of feeding deterrents 

[25-26]. The crabs therefore act as an efficient initial processor for low-quality mangrove leaf 

litter material, mediating its eventual utilization by other estuarine consumers [20]. This role 

is, however, dependent on the crabs’ ability to effectively digest and assimilate the low-

quality mangrove leaf litter diet.  

Recently, the nutritional dependence of mangrove grapsids on mangrove leaf litter, and thus 

implicitly their role in acting as initial processors of mangrove organic production, has been 

questioned. Firstly, the physiological mechanism that allows profitable utilization of this poor 

food source is unknown. Secondly, consumption of mangrove leaf litter, often fresh and 

without microbial enrichment, by the grapsids is considered trophically non-viable and there 

needs to be substantial additional nutrient sources particularly for N [27-28]. Finally, stable 

isotope analysis of the leaf litter-crab link apparently fails to produce data that support the 

dominant contribution of mangrove C in the grapsids’ diet. For example, recently Mazumder 

and Saintilan [9] claimed that mangrove (Avicennia marina) leaf litter could not be an 

important food source for the temperate grapsid crabs Helograpsus haswellianus and  

Parasesarma erythodactyla in Australia, as the δ
13

C of the crabs were too high to indicate 
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substantial utilization of this food item. There is a consistently large difference between the 

δ
13

C of mangrove leaf litter and those of consumers potentially benefitting from the 

mangrove detritus-based food chain, e.g. [15,27,29]. It should be noted, however, that the 

interpretation of stable isotope data (particularly δ
13

C and δ
15

N) are based on a few 

assumptions, such as a constant trophic discrimination factor between consumer and food. In 

most analyses, values of ~ +1‰   and ~+3‰    have been used for generating solutions from 

mixing models relating mangrove detritus and crab biomass δ
13

C and δ
15

N values, 

respectively. The applicability of these values generated from a wide range of consumer-food 

combinations to explaining specific trophic paths such as the grapsid crab-mangrove detritus 

link has not been tested. Significant deviations from these assumed values would have strong 

impacts on the interpretation of the stable isotope data, and thus the importance of the trophic 

links concerned. 

In order to reconcile the observation that mangrove grapsids do consume large quantities of 

mangrove leaf litter, and the apparently contradictory stable isotope data related to this 

important link in mangrove food chains, we conducted a series of feeding experiments 

utilizing naturally abundant and isotopically enriched substrates to (1) investigate the ability 

of the mangrove grapsid P. erythodactyla, a common grapsid crab of the subtropical 

mangroves in eastern Australia, to directly utilize leaf litter of Avicennia marina; (2) 

empirically determine the trophic discrimination values of its potential food sources, namely 

mangrove leaves, MPB, and animal tissue; (3) estimate and compare diet compositions 

predicted from IsoConc mixing modelling based on the commonly assumed and our 

determined trophic discrimination values, and (4) discuss the implication of our results for the 

evaluation of the mangrove detritus food chain. 
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2.3 Materials and Methods 

No ethics approval is required for this study according to current Australian law. The species 

used (Parasesarma erythodactyla) is not an endangered or a protected species. No specific 

permission is required for collection of grapsid crabs from the study location. 

Collection of crabs, mangrove leaf litter and sediment 

Intermoult male individuals of P. erythodactyla of carapace width ranging from 11 to 20 mm 

were collected from an A. marina-dominated intertidal mangrove forest at Tallebudgera 

Creek, southeast Queensland, Australia. Crabs that were analyzed later as ‘field’ samples 

(hereafter referred as T0 sampling event) were rinsed with distilled water and frozen 

immediately upon arrival to the laboratory while those for the laboratory experiments were 

transferred to individual growth compartments (lxwxh = 13x7x4 cm, each containing 50 ml 

of sea water) and starved for two days for acclimation to laboratory condition and gut 

evacuation.  

Freshly senescent mangrove leaves (yellow leaves that were easily detached from the trees), 

MPB, and sediment were collected from the same sites where the crabs were caught. Leaves 

were soaked in seawater for 24 h to remove feeding deterrents, e.g. tannin, before being 

offered to crabs. Sediments were collected by scraping the top 1 cm surface sediment, 

homogenized with a shovel before adding into experimental tanks as an organic substrate in 

experiment 1 or used for MBP isolation. 

Extraction of MPB from sediment  

MPB was isolated from sediment by density gradient centrifugation in colloidal silica. 

Sediment was spread to ca. 3 cm depth in plastic trays (45x30x5 cm), which were exposed to 

white fluorescent light for 16 h to mediate vertical migration of MBP to the surface of the 
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sediment. The top ca. 0.5 cm sediment was then scrapped, suspended in seawater, and then 

sieved through a 63 µm to remove large detritus and nematodes. The filtrate was centrifuged 

at 4400 rpm for 5 min. Supernatant was poured off. Pellets were resuspended in left over 

supernatant, divided into 5 ml aliquots in individual centrifuge tubes, mixed with 40 ml of 

30% Ludox colloidal silica (Sigma), and centrifuged at 4400 rpm for 5 min. The distinct layer 

of MPB, which was confirmed by microscopic examination, was collected, and washed with 

distilled water to remove Ludox before collected on pre-combusted glass filters. Each filter 

was loaded with the MPB suspension until it was clogged to maximize amount of MPB 

provided as a food source to the crabs in experiment 3. MPB containing filters were stored at 

-20
o
C until used. Aliquots of MPB were dried at 60

o
C for stable isotope analysis.  

Preparation of 
13

C and 
15

N enriched mangrove leaves  

Thirty Avicennia seedlings each with 4-6 leaves, were planted in two glass chambers (hxlxw= 

40x50x30 cm) containing 10 cm deep sediment. Seedlings were grown at 24
o
C, under 

lighting from fluorescent tubes. The seedlings were labelled with 
13

C and 
15

N using methods 

modified from Bromand et al. [30] and Unsicker et al. [31]. Growth chambers were left open 

for two days, allowing water  to evaporate from the top sediment before 1 ml of 61.2 mM 

15
NH4Cl (99 atom% 

15
N, Cambridge Isotope Laboratories) was injected at each of the 15 

injection points evenly distributed in each chamber. Injection was done at the depth of 2 cm 

from sediment surface using a 1 ml syringe. The top sediment was then re-wetted with 

distilled water. For 
13

C labelling, a bottle containing 25 ml of 1 M NaH
13

CO3 (99 atom% 
13

C, 

Cambridge Isotope Laboratories) was placed in each chamber before it was tightly sealed. 

One ml of 1 M HCl was added to the enriched bicarbonate bottle via a glass pipette passing 

through the top of the chamber every two days for 45 days to generate 
13

CO2 in situ. A small 
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fan (d = 8 cm) was turned on for 30 min after the addition of acid to facilitate even 

distribution of 
13

CO2 within the growth chamber.  

Experiment 1. Condition of crabs 

To evaluate relative contributions of organic matter from mangrove leaf litter and sediment to 

crab’s diet, 18 crabs were randomly divided into three groups, each provided with either only 

mangrove leaf litter (the L treatment), only sediment (the S treatment), or a combination of  

both leaf litter and sediment (the L+S treatment). Each crab was allocated to an experimental 

tank (lxwxh = 40x30x25 cm) such that crab density was equivalent to ca. 9 individual per m
2
. 

Tanks of the S and L+S treatments were filled with 3 cm of mangrove sediment and those of 

the L treatment were filled with 3 cm sand. Sand was collected from the foreshore of a local 

beach, cleared of organic debris by elutriation before adding into the tanks. It is assumed that 

the low organic matter oceanic sand would serve only as a substrate but not a significant 

source of carbon for the crabs (organic contents of the sediment and sand used in this 

experiment were 5.27±0.33% and 0.80±0.02%, respectively). Crabs were maintained at 

temperature of 24
o
C and a photoperiod of 16 h light : 8 h dark. A recirculation water supply 

system was set up for each tank such that seawater of salinity of 25 (PSU) was supplied to 

each tank according to a semi-diurnal tidal cycle. The reservoir water was replaced with fresh 

sea water at the end of every week.   

Crabs in the L and L+S treatments were provided one Avicennia leaf per day while those in 

the S treatment were not. Uneaten feed was removed from the tanks the following morning. 

Survival of crabs in the three treatments was recorded every day. After 63 days, all crabs 

were collected, rinsed with distilled water, and stored at -20
o
C until dissection of muscle and 

hepatopancreas tissues from each individual. These tissues and the remaining parts of each 

crab were freeze-dried and weighed. Hepatosomatic index (HSI) of each crab was determined 
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as the percentage of the dry weight of the hepatopancreas to the rest of the body [32]. Freeze-

dried muscle tissues were used for fatty acid analysis.  

Experiment 2. Leaf litter assimilation  

Another batch of crabs was fed dual 
13

C and 
15

N enriched mangrove leaves for four weeks 

and temporal changes in stable isotope values of their muscle tissue were studied. Crabs were 

randomly assigned into the treatment group (32 crabs) and the control group (8 crabs), each 

were allocated to individual rearing compartments (13x7x4 cm, containing 50 ml of 

seawater). Crabs in the treatment and control group were provided one enriched and one non-

enriched A. marina leaf every three days, respectively. Potential stable isotope enrichment in 

crab tissue due to the utilization of water containing leachate from enriched leaves was 

assessed by soaking one enriched leaf in each control compartment. This leaf was separated 

from the crab by two layers of plastic sheets, which had small holes at alternate positions at 

the bottom, allowing free movement of water across the sheets but preventing the crabs from 

direct access to the leaf. Enriched leaves in the control compartments were also replaced by 

fresh ones every three days. Crabs were maintained at temperature of 24
o
C and a photoperiod 

of 16 h light : 8 h dark. Water in the rearing compartments was changed once every week.  

Eight crabs fed on the enriched-leaf diet were randomly sampled every week for four weeks 

(these sampling events hereafter are referred to as T1, T2, T3 and T4, respectively). At each 

sampling time, feed was removed from rearing compartments; crabs were then left to 

evacuate their gut  for 24 h, rinsed with distilled water, and stored at -20
o
C until dissection. 

Control crabs were sampled similarly at the end of week 4. Crabs were dissected to collect 

muscle tissue, which was then dried at 60
o
C for 24 h. Eight ‘field’ crabs were also dissected 

to collect samples for T0 sampling event. To calculate assimilation efficiency, faeces were 

collected twice daily, dried at 60
o
C for 24 h.  Faeces of individual crabs were pooled together 
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at the end of the experiment. Dried muscle tissue and faeces from individual crabs were used 

for stable isotope analysis.   

Experiment 3. Trophic discrimination values of potential food sources 

Carbon and nitrogen trophic discrimination values (Δδ
13

C and Δδ
15

N, respectively) in P. 

erythodactyla for three common food sources (mangrove leaf litter, microphytobenthos and 

animal food) were determined by a third feeding experiment. Crabs were fed freshly 

senescent A. marina leaves, MPB or frozen prawn muscle (Metapenaeus spp.) for eight 

weeks. Previously work on similar animals (S.Y. Lee, unpublished data) suggests that eight 

weeks is usually sufficient for tissue turnover to result in isotopic equilibrium with the diet. 

The same feeding experiment was conducted twice (in 2011 and 2012). Twenty crabs were 

used in the first experiment, half of which was fed prawn while the other half was offered 

mangrove leaves. In the latter experiment, 40 crabs were randomly assigned into two groups 

of 20 individuals each, which had either MPB or mangrove leaf diet. Crabs were maintained 

in individual rearing compartments (13x7x4 cm, containing 50 ml of seawater). Feed was 

provided ad libitum. Uneaten glass filter containing MPB and leaves were replaced with fresh 

ones the next morning while unconsumed prawns were removed at the end of the day.  

At the end of week 1, 3, 5 and 8 (hereafter referred to as T1, T3, T5 and T8, respectively), 

five crabs were samples from each diet in the MPB-feeding experiment while the numbers of 

crabs sampled in the prawn-feeding experiment were 1, 2, 2 and 5, respectively. These 

experimental crabs and five ‘field’ crabs (T0) of each feeding experiments were treated 

similarly with those sampled in experiment 2.   

Stable isotope analysis. Carbon and nitrogen stable isotopic values of muscle tissue and 

faeces of crabs, Avicennia leaves, MPB, prawn used as food sources were determined using a 
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Europa GSL (Sercon) elemental analyzer coupled to a Hydra 20-22 (Sercon) isotope ratio 

mass spectrometer in continuous flow mode. Samples are weighed in tin capsules (about 1 

mg for animal sample and 4 mg for MPB and plant samples). PeeDee Belemnite and 

atmospheric air were used as standards for C and N, respectively. Stable isotope values are 

reported in δ-notation (‰), i.e. δ
13

C or δ
15

N = (Rsample/Rstandard
 
- 1) ×1000, where R is 

C
13

/C
12 

and N
15

/N
14

 ratios for carbon and nitrogen analyses, respectively. The analysis also 

provided %C and %N of the samples, from which assimilation efficiency (A) was determined 

by the following equation: 

 
100

1







FE

EF
A   [33]   

where  F = fraction of carbon or nitrogen in feed; and  E = fraction of carbon or nitrogen in 

faeces 

Fatty acid analysis. Freeze-dried tissues were ground into powder using a mortar and pestle. 

Lipid extraction was performed by the one-step method of Abdulkadir and Tsuchiya [34]. In 

brief, each sample was mixed with 5 ml of hexane and 2 ml of 14% BF3 in methanol in a 50 

ml glass tube. The tube was heated under reflux on a hot plate at 100
o
C for 120 min and 

continuously stirred using a magnetic stirrer. The tube was left to cool to room temperature 

before 1 ml of hexane and 2 ml of distilled water were added. The tube was then vortexed for 

1 min and then centrifuged at 2500 rpm for 3 min. The upper phase was transferred into a 

fresh tube using a Pasteur pipette. Fatty acid methyl esters (FAMEs) were separated from the 

extracted FA mix by thin layer chromatography following the method of Meziane and 

Tsuchiya [35].  
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FAMEs were then analyzed using a Varian CP-3800 gas chromatograph (GC) with an 

Omegawax 320 fussed-silica capillary column (Supelco) and flame ionisation detector. 

Helium was used as carrier gas. Column flow rate was set at 1.5 ml/min. Injector and detector 

temperatures were set at 240
o
C and 260

o
C, respectively. Temperature of the column oven 

was programmed at 60
o
C, held for 1 min, then increased to 150

o
C at the rate of 40

o
C/min, 

held for 3 min, then increased to 210
o
C at 3

o
C /min, held for 17 min, then increased to 240

o
C 

at 5
o
C /min and held for 10 min. The resulting peaks were identified by comparing their 

retention times to those of standard FAMEs (Supelco).  

Percentage contribution to total FA of FA markers of mangroves (18:2ω6, 18:3ω3, and the 

long-chain FA 26:0, 28:0, 30:0), branched FAs makers of bacteria (15:0 iso, 15:0 ant,  16:0 

iso , 16:0 ant,  17:0 iso, 17:0 ant), and MPB (20:5ω3, a diatom marker) in the crab muscle 

tissues were determined. These FA markers were selected based on Meziane and Tsuchiya 

[35] and Hall et al. [36], who used FA analysis to investigate the transfer of mangrove 

organic matter in P. erythodactyla. 

Data analysis 

One-way ANOVA (α=0.05) was used for the comparisons of HSI, the abundance of FA 

biomarkers, temporal changes in stable isotope values of crabs fed enriched mangrove leaves. 

Tests for normality (Shapiro-Wilk’s test) and homogeneity of variance (Levene’s test) were 

performed to check if assumptions of ANOVA were met before analysis. The Kruskal-Wallis 

H test was used instead of one-way ANOVA when these assumptions were violated.  If 

significant ANOVA or Kruskal-Wallis H test results were obtained,  statistical difference 

between specific treatments were determined by applying Tukey’s Honestly Significant 

Difference (HSD) post-hoc test or Mann-Whitney U test, respectively. 
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FA profiles of crabs of the three treatments in the leaf litter utilization study were compared 

using multivariate analyses with PRIMER version 6 software. Exploratory multi-dimensional 

scaling (MDS) was conducted based on similarity data built using the Bray-Curtis similarity 

co-efficient. No transformations were used to avoid giving artificial weight to FAs that only 

have minor contributions to FA profiles. Statistical differences between treatments were 

determined using ANOSIM and similarities between them were estimated using the SIMPER 

function.  

Determination of trophic discrimination values 

Change in isotopic value of the consumers in response to diet shift can be modelled as a 

function of time as 

  kt

fift e   

where δt is the isotopic value of the tissue at time t (in days); δf  is the isotopic value when 

consumer reaches isotopic equilibrium with the new diet; δi denotes isotopic composition 

before the diet shift; and k is the turnover rate of the isotope of interest in the tested tissue 

[37]. This exponential model was fit to the C and N isotopic data of each feeding experiment 

to determine the isotopic composition of the muscle at equilibrium with the tested diet (δf ) by 

least square method using SigmaPlot 10.0. Model fitting was performed with the δi term was 

fixed to the mean isotopic values of the T0 samples. Food specific trophic discrimination 

factors (∆δ
13

C or ∆δ
15

N) were then calculated as the difference between δf and the mean 

isotopic value of the food.  

Assessing diet composition by the IsoConc mixing model 

Using the trophic discrimination values determined from experiment 3, the stable isotope 

values and the C and N concentrations of the tested food, the contribution of these food 
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sources to the crabs’ diet was assessed using the IsoConc mixing model [38]. To compare the 

diet compositions predicted based on our determined isotopic discrimination values with 

those estimated based on the trophic fractionation factors that are commonly used in food 

web data analysis, IsoConc mixing model was also run using the mean trophic discrimination 

values reported for aquatic consumers of 0.5‰ for δ
13

C and 2.9‰ for δ
15

N [39] with the 

same data set for other parameters.  

2.4 Results 

Experiment 1. Condition of crabs 

All six crabs on the sole mangrove leaf diet (the L treatment) survived through the nine-week 

experiment. Number of survivors in the L+S treatment, in which crabs had access to both 

mangrove leave and organic matter from the sediment, and the S treatment, where sediment 

was the only food source, were five and four, respectively.  The type of available food 

sources significantly affected the hepatosomatic index of the crabs (one-way ANOVA, p = 

0.001). Post-hoc analysis showed that there was no significant difference between the L and 

L+S crabs (Tukey’s HSD, p = 0.116). HSI of the S crabs was, however, significantly lower 

than those of both the L (p < 0.001) and L+S treatments (p = 0.009) (Fig. 2.1A).  

Fatty acid analysis showed that there were significant differences in the proportions of 

mangrove (one-way ANOVA, p = 0.001), bacterial (one-way ANOVA, p = 0.002), and MPB 

(Kruskal-Wallis H, p = 0.014) FA biomarkers to total FA in crab muscle tissue between 

treatments. Proportions of all three FA biomarkers were not significantly different in crabs 

which had access to mangrove leaves in the presence (the L+S treatment) or absence (the L 

treatment) of additional organic matter from the sediment (Tukey’s HSD post-hoc test, p = 

0.58 for mangrove, p = 0.98 for bacterial, and Mann-Whitney U test, p = 0.46 for MPB 

markers). Crabs in the S treatment had significantly lower percentage of mangrove FA 
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biomarker but significantly higher proportions of MPB and bacterial biomarkers (p < 0.05) 

than those offered mangrove leaves (Fig. 2.1B). 

A similar trend was also obtained when the fatty acid profiles (i.e. the collections of all FA 

detected from the muscle tissue) of crabs in the three treatments were compared by ANOSIM 

analysis. There were no significant differences in the profiles of the L and the L+S crabs (p = 

0.08). The FA profiles of crabs of the S treatment, however, were significantly different from 

those of the L and L+S treatments (p ≤ 0.001). In addition, SIMPER analysis indicated that 

similarity between the S treatment and the other two treatments (< 80% similarity) was lower 

than that between the L and L+S treatments (85% similarity). This confirms the observed 

separation of the S treatment from the L and L+S treatments on the MDS plot (Fig. 2.1C). 
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Figure 2.1. Influence of available organic matter on the fitness of P. erythodactyla. 

Crabs were offered mangrove leaves only (L, n=6), mangrove leaves and sediment (L+S, 

n=5) or sediment only (S, n=4) for 63 days. Means HSI (A) and % to total FA in muscle 

tissue of FA biomarkers of the mangrove leaf litter, bacteria and MPB (B) were 

compared by one-way ANOVA or Kruskal-Wallis H non-parametric tests.  Means 

marked with different letters are significantly different (Tukey’s HSD or Mann-

Whitney U, p < 0.05). Similarity of FA profiles of crabs in the three treatments was 

compared by ANOSIM and graphically presented in a MDS plot (C).  

Experiment 2. Leaf litter assimilation 

Muscle tissues of crabs fed the enriched mangrove leaves were clearly enriched in both 
13

C 

and 
15

N than those of the field crabs. After only one week on the enriched-leaf diet (T1), 

stable isotope values of the crabs were significantly higher than those of the field crabs (T0, 

Mann-Whitney U tests, p = 0.006 for δ
13

C and p = 0.009 for δ
15

N). The T4 crabs were 

significantly enriched in both 
13

C and 
15

N than crabs of the T1 and T2 sampling events but 

not significantly different from the T3 crabs (Fig. 2.2), showing that the enrichment was 

slowing down by the end of the feeding experiment. Mean δ
13

C and δ
15

N of the field crabs 

and those in the control treatment, in which crabs were provided non-enriched leaves but 

exposed to water containing leachate from enriched ones, were not significantly different (p > 

0.05).  Enrichment in crabs fed on the enriched leaves is, therefore, solely attributed to the 

digestion and assimilation of the mangrove leaves, with negligible contamination from the 

leachate.  Crabs assimilated C and N from the mangrove leaves with an efficiency of 36.0 and 

56.6%, respectively.   
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Figure 2.2. Temporal changes in δ
13

C and δ
15

N values of P. erythodactyla fed enriched 

mangrove leaves. Shown in the plot are the mean δ
13

C and δ
15

N values of crabs sampled 

at the start of the feeding experiment (T0, n=7), at the end of every week (T1-T4, n=8 

for each sampling event), and those in the control (C, open circle, n=8). Data points 

marked with different italic letters are significantly different (Mann-Whitney U tests, p 

< 0.05). 

 

Experiment 3. Trophic discrimination values of the potential food sources 

There are no obvious temporal changes in either δ
13

C or δ
15

N in crabs fed mangrove leaves 

and MPB (One-way ANOVA, p > 0.05, Fig. 2.3). The exponential equation predicted 

isotopic compositions of the consumer in response to diet shift, hence, was not fitted to these 

data. C and N isotopic profiles of crabs on the prawn-diet, however, showed a good fit with 

the model (p < 0.001, r
2 

= 0.89 and 0.86, respectively). δf values were estimated to be -16.4‰ 

(p = 0.037) and +8.3‰ (p < 0.01) for δ
13

C and δ
15

N, respectively. 
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Figure 2.3. δ
13

C and δ
15

N profiles of crabs on the mangrove leaf, MPB, and prawn diet. Temporal changes in stable isotope values of the 

muscle tissues of crabs fed the potential dietary items are indicated by the solid lines. Mean δ
13

C and δ
15

N values of the tested food are 

presented as the broken horizontal lines. For the prawn-feeding data, the best fitting curves are plotted with the respective exponential 

functions and r
2
 values. 
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Table 2.1 presents the trophic discrimination values (∆δ
13

C and ∆δ
15

N) determined for 

each food item. ∆δ
13

C and ∆δ
15

N for the prawn diet were calculated from the differences 

between the respective δf values estimated from model fitting and the mean stable 

isotope values of the prawn muscle tissue. For the mangrove leaves and MPB, trophic 

discrimination factors were determined as the differences between the mean stable 

isotope values of the final sampling event and those of the food (this calculation will be 

justified in the discussion).  

Table 2.3. Data used in the estimation of relative contributions of mangrove leaf, 

MPB and animal tissue in the diet of P. erythodactyla using the IsoConc mixing 

model.   

Food δ
13

C (‰) δ
15

N (‰) ∆ δ
13

C (Crab-Food)
#
 ∆ δ

15
N (Crab-Food)

 #
 [C] (%) [N] (%) 

Mangrove -27.7 +5.5 +5.5 +0.1 45.6 0.8 

MPB -19.0 +2.3 -1.9 +3.0 30.6 5.4 

Prawn -17.5 +8.3 +1.1 0.0 41.1 12.3 

# 
∆ δ

13
C(Crab-Food) and ∆δ

15
N(Crab-Food) were determined by subtracting the mean C and N 

isotopic values of the food from the asymptotic values of the exponential curves for the 

prawn-diet data or the mean isotopic values of the last time point samples for the leaf 

and MPB diet data (Fig. 2.3, refer to text for justification).  
 

Assessing diet composition by the IsoConc mixing model 

Results of IsoConc modelling using our trophic discrimination values (Table 2.1) show 

that mangrove leaf is the primary contributor to the diet of P. erythodactyla in terms of 

biomass (89%) and C (92%) but less important in terms of N (48%, Fig. 2.4A). On the 

contrary, animal tissue makes up a minor proportion of the biomass (2%) and C intake 

(2%) but has a significant contribution to N (19%). Modelling based on the global mean 

trophic fractionation values reported for aquatic consumers [39], however, suggests that 

MPB but not the mangrove leaf would play a key role in the nutrition of this crab. In 
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this scenario, mangrove litter was estimated to account for only 32, 41 and 6% of the 

biomass, C and N intakes, respectively (Fig. 2.4B). 

 

 

Figure 2.4. Estimation of the diet composition of P. erythodactyla by the IsoConc 

mixing model. Percentage contribution of the mangrove leaf, MPB and animal 

food sources in the crab’s diet were estimated by the IsoConc mixing model using 

(A) our determined isotopic discrimination values (Table 2.1), and (B) the global 

means of trophic discrimination values for aquatic food web of 0.5‰ for C and 

2.9‰ for N [39].  

 

2.5 Discussion 

 The trophic role of mangrove leaf litter  

Results of experiment 1 suggest that mangrove leaf litter was the ‘staple’ food of P. 

erythodactyla while the sediment organic matter sources have a minor contribution to 

its diet. Crabs on the mangrove litter only diet had comparable fitness and fatty acid 

profiles to those that had access to additional food sources available from the sediment, 

such as benthic bacteria, micro-algae or aged detritus. Feeding on the sediment alone, 

on the contrary, may reduce the fitness of the crabs as indicated by the significant lower 

HSI (a proxy for fitness) of crabs in this treatment (Fig. 2.1). We were able to maintain 

P. erythodactyla for more than six months on the sole mangrove leaf diet in the 
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laboratory with a good number of them moulted during that time (unpublished data), 

suggesting that these crabs had access to sufficient food supply [40]. Bacteria and 

benthic microalgae in the sediment may provide some subsidy to the N deficit leaf diet, 

but the crabs are not likely to depend strongly on this source as has been suggested from 

some studies [9,28]. From the analysis of C and N balance in the grapsid crab 

Neoepisesarma versicolor, Thongtham and Kristensen [41] also reported that mangrove 

C was the major C source of this crab while sediment bacteria and MPB, due to their 

low availability, may have only a minor contribution to the crab’s N requirement. In 

addition, leaf tissues were the dominant food items found in the gut of other mangrove 

grapsids such as Chiromanthes onychophorum [22], N. versicolor, N. mederi [23], 

Aratus pisonii [21].  

Our feeding experiment using δ
13

C and δ
15

N enriched leaf (Fig. 2.2) provides direct 

evidence of the assimilation of mangrove organic matter in P. erythodactyla. In 

previous studies on the feeding ecology of mangrove grapsids, the contribution of 

mangrove leaf litter in their diets has been demonstrated  from observations of the 

crabs’ foraging activities on leaf litter [19,42], the presence of leaf tissues in the 

stomach contents [22-23], the growth and survival of crabs in long-term feeding  

experiments [43], and the transfer of terrestrial plant biomarkers such as long-chain 

fatty acids to the animals [36]. The lack of convincing direct evidence showing the 

assimilation of mangrove organic matter in these detritivores is obviously one of the 

reasons why the role of mangrove leaf litter in their diets has been questioned in some 

recent studies [9,28]. We also showed that P. erythodactyla assimilated C and N from 

A. marina at efficiencies (36% for C and 57% for N) comparable to those reported for 

Neosarmatium smithi fed on Ceriops tagal leaf detritus [44] and N. versicolour 
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consuming brown (for % C assimilation) and green (for % N assimilation) leaves of 

Rhizophora apiculata [41].  

The change of isotope compositions in experiment 3 

When a new diet is introduced, isotopic compositions of the consumer will shift 

gradually toward those of the diet in time following an exponential function, i.e. 

  kt

fift e   
[37,45-46]. The isotope values of crabs on the prawn-diet 

showed a similar trend (Fig. 2.3) and fitted well to the proposed exponential model. 

Asymptotic values of the exponential curves (i.e. the δf term of the exponential function) 

were, therefore, considered as the expected isotope values of the crab muscle tissue 

when it reached equilibrium with the prawn food, which was subsequently used in the 

calculation of trophic discrimination values (Table 2.1). It must be noted that there was 

only a small difference between δf
15

N (+8.3‰) and the mean δ
15

N (+8.2‰) of the 

samples collected at the final sampling event (T8), while the difference in δ
13

C was 

larger, -16.4 vs. -20.1‰, respectively. This suggests that δ
15

N of the muscle had almost 

approached equilibrium with the diet within the time frame of the experiment but C 

isotope composition may require a longer feeding time to reach isotopic equilibrium. A 

similar response resulting from diet shift was reported in the mysid Mysis mixta, whose 

δ
15

N reached equilibrium with the Artemia used as feed about 8-9 weeks after the diet 

switch while δ
13

C took longer than 12 weeks to attain isotopic equilibrium [47].   

In contrast to the prawn-feeding treatment, isotopic compositions of crabs on the 

mangrove leaves and MPB diets stayed more or less constant during the experiment 

(Fig. 2.3). Herbon and Nordhaus (2013) also reported the lack of change in δ
13

C in the 

sesarmid crabs Episesarma singaporense and E. versicolor over the 12 week long 

feeding experiment, in which R. apiculata senescent leave was provided as the sole 
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dietary item. Stabilization of isotopic values in our case may due to: 1) no food 

ingestion and/or assimilation in the tested animals; 2) the time frame of the experiment 

was not long enough for an isotopic change following diet switch to occur; 3) the tested 

diet was similar to the natural diet of the animal; or 4) isotopic discrimination values of 

the tested diet were coincidentally similar to the difference in stable isotope values of 

the consumer from the diet. 

In our feeding experiments, feed consumption in all experimental crabs was confirmed 

by the observation of feed removal and defecation. If food was ingested but not 

assimilated, the animal would have been on long term starvation. Reduction in food 

consumption and starvation often cause enrichment in δ
15

N of the animals [48-51]. The 

increase in the 
15

N/
14

N ratio is probably due to the same mechanism that causes trophic 

discrimination of nitrogen: the animals metabolized their own proteins, continuously 

excreted 
14

N without replenishment from the diet, and thus progressively become 

enriched in 
15

N [52]. The lack of change in δ
15

N of the MPB and leaf feeding crabs 

during the feeding experiments suggests that these animals were not starved, thus ruling 

out the first explanation.  

The results of the prawn-feeding treatment in experiment 3 and the enriched-leaf 

feeding experiment showed significant enrichment of both δ
13

C and δ
15

N after the first 

three- and one-week periods on the tested diets (Fig. 2.2 and 2.3). Eight weeks would 

therefore be long enough for any change in isotope composition in crabs’ muscle tissue 

to be detected. Stabilization of stable isotope values throughout the experimental period, 

therefore, could be attributed to either of the last hypotheses. Under either scenario, 

difference between the mean stable isotope values of crabs of the last time point from 

values of the corresponding diet would be close to the true trophic discrimination values 

for the food of interest (Table 2.1).    
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Trophic discrimination values 

Our determined trophic discrimination values (Table 2.1) are significantly different 

from the mean literature values (e.g.[39,53-54]). These reviews, however, also indicated 

that variability in Δδ
13

C and Δδ
15

N is significant, i.e. values for specific pairs of 

consumer-diet vary widely from the global mean values. For example, McCutchan et al. 

[53] showed that C and N discrimination values reported in literature may span the 

range of -2.7 to +5.5‰  and -2.4 to +9.2‰, respectively. Variation in trophic 

discrimination values are attributed to food quality (e.g. lipid and protein contents), 

tissue type analyzed, feeding mode (e.g. fluid-feeding vs. others), and habitat of 

consumers [55-57]. However, mechanisms for the discrepancies are obscure.  

Our results suggest that the degree of trophic discrimination is specific to particular 

food-consumer pair, with a variation of >7‰ for Δδ
13

C and ~ 3‰ for Δδ
15

N between 

the three food types tested. Large variations in the C and N isotopic discrimination 

values of different food sources have also been reported in other animals but smaller 

differences are more common [39]. For examples, locust Locusta migratoria fed with 

corn and wheat had differences in Δδ
13

C and Δδ
15

N of these dietary items at 5.3‰ and 

2.8‰, respectively [58]. In the grasshopper Melanoplus sanguinipes, Δδ
15

N of the corn 

seedling diet was 2.5‰ higher than that of the wheat seedling diet [59]. Indeed, trophic 

discrimination values may be influenced by food quality. Changes in nitrogen 

discrimination values in response to variations in protein quality and quantity [60] and 

C/N ratio [61] of diets have been reported. In addition, selective assimilation and 

differential routing of nutrient components (i.e. carbohydrates, proteins, lipids), which 

are expected to differ among the foods tested in our experiment, may also have 

contributed to the variation in trophic discrimination factors [52,62].  
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The difference in C
13

/C
12

 ratio between P. erythodactyla and the mangrove leaf 

(+5.5‰) is significantly higher than the commonly assumed trophic discrimination 

values used for analysing and interpreting grapsid crab food web studies. However, our 

Δδ
13

C(crab-mangrove)  is close to C discrimination values recorded for R. apiculata in the 

grapsid crabs E. singaporense (+5.1‰) and E. versicolour (+4.1‰) [63]. Interestingly, 

our value also only slightly deviates from the mean (+5.2‰) and median (+5.6‰) of the 

Δδ
13

C values of the grapsid crab-mangrove leaf potential feeding link reported in the 

literature (Table 2.2). Caut et al. [55] reported a negative linear relationship between 

Δδ
13

C and food δ
13

C, which is consistent with the large discrimination value we have 

recorded for the crab-mangrove leaf feeding relationship. The high Δδ
13

C may be due to 

selective assimilation of 
13

C-enriched dietary components. Carbohydrates such as 

monosaccharides or cellulose are often more enriched than bulk leaf tissue by ~1 ‰ 

[64-66]. This difference could increase in extreme growing conditions, e.g. the leaves of 

A. marina growing in a hypersaline lagoon demonstrated a difference up to 5‰ [67]. In 

leaves of mangroves and other terrestrial plants, δ
13

C values of individual amino acids 

may vary greatly; variations of ca. 20‰ or more have been recorded [68-69]. Selective 

assimilation of carbohydrates or the more enriched amino acids, therefore, would 

increase the discrimination value. The unusually high Δδ
13

C(crab-mangrove) values probably 

reflect some interesting and potentially unique features of the digestive physiology of 

the mangrove grapsid crabs, which invites further investigation. Nonetheless, these 

differences from the assumed values used in analyzing stable isotope data, whether 

through direct comparison or mixing model estimations, have significant implications 

for the results (see below).   
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Table 2.4. Difference in δ
13

C (‰) values of the mangrove grapsid and their 

associated mangrove leaf litter from the literature.  

 

Crab species Mangrove species Crab δ13C Mangrove δ13C Δ δ13C Reference 
Australoplax tridentata AM -19.2 -27.9 8.7 [80] 

 AM -22.8 -28.8 6 [10] 

Episesarma tetragonum AO -24.2 -28.6 4.4 [29] 

 AO/BG/RA/RM -25.2 -30.4 5.2 [81] 

Episesarma versicolor AO -23.9 -28.6 4.7 [29] 

 AM/AO/EA -25.4 -28.6 3.2 [81] 

Helice formosensis KC -21.5 -28.3 6.8 [82] 

Helograpsus haswellianus AM -21.4 -27 5.6 [9] 

Neoepisesarma versicolor RA -24.3 -28.5 4.2 [27] 

 RM -24.2 -29.3 5.1 [9] 

Paragrapsus laevis AM -21 -27.8 6.8 [9] 

Parasesarma asperum AO -25.5 -28.6 3.1 [29] 

 AM/AO/EA -23.8 -28.6 4.8 [81] 

Parasesarma erythodactyla AM -22 -27.8 5.8 [9] 

 AM -22 -27.9 5.9 [80] 

 AM -23 -28.8 5.8 [10] 

 AM -20.7 -27.8 7.1 [83] 

Parasesarma plicata KC/AM/AC -24 -26.2 2.2 [84] 

Parasesarma plicatum AM/AO/EA -19.5 -28.6 9.1 [81] 

Perisesarma bengalensis AM/AO/EA -25.4 -28.6 3.2 [81] 

 RA/EA/BG -25.7 -31.4 5.7 [81] 

Perisesarma bidens KC/AM/AC -24.2 -26.2 2 [84] 

Perisesarma dussumieri AO/BG/RA/RM -27.3 -30.4 3.1 [81] 

 RA/EA/BG -25.8 -31.4 5.6 [81] 

Perisesarma guttatum AM/CT/XG/RM -23.3 -29.3 6 [81] 

Perisesarma sp. AM/CT/XG/RM -22.1 -29.3 7.2 [81] 

Psuedosesarma crassimanum AO/BG/RA/RM -24.3 -30.4 6.1 [81] 

Sesarma spp. AA -24.0 -27.4 3.4 [14] 

Mean  -23.1 -28.3 5.2  

SD  2.6 2.2 1.8  

Median  -23.9 -28.6 5.6  

AM – Avicennia marina; AO – A. officinalis; AC – Aegiceras corniculatum; BG – 

Bruguiera gymnorhiza; CT – Ceriops tagal; EA – Excoecaria agallocha ; KC – 

Kandelia candel; RA – Rhizophora apiculata; RM – Rhizophora mucronata;  XG – 

Xylocarpus granatum 
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Implication of the food-specific trophic discrimination values for the mangrove-grapsid 

link 

Mixing model calculations using our food-specific isotopic discrimination values 

suggest a significantly higher contribution of mangrove leaf litter to the crab’s diet 

compared to results generated using the global mean values reported for aquatic 

consumers [39]. Increase in the contribution from mangrove leaf litter also means that 

contribution from the other common sources, such as the MPB, would decrease. The 

diet composition predicted using the experimentally determined values is in line with 

reports on the dominant proportion of leaf tissues in the gut contents of the mangrove 

grapsids. Microalgae and animal tissue remnants were also found, but at much lower 

fractions [21-23]. Our data question the proposed dominant dietary role of MPB based 

on modelling results obtained using the global mean trophic discrimination values. 

Firstly, there is no direct evidence on the consumption of large amount of MPB in 

mangrove grapsids. In addition, although MPB does offer some apparent nutritional 

advantages, such as a higher N content and presumably higher digestibility, the grapsid 

crabs’ feeding appendages are not morphologically adapted to collecting microscopic 

food from the sediment. Mangrove grapsids have chelae with pointed ‘finger-tips’ that 

are more adapted to capturing, tearing and cutting large food items, rather than the 

spoon-tip feeding chelae found in deposit-feeding species such as the fiddler crabs (Uca 

spp.).  Intertidal crabs that rely on microscopic food (e.g. MPB or the meiofauna) also 

possess specialised mouth parts or sediment processing behaviour, which are not 

present in the grapsids, to help efficiently extract food particles from the large volume 

of sediment that needs to be handled, e.g. ‘floatation feeding’ in soldier crab Mictyris 

longicarpus [70]. Further, the limited growth of microalgae on the poorly lighted 

mangrove forest floor [71-72] would hardly meet nutritional requirement of the highly 
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abundant grapsid communities if it is their main food item. The strong competition for 

MPB from ocypodid crabs, such as Heloecius cordiformis on sub-tropical eastern 

Australian coast, which are also found at high density in more open mangroves, further 

reduces the availability of MPB to the grapsids. From the analysis of the N budget of 

the grapsid crab N. versicolor and the estimation of the nitrogen content of MPB in the 

sediment at the same site, Thongtham and Kristensen [41] showed that this crab must 

consume an unrealistically high amount of sediment to obtain sufficient N for its 

growth. N demand in the mangrove grapsids was more likely met by occasional 

consumption of animal tissue, through cannibalism, predation of other invertebrates or 

scavenging rather than regular consumption of MPB [21,27].  

Our results not only confirm the significance of grapsid crabs in directly processing 

mangrove leaf organic matter, but also highlights the risk of applying ‘global’ trophic 

discrimination values to analyzing stable isotope food web data. The values commonly 

used are mean values derived from a large number of consumer-food combinations, 

which expectedly result in a wide distribution of actual discrimination values (see 

[39,53-54]). The mean values, while offering some statistical information on the 

discrimination values, are of little direct value in analyzing specific feeding 

relationships [56]. Values specific to potential consumer-food combinations need to be 

obtained before their application to mixing model calculations. While this may not be 

logistically feasible for all potential food items, a more practical approach is to obtain 

the values at least at the food category level (e.g. vascular plant vs. animal food) in 

animals that use diverse food sources. 

Studies on C dynamics in estuaries have been dominated by the ‘outwelling’ paradigm 

for decades [5,7,73]. While earlier rates of export may have been over-estimated [8], 

recent attention on tropical mangroves has taken a dramatic turn in highlighting the role 
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of mangroves as prime ‘blue-carbon’ storages [74-76]. In-situ consumption of fresh 

mangrove leaf litter by detritivores such as grapsid crabs and gastropods is a major fate 

of mangrove production, especially in the Indo-west-Pacific [20,77]. In poorly flushed 

mangroves with little tidal export, the sediment carbon accumulation rate depends on 

the balance between litter production and mineralization (in-situ consumption by macro-

detritivores and microbial decomposition). Under-estimating detritus utilization 

resulting from inappropriate use of global trophic discrimination values in isotopic 

analyses would emphasize the storage role of mangroves while undervaluing the trophic 

contribution of wetland vascular plant production to coastal food chains. With recent 

reports on common occurrence of cellulases in estuarine invertebrates [78-79], these 

data together demand a re-examination of the general significance of the detritus-based 

food chain.  

In conclusion, our study confirms the dominant role of mangrove leaf litter in the diet of 

grapsid crabs. Mechanisms by which these animals can benefit from a diet dominated 

by an apparently low-quality food item require further investigation. With a capacity to 

convert the low-quality mangrove C into biomass, the grapsid crabs would mediate the 

transfer of mangrove primary production to nearshore consumers. This link is 

particularly important in the Indo-west-Pacific mangroves, where the abundance and 

diversity of mangrove grapsids are maximal [20]. Other trophic links originating from 

vascular plant detritus may similarly have been undervalued because of the use of 

inappropriate trophic discrimination values in past isotopic studies. Our data suggest 

that the tide has not yet turned for mangrove trophic support to nearshore consumer 

communities. 
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3.1 Abstract 

The sesarmid crab Parasersarma erythodactyla consumes large amounts of mangrove leaf 

litter but its biochemical capacity for cellulose digestion is poorly known. We demonstrate 

the presence of endo-β-1,4-glucanase, β-glucosidase and total cellulase activities  in the 

digestive juice of this crab. The highest total cellulase activity was observed at mildly acidic 

pH (5 to 6) and temperature between 30 and 50
o
C. A 1752 bp cDNA containing an open 

reading frame of 1386 bp encoding a putative endo-β-1,4-glucanase (EG) of 461 amino acids 

was identified in the crab’s hepatopancreas using polymerase chain reactions (PCR), cloning 

and sequencing techniques. P. erythodactyla endo-β-1,4-glucanase (PeEG) contains a 

glycosyl hydrolase family 9 (GHF9) catalytic domain with all catalytically important residues 

conserved, and shows high sequence identity to GHF9 EGs reported from other arthropods. 

The endogenous origin of PeEG was confirmed by PCR amplification of a ~1.5 kb DNA 

fragment, containing a phase 1 intron flanked by two exon sequences identical to the cDNA, 

from genomic DNA isolated from the crab’s muscle tissue. PeEG encoding cDNA is the first 

endogenous EG sequence reported from the brachyuran crabs. Using degenerate primers, we 

also isolated 204 bp cDNA fragments with sequences affiliated to EG from the 

hepatopancreas of eight other mangrove crabs of the Sesarmidae (Neosarmatium trispinosum 

and Sesarmoides borneensis),  Macrophthalmidae (Ilyograpsus daviei, Australoplax 

tridentate, and Macrophthalmus setosus), Varunidae (Pseudohelice subquadrata),  

Heloeciidae (Heloecius cordiformis), and Ocypodidae (Uca perplexa) families, suggesting 

that endogenous cellulase production may be a prevalent characteristics among the mangrove 

crabs.   
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3.2 Introduction 

Sesarmid crabs (Grapsoidea: Sesarmidea) are key initial processors of leaf litter of mangroves 

in the Indo-west-Pacific region (Camilleri, 1992; Emmerson and Mcgwynne, 1992; Lee, 

1989; Robertson and Daniel, 1989). Ingestion and burying of leaf litter by these highly 

abundant detritivores retain more than half of the primary production within the mangroves 

(Lee, 1998). Their secondary production and processing of mangrove production (faecal 

materials) contribute significantly to the tropical nearshore food web. Remnants of sesarmid 

crabs make up a large proportion of the gut contents of a number of common mangrove fishes 

(Sasekumar et al., 1984; Sheaves and Molony, 2000), providing a direct link from mangrove 

primary production to coastal fish populations. Mechanical and chemical processing by the 

crabs, followed by rapid microbial enrichment of the egested materials, convert unpalatable 

fresh leaf litter into faecal material of improved nutritional quality (Lee, 1997; Werry and 

Lee, 2005). Despite their important role in organic matter cycling in the mangrove ecosystem, 

mechanisms of leaf litter digestion and assimilation in the mangrove sesarmids remain largely 

unknown.  

Cellulose, the polymer of glucose units joined together by β-1,4-glycosidic bonds, is the 

major component of terrestrial plant and mangrove detritus. Capacity to break down 

cellulose, therefore, is crucial for the nutrition of detritivores, especially those, such as the 

mangrove sesarmid crabs, consuming fresh detritus that has not gone through significant 

microbial degradation. Complete breakdown of cellulose into glucose requires co-working of 

three enzymes: endo-β-1,4-glucanase (EC 3.2.1.4, also known as endocellulase), exo-1,4- β-

glucanase (EC 3.2.1.91 and 3.2.1.74, exocellulase), and β-glucosidase (EC 3.2.1.21). Endo-β-

1,4-glucanase (EG) hydrolyzes the β-1,4-glycosidic bonds at amorphous sites within the 

cellulose fibber, producing oligomers of random lengths. Exo-1,4- β-glucanase cleaves 
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cellobiose or glucose off the reducing or non-reducing end of cellulose polymer. β-

glucosidase releases glucose from the non-reducing end of cellobiose or oligomers 

(Watanabe and Tokuda, 2010). Endo-β-1,4-glucanases from some arthropods, however, have 

both endocellulase and exocellulase activities (Allardyce and Linton, 2008; Scrivener and 

Slaytor, 1994). 

Different from herbivorous vertebrates, which rely on cellulase enzymes produced by 

symbiotic gut microflora for cellulose digestion, many invertebrates are capable of producing 

their own enzymes for cellulose hydrolysis. Endogenous cellulases have been reported in a 

wide variety of invertebrates, including insects, annelids, mollusc, nematodes, and 

crustaceans (reviewed by Tanimura et al. (2013) and Watanabe and Tokuda (2001)). In 

brachyuran crabs, cellulase activities have been detected from stomach juices and/or lysates 

prepared from the gut tissues or digestive glands in both aquatic (Adachi et al., 2012; 

Johnston and Freeman, 2005; McClintock et al., 1991) and land crabs (Linton and 

Greenaway, 2004). The presence of cellulase activities in the hepatopancreas, the organ 

involved in the production of digestive enzymes and often devoid of microorganisms in 

crustaceans, in three mangrove sesarmid crabs (Episesarma versicolor, Perisesarma 

indiarum, and E. palawanense) suggests potential endogenous cellulase synthesis in these 

crabs (Adachi et al., 2012). In addition, Linton et al. (2006) reported the amplification of 900 

bp DNA fragments, supposed to encode for EG, from genomic DNA of the muscle tissues of 

two herbivorous land crabs Gecarcoidea natalis and Discoplax hirtipes. However, the origin 

of cellulases in these crabs remains inconclusive without the genomic fragments being 

sequenced and compared with the known endogenous EGs from other animals. Further 

molecular studies are, therefore, required to provide unambiguous direct evidence on the 

origin of cellulose hydrolysis enzymes in brachyuran crabs.  
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Parasesarma erythodactyla (Hess) is the most common mangrove sesarmid crab on the east 

Australian coast (Davie, 1993). This detritivore is the dominant leaf-shredder in the 

mangrove forest of Queensland based on its high density and the high litter consumption rate 

(Camilleri, 1989). The observation that vascular plant materials make up a large proportion of 

the gut content (Camilleri, 1992) of P. erythodactyla  corroborates with the dominant role of 

mangrove leaf litter in its diet evident from stable isotope analysis (Bui and Lee, 2014) and 

field observations. Bui and Lee (2014) showed that mangrove leaf litter made up ca. 90% of 

P. erythodactyla diet and leaf litter carbon was assimilated at an efficiency of 36%. 

Assimilation of mangrove organic matter in this crab has also been demonstrated by the 

transfer of fatty acid biomarkers (Hall et al., 2006) and enriched 
13

C stable isotope tracers 

from mangrove leaf litter (Bui and Lee, 2014) to the crab’s muscle tissue. We, therefore, 

hypothesize that endogenous production of cellulases is one of the physiological adaptations 

allowing this detritivore to subsist on the cellulose-rich mangrove litter diet.  

In this paper, we will first demonstrate the presence of cellulolytic enzymes in P. 

erythodactyla and report their fundamental biochemical characteristics (e.g. enzyme 

activities, pH and temperature optima). Using a molecular approach, we will then 

demonstrate the expression of EG in the hepatopancreas and its endogenous origin in this 

crab. Finally, the expression of EG encoding genes in other detritivorous mangrove crabs is 

investigated to verify if endogenous cellulase production is a common characteristic among 

this group of mangrove residents.  

3.2 Materials and Methods 

Collection and maintenance of crabs 

Intermoult male individuals of P. erythodactyla were collected from an intertidal mangrove 

forest at Tallebudgera Creek, Southeast Queensland, Australia. Crabs were maintained in 
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individual growth compartments (13x7x4 cm) containing ca. 50 ml of sea water to prevent 

dehydration. Crabs were offered freshly senescent mangrove (Avicennia marina) leaves (i.e. 

yellow leaves that were easily detached from the trees) every morning and uneaten feeds 

were removed by the end of the day.  

Collection of stomach juice  

Crabs were sampled after feeding on mangrove leaves for one hour, rinsed with distilled 

water, and euthanized by placing in ice slurry for 10 minutes. In the mud crab, Scylla serrata, 

activities of digestive enzymes produced from the hepatopancreas peaked within 0.5-1 h 

period post-feeding (Barker and Gibson, 1978) and a similar temporal pattern is assumed for 

P. erythodactyla. The euthanized crab was held ventral side up while a blunt-ended 21-gauge 

needle connected to a 2-ml syringe was gently inserted through the crab’s oesophagus to the 

stomach. The stomach juices was then sucked out and transferred to a pre-chilled microfuge 

tube.  Food debris was removed from the stomach juices by centrifugation at 10,000 g for 5 

min.  Digestive juices were kept on ice until analysis.  

Biochemical characterization of cellulases in the stomach juice 

Total cellulase activities and activities of endo-β-1,4-glucanase and β-glucosidase of the 

digestive juice were determined by biochemical assay following methods of Tokuda et al. 

(1997, 2005) with some modifications.  

Total cellulase activity 

Total cellulase activity was determined as the rate of production of glucose from 

microcrystalline cellulose (Sigma). Each reaction was set up by mixing 20 µl of stomach 

juice with 70 µl of 2% microcrystalline cellulose, incubated for 2 h in an orbital shaking 

incubator with agitation of 200 rpm, and terminated by transferring the tubes to ice slurry 
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immediately at the end of the incubation. Amount of glucose generated was quantified by 

Glucose (HK) assay kit (Sigma) following the manufacturer’s protocol.   

Endo-β-1,4-glucanase activity 

Endo-β-1,4-glucanase activity was determined as the rate of production of reducing sugars 

from carboxymethyl cellulose (CMC). Each reaction consisted of 5 µl of digestive juice 

incubated with 45 µl of 2% CMC (Sigma) for 10 min at 37
o
C with 200 rpm agitation. 

Reaction was terminated by transferring the tube to the ice slurry immediately at the end of 

the incubation period. Amount of reducing sugars produced was determined by the 

tetrazolium blue method (Jue and Lipke, 1985).  

β-glucosidase activity 

β-glucosidase activity was determined as the rate of production of glucose from cellobiose 

(Sigma).  Twenty microlitre of stomach juice was incubated with 70 µl of 2% cellobiose for 

20 min at 37
o
C with 200 rpm agitation. Reaction was terminated by transferring the tube to 

the ice slurry immediately at the end of the incubation time. Amount of glucose generated 

was quantified by Glucose (HK) assay kit (Sigma).   

All assays were conducted in triplicate. The amount of glucose or reducing sugars detected in 

each sample was corrected with the amounts of sugars presented initially in the respective 

digestive juices. One unit of enzyme activity is defined as the amount of enzyme producing 1 

µmol of glucose or other reducing sugars per minute per ml of digestive juice. Activity was 

not expressed in terms of per mg of protein since the enzyme of interest comprises only a 

fraction of a highly variable and diet-dependent protein mixture in the digestive juice (Linton 

and Greenaway, 2004).  
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All cellulosic substrates (i.e. 2% microcrystalline cellulose, CMC, and cellobiose) were 

prepared in 0.1M sodium acetate buffer pH 5.5.  

pH and temperature optimum of cellulase activity 

Total cellulase activity of stomach juices were determined over a pH range of 4.0-8.0 and 

temperature ranging from 20 to 60
o
C. For pH profiling, 2% microcrystalline cellulose 

solutions were prepared in each of the following buffers: 0.1 M sodium acetate buffer pH 4.0, 

5.0, or 5.5; 0.1 M K2HPO4  pH 6.0, 0.1 M Tris buffer pH 7.0 or 8.0; and the reactions were 

incubated at 37
o
C. For temperature profiling, microcrystalline cellulose suspension was 

prepared in 0.1 M sodium acetate buffer pH 5.5, and the reactions were incubated at one of 

the following temperatures: 20, 30, 37, 50, and 60
o
C.  

Data analysis 

Enzyme activity at different pH values and temperatures were compared by one-way analysis 

of variance (ANOVA). Tests for normality (Shapiro-Wilk’s test) and homogeneity of 

variance (Levene’s test) were performed to check if assumptions of ANOVA were met before 

the analysis. If these assumptions were violated, the Kruskal-Wallis H test was used instead 

of one-way ANOVA.  If significant ANOVA or Kruskal-Wallis H test results were obtained,  

statistical difference between specific treatments were then determined by applying Tukey’s 

Honestly Significant Difference (HSD) post-hoc-test or Mann-Whitney U tests, respectively. 

Molecular work 

RNA and genomic DNA isolation 

Crabs were offered senescent A. marina leaves for one hour, euthanized by placing in ice 

slurry for 10 min before ~30 mg of hepatopancreas and muscle tissues from the walking legs 
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were harvested using separate dissection tools. Tissues were cut into small pieces using 

scissors. Total RNA and genomic DNA were isolated from hepatopancreas and muscle 

tissues, respectively, using Isolate II RNA mini kit and Isolate II genomic DNA kit (Bioline) 

following manufacturer protocols. Purified RNA and genomic DNA were stored at -20
o
C 

until use.  

Amplification of endo-β-1,4-glucanase full-length cDNA from P. erythodactyla  

The internal fragment of EG was amplified from the first strand cDNA, which was prepared 

from hepatopancreas total RNA using the iScript cDNA synthesis kit (Bio-rad), by reverse 

transcription polymerase chain reaction (RT-PCR) using degenerate primers F2 and R5 

(Table 3.1). These degenerate primers were designed based on the conserved sequences 

identified in the multiple alignment of amino acid sequences of GHF9 EGs reported in other 

arthropods using ClustalX (version 2.1) software. Sequences used in the alignment were 

derived from the crustaceans including the crayfish Cherax quadricarinatus (GenBank 

accession number: AAO61672 and AAD38027), the mysis Neomysis intermedia 

(BAL60587), the isopod Limnoria quadripunctata (ADB85440, ADB85441, and 

ADB85442); the termite Nasutitermes takasagoensis (BAA33708), Coptotermes formosanus 

(ADB12483), C. acinaciformis (AAK12339), Macrotermes barneyi (AFD33365), 

Reticulitermes speratus (BAA34050), R. flavipes (AAU20853), and Mastotermes 

darwiniensis (CAD54728); the cockroache Panesthia cribrata (AAF80584); bees such as 

Apis florae (XP_003690676), Bombus terrestris (XP_003402778); and the ant Acromyrmex 

echinatior (EGI63652). PCR amplification was performed using the C1000 Thermo Cycler 

(Bio-rad) in 40 µl reaction containing 2 µl of the first strand cDNA, 20 µl of 2x Master mix 

for PCR (Bio-rad), 2 µl of each degenerate primer (200 µM) and 14 µl of UltraPure distilled 

water (Invitrogen). The thermocycler was programmed using the following schedule: an 
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initial denaturation at 95
o
C for 3 min; 40 cycles of thermal cycling, each consisted of a 

denaturation step at 95
o
C for 30 s, an annealing step at 55

o
C for 30 s and an extension step at 

72
o
C for 1 min; final extension at 72

o
C for 10 min, and holding at 4

o
C. PCR product was 

separated by electrophoresis on 2% agarose gel containing 0.5 μg/ml ethidium bromide. 

Bands of the expected size (i.e. ~200 bp) were excised from the gel, purified by Qiaquick gel 

extraction kit (Qiagen), and sent for direct sequencing.  

The 5’- and 3’- terminal sequences of EG were obtained by the rapid amplification of cDNA 

end (RACE) PCR using the 5’/3’ RACE kit 2
nd

 generation (Roche) and the gene-specific 

primers (GSP) designed based on the sequence of the 204 bp internal cDNA fragment. For 

5’-RACE, first strand cDNA was synthesized from 2 µg of hepatopancreas total RNA using 

GSP1R primer, purified using Isolate II PCR and Gel kit (Bioline), and then poly-A tailed 

following manufacturer protocol. The 5’-end of EG was then PCR amplified from the poly-A 

tailed first strand cDNA using Oligo dT-Anchor primer provided in the kit and GSP2R 

primer. The thermocycler was programmed similarly to the PCR reaction with degenerate 

primers except that the number of thermal cycles was 35 instead of 40. PCR products were 

analyzed by electrophoresis on 1.5% agarose gel, purified, and used as a template for the 

consecutive nested PCR, which was performed with the GSP-3R primer and the PCR Anchor 

primer of the kit, and using similar thermal cycling condition as primary PCR except that the 

annealing temperature was increased to 60
o
C. PCR product was analyzed on 1.5% agarose 

gel, purified, and sent for direct sequencing using the GSP3R primer.  

In 3’-RACE PCR, the first strand cDNA was synthesized from 2 μg total RNA isolated from 

the hepatopancreas using the oligo dT-Anchor primer provided in the kit following the 

manufacturer protocol. The 3’-terminal of EG was then amplified from the first strand cDNA 

using the gene-specific primer GSP5F and PCR Anchor primer of the kit. The thermocycler 
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was programmed as following: initial denaturation at 95
o
C for 3 min; 35 cycles of thermal 

cycling, each consisted of a denaturation step at 95
o
C for 30 s, an annealing step at 60

o
C for 

30 s and an extension step at 72
o
C for 2 min; final extension at 72

o
C for 10 min, and holding 

at 4
o
C. PCR products were analyzed by electrophoresis on 1.5% agarose gel, purified, and 

cloned into pGEM-T Easy vector (Promega) by TA cloning method followed manufacturer 

protocol. Ligated product was heat-shock transformed to JM109 High Efficiency Competent 

Cells (Promega), plated on LB/ampicillin/IPTG/X-Gal plates, and incubated at 37
o
C 

overnight. White colonies were picked and screened for the presence of the insert by colony 

PCR using T7 and SP6 primers. Positive clones were cultured overnight in 5 ml of 

LB+Ampicillin (10 μg/ml) broth at 37
o
C with shaking (200 rpm).  The plasmids were then 

isolated using Isolate II plasmid mini kit (Bioline). Sequencing of the insert was done using 

T7, SP6, GSP5F, and GSP9F primers. 

The sequences of the internal fragments, 5’- and 3’- terminal sequences were aligned using 

ClustalX software. These three sequences were combined based on the sequences at the 

overlapping regions. The contiguous sequence was then conceptually translated to identify 

the full-length open reading frame (ORF) of EG.  

Amplification of endo-β-1,4-glucanase encoding gene from genomic DNA 

Part of the EG gene was PCR-amplified from 100 ng of genomic DNA in a 50 µl reaction 

consisting of 1 µl of GSP11F and GSP12R primers (10 µM), and 25 µl 2X PCR Master Mix 

(Promega). PCR was run with the following condition:  95
o
C for 5 min; 40 cycles of thermal 

cycling, each consisted of a denaturation step at 95
o
C for 30 s, an annealing step at 60

o
C for 

30 s and an extension step at 72
o
C for 2 min; final extension at 72

o
C for 10 min, and holding 

at 4
o
C. PCR product was diluted 10 times before being used as a template for nested PCR. 

Nested PCR was set up and performed similarly as primary PCR but using GSP6F and 
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GSP14R primers and the annealing temperature of 62
o
C instead. PCR product was analyzed 

on 1.5% agarose gel, extracted, and cloned into pGEM-T Easy vector. Ligation product was 

transformed into JM109 High Efficiency Competent Cells (Promega) and positive clones 

were selected as described previously.  Sequencing of the insert was performed using T7 and 

SP6 primers.  

Screening for the expression of endo-β-1,4-glucanase genes in other mangrove crabs 

The expression of endo- β-1,4-glucanase encoding gene in the hepatopancreas in other 

mangrove crabs was investigated. Eight species of crabs belonging to family Sesarmidae, 

Macrophthalmidae, Varunidae, Heloeciidae, and Ocypodidae were sampled from mangrove 

forests at either Tallebudgera Creek (Southeast Queensland) or Terranora (northern New 

South Wales) mangroves in March 2013, for use in this study (Table 3.2). These crabs were 

maintained similarly as described earlier for P. erythodactyla. Before the harvest of the 

hepatopancreas, crabs were offered both sediment and senescent A. marina leaves for one 

hour to ensure that they had access to their regular food sources. RNA isolation, cDNA 

synthesis and PCR amplifications of EG cDNA using degenerate primer F2 and R5 were 

performed as described above. PCR products were analyzed on 2% agarose gel, purified, 

cloned into pGEM-T Easy vector, and sequenced as described previously.  

The presence of bacterial transcripts in all first strand cDNA samples was checked by PCR 

amplification of the 16S rRNA gene fragment using the 27F and 1429R primers (Leser et al., 

2002). PCR reactions were prepared and run similarly as those of the EG internal fragment 

amplification except that the annealing temperature and extension time were set at 55
o
C and 

1.5 min, respectively. JM109 Escherichia coli suspension and Ultrapure Distilled Water 

(Invitrogen), instead of the first strand cDNAs, were used as the templates for positive and 
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negative controls, respectively. PCR products were analyzed by electrophoresis on 1.5% 

agarose gel.  

Oligonucleotide sequences of all primers used for the molecular work are shown in Table 3.1.  
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Table 3.5. Oligonucleotide primers used for molecular work 

Name Sequence (5’ to 3’ direction) Usage 

F2 GCGGGNTATAGAGCNGGNGA PCR amplification of EG 

internal sequence 

R5 GCGCGGNCCNACTGNCCTANA PCR amplification of EG 

internal sequence 

GSP1R TGTGGGCCTTGATGAAGTAG 5’-RACE 

GSP2R AGCCCTTCCGTAGTCCAG 5’-RACE 

GSP3R CTGTGGCCAGCCTCGAAGTC 

 

5’-RACE 

Sequencing of 5’-RACE product 

GSP5F GCAGGACAACTGGACTACGGAAGG 3’-RACE 

Sequencing of 3’-RACE product 

GSP9F AGCGAGTTCTCGTGGGATAACA Sequencing of 3’-RACE product 

GSP11F GGCCACCGACTACTTCAT Genomic amplification 

GSP12R CAATAGAAGCAGCAGCAAGG Genomic amplification 

GSP14R AAGGGCAGCAGCAGTTTC Genomic amplification 

GSP6F ACCGACTACTTCATCAAGGCCCACAC Genomic amplification 

27F AGAGTTTGATCMTGGCTCAG PCR amplification of 16S rRNA  

1492R  GGTTACCTTGTTACGACTT  PCR amplification of 16S rRNA 

T7 CGACTCACTATAGGGCGAATTGG Sequencing & colony PCR 

SP6 ATACTCAAGCTATGCATCCAACG Sequencing & colony PCR 

(A) 
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Table 3.6. Mangrove crabs used for the endo-β-1,4-glucanase gene expression study and 

the GenBank  accession numbers of the 204 bp endo-β-1,4-endoglucanase cDNA 

fragments amplified from them.  

Species Family 
GenBank accession 

number 

Neosarmatium trispinosum Sesarmidae KJ828799 

Pseudohelice subquadrata Varunidae KJ828803 

Sesarmoides borneensis Sesarmidae KJ828801  

KJ828802 

Ilyograpsus daviei Macrophthalmidae KJ828798 

Australoplax tridentata Macrophthalmidae KJ828795 

Heloecius cordiformis  Heloeciidae KJ828797 

Macrophthalmus setosus Macrophthalmidae KJ828800 

Uca perplexa   Ocypodidae KJ828796 

 

 

Sequence comparison and phylogenetic analysis 

Identity and homology of the DNA sequences were determined by the BLASTX algorithm 

within the website of the National Center for Biotechnology Information (http://blast.st-

va.ncbi.nlm.nih.gov/Blast.cgi). The signal peptide was predicted using the SignalIP program 

(http://www.cbs.dtu.dk/services/SignalP/). Catalytic domain was identified by the Motif Scan 

program (http://myhits.isb-sib.ch/cgi-bin/motif_scan). Phylogenetic analysis was performed 

in MEGA6 software (Tamura et al., 2013) using the method of Davison and Blaxter (2005). 

In brief, multiple alignments of the full-length amino acid sequences of GHF9 EGs derived 

http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi
http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi
http://www.cbs.dtu.dk/services/SignalP/
http://myhits.isb-sib.ch/cgi-bin/motif_scan
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from crustaceans, insects, echinoderms, gastropods and bacteria were conducted using the 

build-in ClustalW program. Sequences corresponding to the potential signal peptides, the N- 

and C-terminal extensions that are taxon-related and all positions containing gap were 

removed before the generation of phylogenetic trees. Maximum likelihood and neighbour-

joining trees were constructed using the JTT amino acid substitution matrix-based model 

(Jones et al., 1992). Evolutionary rate variations among sites were modelled with a discrete 

gamma distribution. The reliability of the trees was accessed by the bootstrap resampling 

method. GenBank accession numbers of sequences included in phylogenetic analysis are as 

follows: C. quadricarinatus - AAD38027, N. intermedia - BAL60587, L. quadripunctata - 

ADB85442, N. takasagoensis - BAA33708, C. formosanus - ADB12483, C. acinaciformis - 

AAK12339, M. barneyi - AFD33365, R. speratus - BAA34050, R. flavipes - AAU20853, M. 

darwiniensis - CAD54728, P. cribrata - AAF80584, T. emma - ABV32557, A. echinatior - 

EGI63652, B. terrestris - XP-003402778, A. florae – XP-003690676, Apis mellifera - XP-

396791, Acyrthosiphon pisum - XP-001944774, Tribolium castaneum - EFA05721, 

Pheretima hilgendorfigi - BAH22180, Perinereis brevicirris - BAK20401, Eisenia andrei - 

ACE75510, Strongylocentrotus purpuratus - XP-780901, Mesocentrotus nudus - BAF62178, 

Haliotis discus discus - ABO26609, H. discus discus - BAD44734, H. discus hannai - 

BAC67186, Ampullaria crossean - ABD24276, Bacillus sonorensis - EME74256, B. 

licheniformis - AGN36282, Agarivorans albus - WP-016400994, Clostridium cellulovorans - 

I40807, and C. thermocellum - CAB76935.  

3.4 Results and Discussion 

Biochemical properties of cellulases in the digestive juice  

Total cellulase, endo-β-1,4-glucanase, β-glucosidase activities were all detected in the 

digestive juice of P. erythodactyla (Table 3.3), suggesting that this crab possesses a complete 
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cellulose hydrolysis system required for the digestion of their cellulose-rich food. This is in 

line with the report on the detection of total cellulase activities in the hepatopancreas extracts 

of the mangrove sesarmid crabs Episesarma versicolor, Perisesarma indiarum, and E. 

palawanense (Adachi et al., 2012). Previous studies on the feeding ecology of the mangrove 

sesarmid crabs showed that mangrove leaf litter made up a dominant proportion in their diet, 

and mangrove-derived carbon was assimilated at an efficiency of 30-70% (Bui and Lee, 

2014; Giddins et al., 1986; Thongtham and Kristensen, 2005). The empirical evidence for the 

presence of functional cellulose hydrolysis enzymes in these leaf-feeding sesarmid crabs, 

therefore, confirms that they have the physiological capacity to subsist on the litter-based 

diet, further reinforcing their key trophic role as initial processors of nutritionally poor litter 

in the mangrove food web (Lee, 1998).  

 

Table 3.7. Cellulase activities in the digestive juice of P. erythodactyla. Total cellulase 

and endo-β-1,4-glucosidase activities were determined as the rate of glucose produced 

from the hydrolysis of microcrystalline cellulose and cellobiose, respectively. Endo-β-

glucanase activity was measured as the rate of reducing sugars produced from the 

hydrolysis of carboxymethyl cellulose. Values are means ± SE (n = 10).  

 

Enzyme Activity (µmol min
-1

 ml
-1

) 

Total cellulase 0.051±0.020 

Endo-β-1,4-glucanase 4.44±2.01 

β-glucosidase 0.93±0.71 
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Cellulases of the digestive juice were active over a broad range of pH (4-7) and temperatures 

(20-60
o
C) but highest total cellulase activities were observed at pH ranging from 5 to 6 

(Mann-Whitney U tests, p < 0.05) and temperatures between 37 and 50
o
C (Tukey’s HSD 

tests, p < 0.05, Fig. 3.1). Slightly acidic pH optima are also a characteristic of cellulases in 

other crustaceans such as the crayfish (pH 4-5; Xue et al., 1999), lobster (pH 4.5-5.5; Glass 

and Stark, 1995), and herbivorous land crab (pH 5.5; Linton and Greenaway, 2004). This is 

well correlated with the mildly acidic conditions of crustaceans gastric juices reported in 

previous studies (Linton and Greenaway, 2004; van Weel, 1970). On the contrary, the 

optimal temperatures for cellulase activity in P. erythodactyla, and in many other 

invertebrates, are well beyond the ambient temperature of their natural habitats. However, it 

must be noted that cellulases have lower thermostability at these temperatures compared to 

lower temperatures (Lee et al., 2005; Nikapitiya et al., 2010; Tokuda et al., 1997). 
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Figure 3.5. Effect of (A) pH (n = 8) and (B) temperature (n = 10) on total cellulase activity in the stomach juice of P. erythodactyla. Total 

cellulase activity was measured as the rate of glucose production from the hydrolysis of crystalline cellulose. Values are means ± SE. Data 

points marked with different letters are significantly different (Tukey’s HSD or Mann-Whitney U tests, p < 0.05).
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Cloning of full-length PeEG cDNA 

A cDNA fragment of 204 bp was amplified by RT PCR using the degenerate primers F2 

and R5, which were designed based on the conserved sequences within the catalytic 

domains of the GHF9 EGs reported in other invertebrates. RACE PCR performed using 

gene-specific primers designed from this cDNA fragment resulted in the amplification 

of 372 bp and 1389 bp cDNA fragments at the 5’- and 3’-terminal of EG encoding gene, 

respectively. In silico assembly of these three cDNA sequences yields a nucleotide 

sequence of 1752 bp (GenBank accession number: KJ206198), consisting of a single 

open reading frame (ORF) of 1386 bp, a 5’ untranslated region (UTR) extended 24 bp 

from the putative start codon, and a 3’ UTR of 342 bp in length. The presence of a 

putative polyadenylation signal sequence AATAAA just upstream of a poly-adenine 

sequence at the 3’ UTR suggests that the 3’ end of the mRNA is complete (Fig. 3.2). 

The ORF encodes for a protein of 461 amino acids, which was named PeEG. 
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Figure 3.6. Full-length cDNA and the deduced amino acid sequence of PeEG. The 

putative polyadenylation signal AATAAA and the secretory signal peptide are 

underlined with solid and broken lines, respectively. Amino acid sequence of the 

putative GHF9 catalytic domain is in bold. Catalytically important residues are 

circled. Position of the phase 1 intron identified in the analysis of the genomic 

sequence is indicated by an inverted triangle. Nucleotide sequence amplified by 

PCR using the degenerate primer F2 and R5 is shaded.   

GTCAGTCGCCTAACCAGCGCCAAGATGAAGGTACTGCTACTTCTGTTCGCCCTCTACCAAGCAGGGTCCTGCATGGCCCCGGAGGTGTAC    90 

                         M  K  V  L  L  L  L  F  A  L  Y  Q  A  G  S  C  M  A  P  E  V  Y     22    

 

AACATCGCCAACCCATGCTCCAGTTCCGGATACGCCCAGGCCCTGTGCATGTCCTACGTGTTCTACGAGGCACAGCGGTCCGGCGCCCTG   180 

 N  I  A  N  P  C  S  S  S  G  Y  A  Q  A  L  C  M  S  Y  V  F  Y  E  A  Q  R  S  G  A  L     52 

 

CCCAGCGACCAGAGGGTTACATGGCGTCAGGACTCAGCGCTGGCCGATGGCAGCGATGTGGGCGTTGACCTTACTGGCGGCTACTATGAT   270 

 P  S  D  Q  R  V  T  W  R  Q  D  S  A  L  A  D  G  S  D  V  G  V  D  L  T  G  G  Y  Y  D     82 

 

GCCGGTGACCACGTCAAGTTTGGCTTCCCCATGGCCTTCACCGCCACCATGCTCGGCTGGGGTCTCGTCGACTTCGAGGCTGGCCACAGC   360 

 A  G  D  H  V  K  F  G  F  P  M  A  F  T  A  T  M  L  G  W  G  L  V  D  F  E  A  G  H  S    112 

 

AGCGCAGGACAACTGGACTACGGAAGGGCTGCGCTGAAGTGGGCCACCGACTACTTCATCAAGGCCCACACCTCCGCCACCGAGCTCTAT   450 

 S  A  G  Q  L  D  Y  G  R  A  A  L  K  W  A  T  D  Y  F  I  K  A  H  T  S  A  T  E  L  Y    142 

 

GGACAGGTTGGTGACGGCGACACAGACCACGCTTTCTGGGGACGCCCCGAGGACATGACCATGTGGCGCCCCTCCTACAAGATCGACGCT   540 

 G  Q  V  G  D  G  D  T  D  H  A  F  W  G  R  P  E  D  M  T  M  W  R  P  S  Y  K  I  D  A    172  

 

GGCGCCCCCGGATCTGACTTGGCTGGTGAAACTGCTGCTGCCCTTGCTGCTGCTTCTATTGTCTTCCAGAACAGTGATGCCTCGTACTCC   630 

 G  A  P  G  S  D  L  A  G  E  T  A  A  A  L  A  A  A  S  I  V  F  Q  N  S  D  A  S  Y  S    202 

 

GCCACACTCCTGAGCCACGCCAGGGAGCTCTTCGACTTCGCTGATCAGTACCGCGACGTGTACACCAACTCCATCACCGCCGCCGCCAAT   720 

 A  T  L  L  S  H  A  R  E  L  F  D  F  A  D  Q  Y  R  D  V  Y  T  N  S  I  T  A  A  A  N    232 

 

TTCTACAACTCGTGGTCAGGCTATGGGGACGAGCTGTGCTGGTCTGCCATTTGGTTGTACCGCGCCACCGGGGAACAGACCTACCTGGAC   810 

 F  Y  N  S  W  S  G  Y  G  D  E  L  C  W  S  A  I  W  L  Y  R  A  T  G  E  Q  T  Y  L  D    263 

 

CGTGCCAAGGGTTTGTGGGACGAGTTCGGCGTCGGCAACACCCCCAGCGAGTTCTCGTGGGATAACAAGAACGCCGGATCACAGGCCCTC   900 

 R  A  K  G  L  W  D  E  F  G  V  G  N  T  P  S  E  F  S  W  D  N  K  N  A  G  S  Q  A  L    293 

 

CTCTCCCTCATTGACGGCGGCTCCACCTACACCAGCGCCCTCAGCAGCTTCCTGAACTCAGTCCGCAGCCACGCTACCACCCCCGGCGGC   990 

 L  S  L  I  D  G  G  S  T  Y  T  S  A  L  S  S  F  L  N  S  V  R  S  H  A  T  T  P  G  G    323 

 

ATGGTCTACATCAGCGAGTGGGGATCCGCCAGGCACGCCGCCAACGTCGCCTTCATCGGCCTCGTGGCCAACAAGGCGGGTGTGGACGCC  1080 

 M  V  Y  I  S  E  W  G  S  A  R  H  A  A  N  V  A  F  I  G  L  V  A  N  K  A  G  V  D  A    353 

 

AGCACCAACTACAACTGGGCCAAGGGACAGATCGACTACCTCCTCGGCACCTCCACCGGCCGCTCCTTCGTGGTGGGTTACGACAGCAGC  1170 

 S  T  N  Y  N  W  A  K  G  Q  I  D  Y  L  L  G  T  S  T  G  R  S  F  V  V  G  Y  D  S  S    383 

 

AGCCCCGAGAGGCCCCACCACCGCTCCAGCTCCTGCCCCGACATTCCCGAGGCCTGTGACGGCAATTGGGCTATGACACAGTCCGGCCCC  1260 

 S  P  E  R  P  H  H  R  S  S  S  C  P  D  I  P  E  A  C  D  G  N  W  A  M  T  Q  S  G  P    413 

 

AACCCTCAGACCCTCTACGGTGCCCTCGTCGGTGGACCTGCTCAGGACGGCAGCTACACAGATGACAGGAATGACTATGTGAAGAACGAG  1350 

 N  P  Q  T  L  Y  G  A  L  V  G  G  P  A  Q  D  G  S  Y  T  D  D  R  N  D  Y  V  K  N  E    443 

 

GTTGCCTGTGACTACAACGCGGCCTTCACAGGAGCCCTCGCTGCCCTGGTCGAGGGATAGGCGGGCGACTGGCCTGTCCGGATAAGCGAG  1440 

 V  A  C  D  Y  N  A  A  F  T  G  A  L  A  A  L  V  E  G  *                                  462 

 

GGGCATGTCCGGATAAACGAGGGACTTTATTCATTTATCCGGACTAGCGACATATGATCCAGATAAATGCATAATGTCAGTGGGACTATT  1530 

                                                             

ATGCACTTATCCGGACTTGACATACGATCCGGATAAATGAATTGGGCTAGAGATGATCACACTAACCGGATTACTCACTTTCTTTATTAC  1620 

                                                                 

TGAAGGGAAAAAAACACAAAATAACAGCAATAAAATAGTCAAGTTACAACTGTTGACCATCTGTTGTGTTAAACGAAATTAATTGATAGT  1710 

                                                                   

GGATAGATGAATAAAGCGATAAATAGAAAAAAAAAAAAAAAA                                                  1752 

                                                           

 



81 

 

 

Database search showed that PeEG was an EG of the glycosyl hydrolase family 9 

(GHF9). PeEG was most significantly homologous with endo-β-1,4-glucanase and 

cellulases of Cherax quadricarinatus (GenBank accession number: AAD38027 and 

AAO61672, p value = 0) and Neomysis intermedia  (BAL60587, p = 2e-158), followed 

by those of other crustaceans, termites, cockroaches, sea urchins, worms, bees and ants. 

GHF9 cellulases from molluscs and bacteria also showed homology to PeEG but at a 

lower probability. The high homology of PeEG to GHF9 EGs from arthropods was also 

reflected in the results of phylogenetic analysis. Both maximum likelihood and 

neighbour-joining analyses indicated that crustacean EGs clustered together and are 

closely related to those from insects while EGs from the gastropods, echinoderm and 

annelids were grouped in a separate cluster. The animal endo-β-1,4-glucanases formed a 

monophyletic group separated from the bacterial ones (Fig. 3.3). Similar phylogenetic 

relationships of the GHF9 cellulases from different animal phyla and bacteria were 

reported in other studies (Davison and Blaxter, 2005; Tanimura et al., 2013). Our results 

suggest that PeEG is synthesized endogenously rather than expressed by symbiotic 

microorganisms. 
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Figure 3.7. Phylogenetic analysis of PeEG and GHF9 EGs from other animals. The 

tree was constructed using the maximum likelihood and neighbour-joining 

methods using MEGA6. Numbers on the branches represent bootstrap values (in 

%) for 1000 replicates in the maximum likelihood tree, followed by those in the 

neighbour-joining tree. GenBank accession number for each sequence is presented 

next to the species name. 
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Conserved domain analysis revealed the presence of a GHF9 catalytic domain flanked 

by amino acid residues Gly-32 and Ala-456 in PeEG (Fig. 3.2). The structurally and 

catalytically important amino acid residues that are highly conserved amongst cellulases 

of the GHF9 family (Davison and Blaxter, 2005; Khademi et al., 2002; Sakon et al., 

1997; Tomme et al., 1991; Tomme et al., 1992) are also conserved in PeEG (i.e. Asp-

82, Asp-85, His-288, Asp-433, and Glu-442). There was also a putative signal peptide 

of 16 amino acids identified at the N-terminal of this protein (Fig. 3.2). Potential N-

terminal secretory sequences were also reported in GHF9 EGs from other animals such 

as the crayfish Cherax quadricarinatus (Byrne et al., 1999), the termite Reticulitermes 

speratus (Watanabe et al., 1998), and the beetle Tribolium castaneum (Willis et al., 

2011). The predicted molecular weight of the mature peptide of PeEG was 47.7 kDa 

(http://web.expasy.org/compute_pi/), compatible with GHF9 EGs isolated from the red 

claw crayfish (Crawford et al., 2004). Together, these evidences indicate that PeEG is 

likely to be a functional enzyme. 

Similar to most endogenous cellulases from animals (Watanabe and Tokuda, 2010), 

PeEG does not have a carbohydrate-binding module (CBM, also known as cellulose-

binding domain). In contrast, CBM was widely found in cellulases of prokaryotic 

origin, joining to the catalytic domain via a Pro/Thr/Ser-rich peptide linker (Gilkes et 

al., 1991). Cellulases with CBMs were thought to hydrolyse cellulose more efficiently 

than those without since they constantly bind to (through the CBMs) and progressively 

hydrolyze the cellulose fibres while the latter must leave the substrate surface to search 

for the next cleavage site after every complete hydrolysis reaction (Watanabe and 

Tokuda, 2010). It was, however, proposed that the high level of expression (Watanabe 

and Tokuda, 2001) and the reduction in the midgut volume in insects that do not depend 

on symbiotic microorganism for cellulose digestion (Watanabe and Tokuda, 2010) 

http://web.expasy.org/compute_pi/
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would increase the concentration of enzymes around the cellulose substrate, and thus 

compensate for the lack of CBM in animal cellulases. Further study, however, is 

required to test these hypotheses.  

Endogenous origin of PeEG  

The endogenous origin of PeEG was confirmed by the amplification of a genomic 

fragment encoding for PeEG. Genomic DNA used as a template for PCR amplification 

was obtained from the walking legs of the crab to eliminate potential contamination 

from the gut microbes. Electrophoretic analysis of the PCR product revealed the 

amplification of a single DNA fragment of ~1.5 kb. This genomic fragment (GenBank 

accession number: KJ828794) contains a single intron flanked by two exon sequences 

of 145 and 35 bp at the 5’- and 3’- termini, respectively. These exon sequences are 

perfectly matched with that of the cDNA. The intron is a phase 1 intron, inserted after 

the first nucleotide of the codon encoding for Gly-176 (Fig. 3.2), and has a typical 

splice site of GT as the 5’ donor sequence and AG as the 3’ acceptor sequence. A phase 

1 intron inserted at the same position was also found between exon 5 and 6 of the GHF9 

cellulase encoding gene  EG-A  from Cherax quadricarinatus (AY176645,  Crawford et 

al., 2004) and exon 4 and 5 of the NtEG from the termite Nasutitermes takasagoensis 

(AB019146, Tokuda et al., 1999).  

The detection of a genomic fragment encoding endo-β-1,4-glucanase in P. 

erythodactyla  and its expression in the hepatopancreas provides direct evidence 

supporting potential endogenous cellulase synthesis in the brachyuran crabs, as 

suggested by previous studies (Adachi et al., 2012; Linton et al., 2006). To the best of 

our knowledge, the cDNA (KJ206198) and partial genomic (KJ828794) sequences 

encoding PeEG identified in our study were the first complete coding and genomic 
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DNA sequences encoding endo-β-1,4-glucanase derived from brachyuran crabs 

deposited to the GenBank, respectively. Our finding together with the observation of 

high cellulase activities in the hepatopancreas extracts of the mangrove crabs (Adachi et 

al., 2012) and the widespread distribution of cellulase genes in metazoans (Davison and 

Blaxter, 2005; Watanabe and Tokuda, 2010) suggest that cellulase-encoding genes may 

also be conserved and expressed in other mangrove detritivores, particularly among 

sesarmid crabs. There is no doubt that endogenous synthesis of cellulose-degrading 

enzymes would be highly beneficial for animals living in the semi-terrestrial mangrove 

habitat, where vascular plant detritus is a readily available carbon source. We, therefore, 

also performed a survey on the expression of endo-β-1,4-glucanase encoding genes in 

other mangrove crabs to see if endogenous cellulases production is a common feature of 

this group of macrofauna.  

Expression of endo- β-1,4-glucanase genes in other mangrove crabs 

We investigated the potential endogenous synthesis of endo-β-1,4-glucanase in eight 

other mangrove crabs belonging to five families of crabs commonly found in the 

mangrove habitat (Table 3.2). A 204 bp cDNA fragment showing homology to GHF9 

EG was cloned from hepatopancreas total RNAs of all crabs under investigation (Fig. 

3.4A, GenBank accession numbers of the EG encoding cDNA sequences are shown in 

Table 3.2). Sequencing results indicated the presence of two EG isoforms in S. 

borneensis while there was only a single one identified in other crabs (Fig. 3.4A). The 

possession of multiple genes coding GHF9 EGs is common among arthropods. For 

example, eight genes were identified from the cDNA library of the mollusc Ampullaria 

crossean (Li et al., 2009) and two were cloned from the hepatopancreas of the 

woodlouse Porcellio scaber (Kostanjsek et al., 2010). 
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Figure 3.8. Expression of endo-β-1,4-glucanase genes in the hepatopancreas of the 

mangrove crabs. (A) Multiple alignment of deduced amino acid sequences of the 

204 bp cDNA sequences encoding putative EGs from the mangrove crabs 

(Genebank accession numbers of these cDNA sequences are shown in Table 3.2); 

and (B) PCR amplification of bacterial 16S rRNA gene from the same first strand 

cDNA samples that were used as template for PCR amplification of EG. Crabs 

investigated were Australoplax tridentata (At), Heloecius cordiformis (Hc), 

Ilyograpsus daviei (Id), Sesarmoides borneensis (Sb), Macrophthalmus setosus (Ms), 

Neosarmatium trispinosum (Nt), P. erythodactyla (Pe), Pseudohelice subquadrata 

(Ps), and Uca perplexa  (Up). M: TrackIt 100 bp DNA ladder (Invitrogen), N: 

negative control, and P: positive control.  

 

To verify if the EG coding cDNA sequences were expressed by gut microorganisms, we 

performed PCR using the 16S rRNA universal primers. The amplification of the 1.5 kb 

cDNA band specific for the 16S rRNA gene was observed in the positive control but not 

in the negative control or the crab samples (Fig. 3.4B), suggesting the absence of 

bacterial transcripts from the first strand cDNAs prepared from the hepatopancrease of 
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the crabs. EG encoding cDNA fragments that were cloned from the mangrove crabs in 

our study, therefore, should have an endogenous origin.    

Our results show that mangrove crabs of a variety of families, despite the difference in 

their feeding habits, produce cellulose-hydrolysis enzymes endogenously. However, the 

expression levels of these genes in the crabs are likely to be fine-tuned to adapt to the 

difference in the proportion and form of cellulosic substance in their diet. Indeed, 

Adachi et al. (2012) reported that total cellulase activities and activities of endo-β-1,4-

glucanase and β-glucosidase enzymes in the hepatopancreas extracts of the mangrove 

leaf-feeding crabs were all significantly higher than those of the deposit feeders. While 

mangrove leaf litter is the primary food source of the grapsoid crabs (Camilleri, 1989; 

Bui and Lee, 2014), microphytobenthos and microorganisms colonizing the aged 

detritus or the sediment were reported as the main components of ocypodids’ diet 

(France 1998; Kristensen and Alongi, 2006). The requirement for highly efficient 

cellulose digestion through endogenous enzyme production in deposit-feeding crabs 

therefore could be reduced. 

The story of cellulose digestion in the mangrove crabs will not be complete without the 

possible contribution of microbial cellulases being studied and evaluated together with 

those of endogenous origin. Co-operation between the host and symbiont enzymes in 

cellulose digestion has been reported in the wood-feeding lower, Coptotermes 

formosanus (Nakashima et al., 2002), and higher, Nasutitermes takasagoensis (Tokuda 

et al., 2005), termites. Whether a similar system exists in the mangrove crabs invites 

further research. Wood-feeding cockroaches and termites often possess enlarge hindgut 

sections (known as the ‘fermentation chamber’) inhabited by cellulolytic symbionts 

(Watanabe and Tokuda, 2010). In contrast, no equivalent structure has been identified in 

the digestive tracts of crabs (Linton and Greenaway, 2007). Nevertheless, distinct 
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bacterial populations associated with the midgut and hindgut of the marsh fiddler crab 

Uca pugnax (Gulmann, 2004) and the two saltmarsh thalassinid prawns Upogebia 

africana and Callianassa kraussi (Harris et al., 1991) have been reported. Biochemical 

analysis, however, suggests that these bacteria may be involved in the digestion of lipid, 

protein or chitinous substrate but not cellulose (Gulmann, 2004; Harris et al., 1991). 

Future investigations on the presence and origin of other cellulose hydrolysis enzymes 

in the mangrove crabs would provide insight into the mechanisms of cellulose digestion 

adopted by this important group of detritivores to process abundant yet low-quality 

organic production of the mangrove ecosystem, and the transition of cellulose 

metabolism along the land-sea gradient.   

3.5 References 

Adachi, K., Toriyama, K., Azekura, T., Morioka, K., Tongnunui, P., Ikejima, K., 2012. 

Potent cellulase activity in the hepatopancreas of mangrove crabs. Fish. Sci. 

78, 1309-1314. 

Allardyce, B.J., Linton, S.M., 2008. Purification and characterisation of endo-beta-1,4-

glucanase and laminarinase enzymes from the gecarcinid land crab 

Gecarcoidea anatalis and the aquatic crayfish Cherax destructor. J. Exp. Biol. 

211, 2275-2287. 

Barker, P.L., Gibson, R., 1978. Observations on the structure of the mouthparts, 

histology of the alimentary tract, and digestive physiology of the mud crab 

Scylla serrata (Forskål) (Decapoda: Portunidae). J. Exp. Mar. Biol. Ecol. 32, 

177-196. 

Bui, T.H.H., Lee, S.Y., 2014. Does ‘You are what you eat’ apply to mangrove grapsid 

crabs? PLoS ONE 9, e89074. 

Byrne, K.A., Lehnert, S.A., Johnson, S.E., Moore, S.S., 1999. Isolation of a cDNA 

encoding a putative cellulase in the red claw crayfish Cherax quadricarinatus. 

Gene 239, 317-324. 

Camilleri, J., 1989. Leaf choice by crustaceans in a mangrove forest in Queensland. 

Mar. Biol. 102, 453-459. 



89 

 

Camilleri, J.C., 1992. Leaf-litter processing by invertebrates in a mangrove forest in 

Queensland. Mar Biol 114, 139-145. 

Crawford, A.C., Kricker, J.A., Anderson, A.J., Richardson, N.R., Mather, P.B., 2004. 

Structure and function of a cellulase gene in redclaw crayfish, Cherax 

quadricarinatus. Gene 340, 267-274. 

Davie, P.J.F., 1993. A new species of Sesarmine crab (Brachyura: Grapsidae) from 

Japan and Taiwan, previously known as Sesarma erythodactyla Hess, 1865. 

Crustac. Res. 22, 65-74. 

Davison, A., Blaxter, M., 2005. Ancient origin of glycosyl hydrolase family 9 cellulase 

genes. Mol. Biol. Evol. 22, 1273-1284. 

Emmerson, W.D., Mcgwynne, L.E., 1992. Feeding and assimilation of mangrove leaves 

by the crab Sesarma meinerti Deman in relation to leaf-litter production in 

Mgazana, a warm temperate Southern African mangrove swamp. J Exp Mar 

Biol Ecol 157, 41-53. 

France, R., 1998. Estimating the assimilation of mangrove detritus by fiddler crabs in 

Laguna Joyuda, Puerto Rico, using dual stable isotopes. J. Trop. Ecol. 14, 413-

425. 

Giddins, R.L., Lucas, J.S., Neilson, M.J., Richards, G.N., 1986. Feeding ecology of the 

mangrove crab Neosarmatium smithi (Crustacea, Decapoda, Sesarmidae). Mar. 

Ecol. Prog. Ser. 33, 147-155. 

Gilkes, N.R., Henrissat, B., Kilburn, D.G., Miller, R.C., Warren, R.A., 1991. Domains 

in microbial beta-1, 4-glycanases: sequence conservation, function, and 

enzyme families. Microbiol. Rev. 55, 303-315. 

Glass, H.J., Stark, J.R., 1995. Carbohydrate digestion in the European lobster Homarus 

gammarus (L.). J. Crust. Biol. 15, 424-433. 

Gulmann, L.K., 2004. Gut-associated microbial symbionts of the marsh fiddler crab, 

Uca pugnax. PhD. thesis, Massachusetts Institute of Technology, Cambridge. 

Hall, D., Lee, S.Y., Meziane, T., 2006. Fatty acids as trophic tracers in an experimental 

estuarine food chain: Tracer transfer. J. Exp. Mar. Biol. Ecol. 336, 42-53. 

Harris, J., Seiderer, L., Lucas, M., 1991. Gut microflora of two saltmarsh detritivore 

thalassinid prawns, Upogebia africana and Callianassa kraussi. Microb. Ecol. 

21, 277-296. 



90 

 

Johnston, D., Freeman, J., 2005. Dietary preference and digestive enzyme activities as 

indicators of trophic resource utilization by six species of crab. Biol. Bull. 208, 

36-46. 

Jones, D.T., Taylor, W.R., Thornton, J.M., 1992. The rapid generation of mutation data 

matrices from protein sequences. Comput. Appl. Biosci. 8, 275-282. 

Jue, C.K., Lipke, P.N., 1985. Determination of reducing sugars in the nanomole range 

with tetrazolium blue. J. Biochem. Biophys. Methods 11, 109-115. 

Khademi, S., Guarino, L.A., Watanabe, H., Tokuda, G., Meyer, E.F., 2002. Structure of 

an endoglucanase from termite, Nasutitermes takasagoensis. Acta Crystallogr. 

D 58, 653-659. 

Kostanjsek, R., Milatovic, M., Srus, J., 2010. Endogenous origin of endo-beta-1,4-

glucanase in common woodlouse Porcellio scaber (Crustacea, Isopoda). J. 

Comp. Physiol., B 180, 1143-1153. 

Kristensen, E., Alongi, D.M., 2006. Control by fiddler crabs (Uca vocans) and plant 

roots (Avicennia marina) on carbon, iron, and sulfur biogeochemistry in 

mangrove sediment. Limnol. Oceanogr. 51, 1557-1571. 

Lee, S.J., Lee, K.S., Kim, S.R., Gui, Z.Z., Kim, Y.S., Yoon, H.J., Kim, I., Kang, P.D., 

Sohn, H.D., Jin, B.R., 2005. A novel cellulase gene from the mulberry 

longicorn beetle, Apriona germari: Gene structure, expression, and enzymatic 

activity. Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 140, 551-560. 

Lee, S.Y., 1989. The importance of sesarminae crabs Chiromanthes spp. and inundation 

frequency on mangrove (Kandelia candel (L.) Druce) leaf litter turnover in a 

Hong-Kong tidal shrimp pond. J Exp Mar Biol Ecol 131, 23-43. 

Lee, S.Y., 1997. Potential trophic importance of the faecal material of the mangrove 

sesarmine crab Sesarma messa. Mar. Ecol. Prog. Ser. 159, 275-284. 

Lee, S.Y., 1998. Ecological role of grapsid crabs in mangrove ecosystems: a review. 

Mar. Freshw. Res. 49, 335-343. 

Lee, S.Y., 2008. Mangrove macrobenthos: Assemblages, services, and linkages. J. Sea 

Res. 59, 16-29. 

Leser, T.D., Amenuvor, J.Z., Jensen, T.K., Lindecrona, R.H., Boye, M., Møller, K., 

2002. Culture-independent analysis of gut bacteria: the pig gastrointestinal tract 

microbiota revisited. Appl. Environ. Microbiol. 68, 673-690. 

Li, Y.H., Yin, Q.Y., Ding, M., Zhao, F.K., 2009. Purification, characterization and 

molecular cloning of a novel endo-beta-1,4-glucanase AC-EG65 from the 



91 

 

mollusc Ampullaria crossean. Comp. Biochem. Physiol. B: Biochem. Mol. 

Biol. 153, 149-156. 

Linton, S., Greenaway, P., Towle, D., 2006. Endogenous production of endo-beta-1,4-

glucanase by decapod crustaceans. J. Comp. Physiol., B 176, 339-348. 

Linton, S.M., Greenaway, P., 2004. Presence and properties of cellulase and 

hemicellulase enzymes of the gecarcinid land crabs Gecarcoidea natalis and 

Discoplax hirtipes. J. Exp. Biol. 207, 4095-4104. 

Linton, S.M., Greenaway, P., 2007. A review of feeding and nutrition of herbivorous 

land crabs: adaptations to low quality plant diets. J. Comp. Physiol., B 177, 

269-286. 

McClintock, J.B., Klinger, T.S., Marion, K., Hsueh, P., 1991. Digestive carbohydrases 

of the blue crab Callinectes sapidus (Rathbun): implications in utilization of 

plant-derived detritus as a trophic resource. J. Exp. Mar. Biol. Ecol. 148, 233-

239. 

Nakashima, K., Watanabe, H., Saitoh, H., Tokuda, G., Azuma, J.I., 2002. Dual 

cellulose-digesting system of the wood-feeding termite, Coptotermes 

formosanus Shiraki. Insect Biochem. Mol. Biol. 32, 777-784. 

Nikapitiya, C., Oh, C., De Zoysa, M., Whang, I., Kang, D.H., Lee, S.R., Kim, S.J., Lee, 

J., 2010. Characterization of beta-1,4-endoglucanase as a polysaccharide-

degrading digestive enzyme from disk abalone, Haliotis discus discus. 

Aquacult. Int. 18, 1061-1078. 

Robertson, A.I., Daniel, P.A., 1989. The influence of crabs on litter processing in high 

intertidal mangrove forests in tropical Australia. Oecologia 78, 191-198. 

Sakon, J., Irwin, D., Wilson, D.B., Karplus, P.A., 1997. Structure and mechanism of 

endo/exocellulase E4 from Thermomonospora fusca. Nat. Struct. Biol. 4, 810-

818. 

Sasekumar, A., Ong, T.L., Thong, K.L., 1984. Predation of mangrove fauna by marine 

fishes, in: E. Soepadmo, A.N. Rao, D.J. Macintosh (Eds.), Proc. Asian. Symp. 

Mangrove Environment. University of Malaya and UNESCO, Kuala Lumpur, 

378–384. 

Scrivener, A.M., Slaytor, M., 1994. Properties of the endogenous cellulase from 

Panesthia cribrata saussure and purification of major endo-beta-1,4-glucanase 

components. Insect Biochem. Mol. Biol. 24, 223-231. 



92 

 

Sheaves, M., Molony, B., 2000. Short-circuit in the mangrove food chain. Mar. Ecol. 

Prog. Ser. 199, 97-109. 

Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: 

Molecular Evolutionary Genetics Analysis Version 6.0. Mol. Biol. Evol. 30, 

2725-2729. 

Tanimura, A., Liu, W., Yamada, K., Kishida, T., Toyohara, H., 2013. Animal cellulases 

with a focus on aquatic invertebrates. Fish. Sci. 79, 1-13. 

Thongtham, N., Kristensen, E., 2005. Carbon and nitrogen balance of leaf-eating 

sesarmid crabs (Neoepisesarma versicolor) offered different food sources. 

Estuar. Coast. Shelf Sci. 65, 213-222. 

Tokuda, G., Lo, N., Watanabe, H., 2005. Marked variations in patterns of cellulase 

activity against crystalline- vs. carboxymethyl-cellulose in the digestive 

systems of diverse, wood-feeding termites. Physiol. Entomol. 30, 372-380. 

Tokuda, G., Lo, N., Watanabe, H., Slaytor, M., Matsumoto, T., Noda, H., 1999. 

Metazoan cellulase genes from termites: intron/exon structures and sites of 

expression. Biochim. Biophys. Acta Gene Struct. Expression 1447, 146-159. 

Tokuda, G., Watanabe, H., Matsumoto, T., Noda, H., 1997. Cellulose digestion in the 

wood-eating higher termite, Nasutitermes takasagoensis (Shiraki): Distribution 

of cellulases and properties of endo-beta-1,4-glucanase. Zool. Sci. 14, 83-93. 

Tomme, P., Chauvaux, S., Béguin, P., Millet, J., Aubert, J.P., Claeyssens, M., 1991. 

Identification of a histidyl residue in the active center of endoglucanase D from 

Clostridium thermocellum. J. Biol. Chem. 266, 10313-10318. 

Tomme, P., van Beeumen, J., Claeyssens, M., 1992. Modification of catalytically 

important carboxy residues in endoglucanase D from Clostridium 

thermocellum. Biochem. J. 285, 319-324. 

van Weel, P.B., 1970. Digestion in crustacea, in: M. Florkin, B.T. Scheer (Eds.), 

Chemical Zoology. Academic Press, New York, 97-115. 

Watanabe, H., Noda, H., Tokuda, G., Lo, N., 1998. A cellulase gene of termite origin. 

Nature 394, 330-331. 

Watanabe, H., Tokuda, G., 2001. Animal cellulases. Cell. Mol. Life Sci. 58, 1167-1178. 

Watanabe, H., Tokuda, G., 2010. Cellulolytic systems in insects, Annu. Rev. Entomol., 

609-632. 



93 

 

Werry, J., Lee, S.Y., 2005. Grapsid crabs mediate link between mangrove litter 

production and estuarine planktonic food chains. Mar. Ecol. Prog. Ser. 293, 

165-176. 

Willis, J.D., Oppert, B., Oppert, C., Klingeman, W.E., Jurat-Fuentes, J.L., 2011. 

Identification, cloning, and expression of a GHF9 cellulase from Tribolium 

castaneum (Coleoptera: Tenebrionidae). J. Insect Physiol. 57, 300-306. 

Xue, X.M., Anderson, A.J., Richardson, N.A., Xue, G.P., Mather, P.B., 1999. 

Characterisation of cellulase activity in the digestive system of the redclaw 

crayfish (Cherax quadricarinatus). Aquaculture 180, 373-386. 

 



94 

 

Chapter 4. Potential contributions of gut microflora to the nutrition of the 

detritivorous sesarmid crab Parasesarma erythodactyla 

 

This chapter has been submitted to a peer-reviewed international scientific journal and is 

currently under review. Co-author of this manuscript is my principle supervisor, Prof. Shing 

Yip Lee. Citation of this manuscript is “Bui, T.H.H., Lee, S.Y., In review. Potential 

contributions of gut microflora in the nutrition of the sesarmid crab Parasesarma 

erythodactyla.” 

Co-author contributed scientific advice and editorial guidance to the manuscript.  

  

 

(Signed) _________________________________ (Date)______________ 

                         Thi Hong Hanh Bui 

 

(Countersigned) ___________________________ (Date)______________ 

Corresponding author of paper: Shing Yip Lee 

 

(Countersigned) ___________________________ (Date)______________ 

Supervisor: Shing Yip Lee 

  



95 

 

4.1 Abstract 

Mangrove leaf litter, the staple food of the detritivorous sesarmid crab Parasesarma 

erythodactyla, is highly deficient in nitrogen and long-chain polysaturated fatty acids (LC-

PUFAs). We investigated potential contribution of the gut microflora to the nutrition of P. 

erythodactyla using compound-specific isotope analysis of amino acids and fatty acid methyl 

esters in an experiment with antibiotic treatment to eliminate the gut microflora of the crabs. 

C
13

-enrichment in Threonine (Thr), Isoleucine (Ile), Phenylalanine (Phe), and 

docosahexaenoic acid (DHA) in crabs fed C
13

-enriched glucose and palmitic acid, 

respectively, demonstrated that these essential nutrients were de novo synthesised in the crab. 

Antibiotic treatment affected the incorporation of C
13

-label to Thr, supporting the 

involvement of the gut microbes in Thr biosynthesis. On the contrary, levels of C
13

-

enrichment in Ile, Phe, and DHA in crabs with intact and suppressed gut microflora were 

comparable, suggesting that these compounds may not be originated from the gut 

microorganisms. Differences between crabs with and without an intact gut microflora, 

however, may have been undetectable because of the combination of the low but highly 

variable C
13

-enrichments of these compounds and the incomplete removal of gut 

microorganisms in the antibiotic-treated crabs. Genetic and biochemical capacities enabling 

the gut microbes to de novo synthesise Ile, Phe, and DHA, therefore, await to be verified by 

additional approaches.   
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4.2 Introduction 

Supplying the host with essential nutrients (e.g. amino acids and vitamins) is one of the 

services that the intestinal microbiota may provide their hosts (Dillon and Dillon, 2004; 

Harris, 1993). Contribution of essential amino acids (EAAs) synthesised by the gut 

microorganisms to nutrition of the hosts has been extensively studied in ruminant (Amin and 

Onodera, 1997; Clark et al., 1992; Mohammed et al., 1999) and non-ruminant mammals such 

as human, pig and rat (reviewed in Metges (2000)). Although attracted less attention, the 

nutritional role of the intestinal microbiota has also been demonstrated in invertebrates. Some 

insects, e.g. aphids (Douglas, 1998), were found to rely on the provision of EAAs and 

vitamins from the gut bacteria as a supplement to their low-quality plant diet (Dillon and 

Dillon, 2004). Using radioactive tracer technique coupled with antibiotic treatment, Fong and 

Mann (1980) showed that EAAs synthesised de novo by the gut microflora of the sea urchin 

Strongylocentrotus droebachiensis were assimilated to the host tissues. In addition, the 

incorporation of radioactive label to EAAs to the free amino acid pool and proteins of the 

mysid Neomysis interger when the animals were fed diets containing 
14

C-radioactive labelled 

simple precursors (i.e. glucose, aspartate and glutamate) suggested potential contribution of 

the gut microorganisms to amino acid homeostasis in this crustacean (Armitage et al., 1981). 

Nevertheless, understanding of the nutritional interaction between invertebrates, especially 

those feeding on nutritively poor foods such as plant detritus, and their gut microbiota 

remains limited.  

Polyunsaturated fatty acids (PUFAs) play a vital role in maintaining the fluidity and function 

of cellular membrane in eukaryotes (Lauritzen et al., 2001; McConn and Browse, 1998; 

Pruitt, 1990). PUFAs, particularly arachidonic acid (AA, 20:4n6) and eicosapentaenoic acid 

(EPA, 20:5n3), are also precursors of hormones and signalling molecules regulating a wide 
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variety of physiological processes in both plants and animals (Creelman and Mullet, 1997; 

Stanleysamuelson, 1994). Animals, except some insects (Blomquist et al., 1991), are unable 

to de novo synthesise the n-3 and n-6 PUFAs since they do not possess ∆15 and ∆12 

desaturases, which catalyse the conversion of oleic acid (18:1n9) to linolenic (LNA, 18:3n3) 

and linoleic acids (LA, 18:2n6), the precursors for the synthesis of all other n-3 and n-6 

PUFAs, respectively (Cook and McMaster, 2002). Animals, however, are able to synthesise 

the n-3 and n-6 long-chain PUFAs (LC-PUFAs, i.e. PUFAs of 20 or more carbon atoms, e.g. 

AA, EPA, and docosahexaenoic acid [DHA, 22:6n3]) from LNA and LA. The rates of these 

bioconversions vary among organisms (Kanazawa et al., 1979; Vagner and Santigosa, 2011) 

but in general are insufficient to support optimal growth of the animals (Brett and Müller-

Navarra, 1997). As a result, the n-3 and n-6 PUFAs are considered as either essential or semi-

essential for most animals. Some animals could obtain part of their PUFA requirement from 

the gut-associated microorganisms. LC-PUFA producing bacteria have been isolated from the 

digestive tracts of a wide variety of marine fishes and invertebrates. Examples include some 

arctic bivalves, amphipods, and shrimps (Jøstensen and Landfald, 1997); deep-sea fishes 

(Yano et al., 1997); and the Pacific mackerel (Akimoto et al., 1990).  

Mangrove leaf litter is the primary food source of the sesarmid crab Parasesarma 

erythodactyla, common in the tropical and subtropical mangroves on the east coast of 

Australia. Analysis of stable isotope data showed that mangrove leaf litter may contribute up 

to ca. 90% of the diet of this crab (Bui and Lee, 2014). This is consistent with earlier 

observations that leaf materials are the dominant food item in the gut of the mangrove 

sesarmids (Camilleri, 1992; Malley, 1978; Poovachiranon and Tantichodok, 1991). In 

addition, digestion and assimilation of mangrove leaf litter was confirmed by the detection of 

cellulase activity in the midgut gland and gastric juice of P. erythodactyla (Bui and Lee, 
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2015) and the transfer of stable isotope tracer from the leaves to crab’s tissues (Bui and Lee, 

2014).  

Mangrove leaf litter is a low quality food source. The carbon to nitrogen (C/N) ratios of fresh 

mangrove detritus are commonly higher than 70 (Bosire et al., 2005; Robertson, 1988; Werry 

and Lee, 2005) while food that contains sufficient nitrogen to support the growth of 

invertebrates should generally have a C/N ratio of 17 or less (Russell-Hunter, 1970). 

Decomposing leaves have higher nitrogen content but their C/N ratios usually remain higher 

than 25 even after a long period of decomposition (Robertson, 1988; Werry and Lee, 2005). 

In addition, mangrove detritus, in particular fresh litter, is low in LC-PUFAs despite 

substantial amount of C18 PUFAs, especially LNA and LA. AA, DHA, and EPA often make 

up less than 1% of the total fatty acid in mangrove leaf litter (Hall et al., 2006; Mfilinge et al., 

2003).  

Strongly reliant on mangrove leaf litter, P. erythodactyla should have adaptations allowing 

them to cope with the limitations of nitrogen and LC-PUFA availability in mangrove detritus. 

The crabs could obtain supplement of EAAs and LC-PUFAs through the consumption of  

nitrogen- and PUFA-rich food sources such as animal tissues or the microphytobenthos, 

respectively (Bui and Lee, 2014; Skov and Hartnoll, 2002; Thongtham and Kristensen, 2005). 

However, these food items are either not regularly available (animal tissues) or only in 

limited amounts, particularly the microphytobenthos (due to the low lighting condition of the 

mangrove sediment (Alongi, 1994; Lee, 1990; Thongtham and Kristensen, 2005)). It is likely 

that the crab may also rely on its gut-associated microbiota for an additional and regular 

supply of the essential nutrients. The observations of the bacterial mats lining the midgut and 

hindgut of detritivorous crustaceans such as the marsh fiddler crab Uca pugnax (Gulmann, 

2004) and the thalassinid prawns Upogebia africana, Callianassa kraussi (Harris et al., 
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1991), and U. stellata (Pinn et al., 1997) when the guts were devoid of gut contents suggest 

the potential presence of similar stable bacterial populations (as opposed to the highly 

fluctuating food-associated microflora) in the digestive tract of P. erythodatyla. In addition, 

the unusually high carbon trophic discrimination value between P. erythodatyla and the 

mangrove leaves (Δδ
13

C(crab-mangrove) = +5.45‰, Bui & Lee, 2014) suggests the possible 

existence of a microbial loop within the crab’s gut resulting in multiple trophic discrimination 

steps. The gut-associated microbes may assist the crab in breaking down the mangrove leaf 

litter into simple components and utilise them for de novo synthesis of new microbial 

biomass, part of which is subsequently digested and assimilated by the host, resulting in an 

increase in the apparent trophic level of the crab, and thus the large carbon trophic 

discrimination value between the crab and the mangrove detritus.  

We used stable isotope tracers to test the hypothesis that the gastrointestinal microflora 

provides P. erythodactyla a supplement of EAAs and LC-PUFAs. Specifically, we 

investigated the de novo synthesis of EAAs and LC-PUFAs when crabs were fed 
13

C-

enriched glucose and palmitic acid (C16:0), which are simple compounds that can be 

obtained at high abundance upon the digestion of the mangrove leaf litter. The EAAs we 

were interested in were the seven indispensable amino acids, namely threonine (Thr), leucine 

(Leu), isoleucine (Ile), valine (Val), histidine (His), phenylalanine (Phe), and lysine (Lys), 

that were commonly indentified in other crustaceans (Armitage et al., 1981). Involvement of 

the gut microbiota in the synthesis of these essential nutrients was established by comparing 

the level of the incorporation of 
13

C-label to the EAAs and LC-PUFAs in crabs with intact 

gut microflora to those with gut microflora suppressed by exposure of the crabs to antibiotics.  

4.3 Materials and Methods 

Collection and maintenance of crabs 
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Intermoult male individuals of P. erythodactyla of carapace width between 11 and 17 mm 

were collected from the intertidal mangrove forest at Tallebudgera Creek, Gold Coast, 

Australia. Upon arrival to the lab, six crabs were randomly set aside as the ‘field’ sample. 

Muscle tissues and the digestive tracts of these crabs were collected for stable isotope 

analysis and gut microorganism enumeration, respectively. Other crabs were rinsed 

thoroughly with distilled water and randomly allocated into individual sterile plastic jars (dxh 

= 7x8 cm), each containing ca. 50 ml of filter-sterilised sea water (25 PSU) (referred to as 

rearing jars hereafter). The crabs were left for gut evacuation for 48 h to remove as much as 

possible transient bacteria from their gut. Seawater in each jar was replaced by fresh seawater 

every 4 h to prevent the accumulation of faecal bacteria in the jar. Throughout the 

experiment, crabs were maintained at 24
o
C with a photoperiod of 16 h light : 8 h dark. At the 

end of the gut evacuation period, six crabs were sampled for gut microbiota enumeration. 

Other crabs were thoroughly rinsed with filter-sterilised seawater and moved to new rearing 

jars.  

Preparation of feed 

In order to avoid the changes of amino acid and fatty acid metabolisms in the experimental 

crabs, which would affect the interpretation of the results, we provided them freshly 

senescent Avicennia marina leaves in addition to 
13

C-enriched compounds.  

Freshly senescent A. marina leaves were collected from the same site where the crabs were 

caught by plucking the yellow leaves that were easily detached from the trees. Leaves were 

washed with water before soaking in distilled water for 24 h to remove leachable feeding 

deterrents, especially tannins. Leaves were then washed thoroughly with sterile distilled 

water, blotted dry, and exposed to ultraviolet (UV) C radiation for 30 min each side to 

deactivate microorganisms on their surfaces. The absence of viable microorganisms from the 



101 

 

leaf surfaces was confirmed by surface swabbing techniques on randomly selected UV-

radiated leaves.  

To prepare feed containing C
13

-enriched glucose, UV-sterilised leaves were soaked in filter 

sterilised 2% U-
13

C6 glucose (99 atom% , Cambridge Isotope Laboratory) solution with and 

without 10X Antimycotic solution (consisting of 1000 units ml
-1

 of penicillin, 1 mg ml
-1

 of 

streptomycin, and 2.5 μg ml
-1

 of amphotericin B, Sigma) for 24 h, air dried in a pre-sterilised 

biocabinet, and stored at -20
o
C until use.  

For preparation of feed containing 
13

C-labeled palmitic acid (16:0), U-
13

C16 palmitic acid (98 

atom% 
13

C, Cambridge Isotope Laboratory) was dissolved in n-hexane at the concentration of 

20 mg/ml, which was then filtered sterilised. UV-sterilised leaves
 
were soaked in sterilised 

water with and without 10X Antimycotic solution for 24 h and air dried. The dried leaves 

were individually dipped in the C
13

-palmitic acid solution for 10 s, left in the biocabinet for 

30 min to allow solvent to evaporate completely. Palmitic acid coated leaves were stored at -

20
o
C until use. 

Feed containing non-enriched glucose and palmitic acids were prepared similarly to those 

containing the enriched compounds.     

Experiment 1 – De novo synthesis of essential amino acids and fatty acids from glucose 

Eighteen crabs were randomly assigned to three groups named as GNN, GNE and GAE 

(Table 4.1). Two days before the commencement of the feeding experiment, crabs of GNN 

and GNE groups were maintained in filter-sterilised seawater and fed UV-sterilised A. 

marina leaves. Then the GNE crabs were offered A. marina leaves supplemented with 
13

C-

enriched glucose as feed while those of the GNN group were fed leaves supplemented with 

non-enriched glucose for two weeks. Every morning, individual crabs were transferred to a 
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feeding jar, which was filled with ca. 2 cm-deep moist sand. Feeds were offered ad libitum 

for four hours before the crabs were returned to their original rearing jar. Sand used in the 

feeding jars was collected from the local beach, elutriated to remove large organic debris, and 

combusted at 500
o
C for five hours in a furnace to remove the remaining organic materials. 

Combusted sand was placed into plastic jars, which were then sterilised by autoclaving. A 

small amount of sterile distilled water was added into each jar to moisturise the sand. Moist 

sand would help hydrate the crabs during the feeding period without stripping off the 

enriched chemical coating on the surface of the leaves. Rearing jars were replaced with new 

ones every three days to prevent the building up of faecal bacteria.  

Crabs of the GAE group were treated similarly to those of the GNN and GNE groups except 

that they were (1) fed 
13

C-enriched glucose supplemented A. marina leaves that were 

prepared from the UV-radiated leaves pre-soaked for 24 h in10X Antimycotic solution; and 

(2) maintained in sterile sea water containing the same concentration of antibiotics two days 

prior to and during the feeding experiment. Antibiotics were incorporated into the water and 

feed to eliminate microbes associated with crab digestive tracts.  Our pilot study showed that 

the number of gut-associated microbes in P. erythodactyla dropped significantly after 

exposure to the antibiotics for one day. Similar antibiotic treatment caused a 67-94% 

reduction of the number of hepatopancreatic symbionts in the isopod Asellus aquaticus and 

Ligia pallasii without compromising their food consumption rate and the moulting cycle 

(Zimmer and Bartholme, 2003; Zimmer et al., 2001). 
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Table 4.8. Summary of experimental set-up 

 

 Treatment Feed Antibiotic treatment 
E

x
p

er
im

en
t 

1
 GNN Non-enriched glucose No 

GNE 
13

C-enriched glucose No 

GAE 
13

C-enriched glucose Yes 

E
x

p
er

im
en

t 
2
 PNN Non-enriched C16:0 No 

PNE 
13

C-enriched C16:0 No 

PAE 
13

C-enriched C16:0 Yes 

 

Experiment 2 – De novo synthesis of LC-PUFAs from palmitic acid 

Experiment 2 was set up similarly to experiment 1 using another batch of 18 crabs, except 

that the crabs were fed A. marina leaves supplemented with 
13

C-enriched or non-enriched 

palmitic acid instead of glucose. This time, crabs were randomly assigned to three treatments, 

which were respectively named PNN, PNE and PAE (Table 4.1). Crabs of the PNN and PNE 

groups were treated similarly to those of the GNN and GNE groups while those of PAE 

group were exposed to antibiotics as were crabs of the GAE group.  

For both experiments 1 and 2, all crabs were sampled by the end of the second week. Their 

muscle tissues and digestive tracts were collected for stable isotope analysis and gut 

microbiota enumeration, respectively, conducted similarly as for the field crabs. 

Quantification of the gut microbiota was performed for all samples but only three randomly 

selected samples from each treatment were used for compound-specific isotope analysis 

(CSIA) of amino acids and fatty acid methyl esters (FAMEs).   
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Enumeration of gut microorganisms 

Microorganisms were dislodged from the crabs’ digestive tracts and their associated food 

contents using a modified method of Gulmann (2004), which was originally developed to 

remove the microbes associated with the gut lining of the fiddler crab Uca pugnax. Before 

dissection, crabs were anesthetised in ice slurry for 10 min, thoroughly washed with ice-

chilled sterile water, and swapped with 80% ethyl alcohol. Dissection was done with 

sterilised tools. The whole digestive tract from individual crab was collected and transferred 

to a clean 1.5 ml microcentrifuge tube, where it was first cut opened longitudinally and then 

into small pieces by a pair of scissors. One millilitre of 1X phosphate buffer saline (PBS) 

with 0.05% Triton-X-100 and 2% glutaraldehyde was added. The sample was then vortexed 

for 1 min, incubated in an ultrasonic bath (Unisonics, FXP12M, 40 kHz) for 15 min, and then 

centrifuged at 400 x g for 8 min to remove large particles. The supernatant (700 μl) was 

transferred to a fresh microcentrifuge tube before 700 μl of fresh buffer was added into the 

sample and another round of vortexing and sonication was performed.  By the end of the 

process, 1.4 ml of supernatant was collected from each crab.  

For microorganism quantification, the sample was stained with SYBR Green I according to 

the method described by Noble and Fuhrman (1998). Anti-fading mounting reagent, however, 

was prepared according to Lunau et al. (2005) since it was reported to retain the fluorescence 

for a longer period of time than the reagent proposed by Noble and Fuhrman (1998). Fifty to 

500 μl of supernatant collected from each crab was combined with 1X PBS to a total volume 

of 10 ml before being filtered through an Isopore polycarbonate filter (Millipore, 0.2 µm). 

The filter was stained with SYBR Green I (Molecular Probe) pre-diluted in filtered sterilised 

distilled water in a 1:400 dilution for 15 min in the dark before being transferred to a glass 

slide. A coverslip pre-mounted with 10 µl of anti-fading reagent was put on top of the filter, 
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and then gently pressed down to evenly distribute the anti-fading reagent across the surface of 

the filter. Cell count was then conducted on an epifluorescence microscope (Eclipse 80i, 

Nikon) under blue excitation.   

Compound-specific isotope analysis (CSIA) 

Sample preparation  

Crab muscle tissues were freeze-dried and homogenised by a mortar and pestle. CSIA was 

conducted for composite samples of five leaves each and tissue samples from individual crab.  

For CSIA of amino acids, homogenised samples (5 mg per sample) were hydrolysed in 6N 

HCl at 150°C for 70 min under N2. Norleucine of known δ
13

C value was added to the 

hydrolysate as an internal standard at the concentration of 0.1 mg per mg of sample. The 

hydrolysates were then dried at 55°C under a stream of N2 before being re-dissolved in 1 ml 

0.01 N HCl. The liberated amino acids were next derivatised using a mixture of methanol, 

pyridine and methyl chloroformate. Amino acid derivatives were then extracted from the 

reaction mixture by liquid:liquid extraction using chloroform.  

For CSIA of FAMEs, fatty acids were extracted from 40-140 mg (dwt) of crab tissues and 

derivatised using boron trifluoride (BF3) in methanol as a catalyst following method reported 

by Abdulkadir and Tsuchiya (2008). Each sample was combined with 5 ml of hexane and 2 

ml of 14% BF3 in methanol in a 50 ml glass tube. One milligram of nonadecanoioc acid 

(C19:0) was added into each tube as an internal standard. The tube was flushed with N2 

before being heated at 100
o
C under reflux for 2 h. Finally, FAMEs were isolated from the 

extraction mixture by lipid:lipid extraction using n-hexane.  
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Gas chromatography combustion isotope-ratio mass spectrometry (GC-C-IRMS) 

Amino acid derivatives  and FAMEs were separated by a Trace GC Ultra gas chromatograph 

(Thermo Scientific) using a J&W FactorFour VF-23ms column (Agilent, 30m x 0.25mm, 

0.25μm film thickness) and a BPX70 column (SGE Analytical Science, 60m x 0.25mm, 

0.25μm film thickness), respectively. The gas chromatograph was coupled to a Delta V Plus 

isotope ratio mass spectrometer via a GC/C-III combustion interface (Thermo Scientific). The 

carbon isotopic compositions of the compounds are expressed in delta (δ) notation as δ
13

C 

(‰) = [(Rsample/Rstandard)
 
- 1] ×1000, where Rsample and Rstandard

 
are the ratios of the heavy to 

light C isotopes of the specific compound and Pee Dee Belemnite standard, respectively.  The 

final δ
13

C values of the fatty acids and amino acids were obtained by adjusting of their 

provisional δ
13

C values for carbon addition and fractionation caused by derivatisation, change 

in linearity, and instrumental drift based on δ
13

C values of the internal and laboratory 

standards.  The following amino acids were not detected or detected in non-quantitative 

amount by GC-C-IRMS due to their degradation during acid hydrolysis or the lack of 

derivatisation: glutamine, asparagine, tryptophan, cysteine, methionine, and arginine. 

Preparation of samples for CSIA analysis of amino acid and GC-C-IRMS of both amino acid 

and FAMEs were conducted at the Stable Isotope Facility of the University of California, 

Davis. 

Data analysis 

One-way ANOVA (α=0.05) was used in the comparisons of the number of gut 

microorganisms and δ
13

C values of amino acids and fatty acids among treatments. 

Assumption of normality and homogeneity of variance were checked by the Shapiro-Wilk’s 

test and Levene’s test, respectively, before ANOVA analysis. When these assumptions were 
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violated, the Kruskal-Wallis H test was conducted instead of one-way ANOVA.  If 

significant ANOVA or Kruskal-Wallis H test results were obtained,  statistical difference 

between specific treatments were then determined by applying the Fisher's Least Significant 

Difference (LSD) post-hoc test or Mann-Whitney U test, respectively. 

In order to evaluate the effect of antibiotic exposure on the synthesis of EAAs and LC-

PUFAs, we compared the 
13

C-enrichment level of the compounds of interest between crabs 

with an intact gut microflora and those with a suppressed gut microflora. Variation in feed 

consumption and body size among the crabs were taken into account in the comparisons of 

amino acid and fatty acid data by different approaches.  

For amino acid data, we calculated the RGNE/GAE value for each individual amino acid as 

following: 

RGNE/GAE = (FGNE – FF) / (FGAE – FF) 

Where F is the mean 
13

C fractional abundance of the amino acid in the GNE (FGNE), GAE 

(FGAE), or the field (FF) crabs.  

The RGNE/GAE values of the non-essential amino acids (NEAAs) would indicate the expected 

range of the RGNE/GAE value that an amino acid synthesised by the host should fall within. If 

the EAA is a gut microbial product, the reduction in the number of gut microbial residents in 

the GAE crabs would lower the amount of 
13

C-label incorporated into the amino acid as 

compared to the GNE crabs. Its RGNE/GAE value is, therefore, expected to be higher than the 

mean RGNE/GAE values of the NEAAs.  

For fatty acid data, we normalised the 
13

C fractional abundance (F) of the FAs by dividing 

them by the F value of palmitic acid in individual animals. Palmitic acid is synthesised from 

scratch in all animals. The change in its carbon isotopic composition, therefore, reflects both 
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the amount of label-compound intake and the biomass of the consumer. As a result, the F 

value of this FA can serve as an internal standard for the calculation of the normalized F 

value of other FAs.  

4.4 Results 

Quantification of gut microflora in response to antibiotic treatment 

Gut microflora of crabs collected from the field, pre- and post-feeding experiments were 

quantified. The mean number of gut microorganisms in the field crabs was 3.57 x 10
10

 ± 7.79 

x 10
9
 per gut.  The removal of transient bacteria from the digestive tracts by gut evacuation 

reduced the microbial count to 5.00 x 10
9 

± 1.85 x 10
9 

per gut. By the end of the feeding 

experiment, bacterial counts in crabs with undisturbed gut microflora differed only slightly 

from those sampled prior to the feeding experiment (6.59 x 10
9
 ± 3.79 x 10

9
 for PNE and 5.34 

x 10
9 

± 3.46 x 10
9 

for GNE). Antibiotic treatment significantly influenced the number of gut 

microorganisms in P. erythodactyla (one-way ANOVA, p < 0.0001). Crabs that were 

exposed to antibiotics had significantly lower number of gut microbes than those with 

undisturbed gut microflora (LSD post hoc tests, p = 0.018 for PNE and PAE, p < 0.0001 for 

GNE and GAE, Fig. 4.1). Bacterial count of the GAE crabs (4.60 x 10
8
 ± 3.28 x 10

8
) was 

only 8.6% of that of the GNE crabs. Antibiotic treatment, however, resulted in only 52% 

reduction in the number of gut microbes in crabs fed palmitic acid (2.47 x 10
9
 ± 1.12 x 10

9
 

bacteria per gut in PAE crabs).  
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Figure 4.9. Effect of antibiotic treatment on number of gut microflora in crabs on the 
13

C-enriched glucose (GNE & GAE) and palmitic acid (PNE and PAE) supplemented 

diets. Y-axis shows number of bacterial count per gut. Crabs of the PAE and GAE were 

exposed to a mixture of antibiotics prior to and during the feeding experiment while 

those of PNE and GNE groups were not. Treatments marked with different letters are 

significantly different.  

 

De novo synthesis of essential amino acids from glucose 

δ
13

C values of all amino acids and fatty acids of interest in crabs fed non-enriched glucose 

(GNN, Fig. 4.2) and palmitic acid (PNN, Fig. 4.4) did not significantly differ from those of 

the field crabs (t-test, p > 0.05), indicating that metabolism of amino acid and fatty acid in the 

experimental crabs were comparable to the field crabs. As a result, we only compared data of 

crabs fed C
13

-enriched feed with those of the field crabs in the subsequent analyses.                                                                                                                                                                                       

After feeding on the 
13

C-enriched glucose for two weeks all the NEAAs, except for Tyrosine 

(Tyr), in the muscle tissues of crabs with (GAE) and without (GNE) antibiotic treatments and 

those of crabs collected from the field (F) were significantly different (one-way ANOVA for 

proline or Kruskal Wallis test for other non-essential amino acids, p < 0.05). Post hoc 
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analysis showed that proline (Pro) of GNE and GAE crabs were significantly more enriched 

in δ
13

C than that of the field crab (LSD test, p = 0.003 for GNE and p = 0.043 for GAE). 

However, no statistical difference between specific groups was detected in other non-

essential amino acids (Mann-Whitney U test, p = 0.05) despite the obvious increase in δ
13

C 

values of these amino acids in the GNE and GAE crabs compared with the field crabs (Fig. 

4.2). This is probably caused by the small sample size (n=3) and the large variations in δ
13

C 

values of the enriched samples. 

Among the EAAs, δ
13

C values of Thr, Phe and Ile of GNE crabs and Thr and Ile of the GAE 

crabs were more enriched than those of the field crabs (Fig. 4.2). However, only Thr showed 

statistical difference among the three groups of crabs (Kruskal Wallis test, p = 0.027) though 

significant difference between specific groups was not detected in the post-hoc tests. Thr is 

also the only EAA that had RGNE/GAE value higher than the mean RGNE/GAE values of the 

NEAAs (Fig. 4.3). 
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Figure 4.10. δ
13

C values of non-essential and essential (in boldface) amino acids of crabs fed 
13

C-enriched glucose (GNE, GAE); non-enriched 

glucose diet (GNN); and the field crabs (F). 
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Figure 4.11. Relative enrichment in 
13

C of amino acids in muscle tissues of crabs 

fed on 
13

C-enriched glucose with (GAE) and without (GNE) antibiotic treatment. 

The y-axis is the ratio (RGNE/GAE) of the difference of the mean 
13

C fractional 

abundance of the GNE crabs (∆(GNE-F)) and that of the GAE crabs (∆(GAE-F)) from 

the field crab. Dotted horizontal line indicates the mean RGNE/GAE value of the non-

essential amino acids. Essential amino acids are in boldface. 

 

 

De novo synthesis of LC-PUFAs from glucose 

Compound-specific isotope analysis of FAMEs extracted from muscle tissues of crabs 

on 
13

C-enriched glucose supplemented diet showed that δ
13

C values of all saturated FAs 

(SAFAs) and monounsaturated FAs (MUFAs) were higher than those of the field crabs 

(Fig. 4.4 A&B). Statistical differences, however, were only detected in C18:0, C18:1n7, 

C18:1n9 (one-way ANOVA, p < 0.05), C22:0 and C16:1 (Kruskal-Wallis, p < 0.05). 

SAFAs of crabs that were exposed to antibiotics (GAE) were roughly enriched to the 

same extent as those from crabs with intact gut microflora (GNE). Of the three MUFAs, 

the C16:1 and C18:1n9 were more enriched in the GNE than in the GAE crabs but 



113 

 

C18:1n7 had similar enrichment level between the two treatments. There was no 

enrichment observed in any PUFAs in either GNE or GAE crabs (Fig. 4.4C).  

De novo synthesis of LC-PUFAs from palmitic acid 

All SAFAs and MUFAs of crabs fed 
13

C-enriched palmitic acid (PNE and PAE), except 

for C22:0, were more 
13

C-enriched than those of the field crabs (Fig. 4.4 D&E) though 

statistical difference was only detected in C16:0 (one-way ANOVA, p = 0.032). On the 

contrary, C22:6n3 (DHA) was the only PUFA from the PNE and PAE crabs that had 

significantly higher δ
13

C values than those of the field crabs (Kruskal-Wallis, p = 0.039, 

Fig. 4.4F).  

Calculation of the normalised F value was performed only for FAs that showed an 

obvious increase in δ
13

C value relative to those of the field crabs (Fig. 4.5). 
13

C-

enriched glucose-feeding crabs with suppressed gut microflora (GAE) seem to 

incorporate less 
13

C to C16:1 and C18:1n9 than those with intact gut microflora (GNE) 

(Fig. 4.5A). Antibiotic exposure, however, did not affect 
13

C compositions of other non-

essential amino acids of the GAE treatment (Fig. 4.5A) as well as all SAFAs, MUFAs 

and the DHA in the PAE crabs (Fig. 4.5B) as compared to those of the GNE and PNE 

crabs, respectively.  
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Figure 4.12. δ
13

C values of crabs fed glucose (A - C) and palmitic acid (D - F) supplements. Crabs provided with 
13

C-enriched compounds had 

either normal (GNE & PNE) or reduced gut microflora (GAE & PAE). Saturated and monounsaturated fatty acids are shown in panels A and 

C while polyunsaturated fatty acids are in panels B and D. F – crabs collected from the field; GNN and PNN – crabs with normal gut 

microflora that were offered non-enriched glucose and palmitic acid feed, respectively. 
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Figure 4.13. Effect of antibiotic treatment on 
13

C compositions of FAs synthesised by crabs fed 
13

C-enriched glucose (A) and palmitic acid (B).  

The 
13

C fractional abundance (F) of each FA was normalised with the F value of palmitic acid from the same crabs. The y-axis shows the 

mean ± SD of the normalised F values. Crabs of the PNE and GNE treatments possessed undisturbed gut microflora. PAE and GAE crabs 

were exposed to antibiotics prior to and during the feeding experiments, respectively. 

 

 

 

(A) 
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4.4 Discussion 

De novo synthesis of essential amino acids in P. erythodactyla 

The increase in δ
13

C values of Thr, Phe, and Ile in the GNE crabs suggests that these 

amino acids can be synthesised de novo in P. erythodactyla. The incorporation of 
13

C-

label to Thr seems to be higher in crabs with intact gut microflora (GNE) than in those 

with lower numbers of gut microbial count (i.e. the GAE crabs, Fig. 4.3), indicating 

possible contribution of the gut microflora to the Thr requirement of the crabs. The 

changes in carbon isotopic composition of Phe and Ile in response to antibiotic 

treatment, however, did not follow a similar trend as that of Thr (Fig. 4.3). Therefore, 

our experimental data does not support the hypothesis that these EAAs were synthesised 

by the gut microorganisms.  

To the best of our knowledge, synthesis pathways of aromatic (e.g. Phe, Trp, and Tyr) 

and branched (e.g. Val, Leu, and Ile) amino acids have been found exclusively in plants, 

bacteria, fungi and yeast but not in animals (Bender, 2012; Maeda and Dudareva, 2012). 

The loss of these biosynthesis pathways in animals is attributed to the high energy costs 

involved in these processes. For example, de novo synthesis of one mole of aromatic 

amino acid requires twice the amount of ATP used in the synthesis of other amino acids 

(Bender, 2012). As a result, it is believed that animals fulfil their EAA requirement by 

the assimilation them from their diets with or without the subsidy from EAAs 

synthesized by the gut microflora. Since there is no empirical evidence supporting 

biosynthesis of aromatic and branched amino acids in animals whatsoever, the 
13

C-

enriched Phe and Ile found in GNE and GAE crabs are more likely to be the gut 

microbial products rather than produced by P. erythodactyla itself. The lack of 

correlation between gut microbial counts with 
13

C-enrichment level of Phe and Ile could 



117 

 

have resulted from a low sensitivity of the bacteria responsible for the synthesis of these 

amino acids to the antibiotics used in our experiment.  

Leu, Val, and Lys are three EAAs sharing biosynthesis pathways with Ile and Thr, 

respectively, but did not become enriched when crabs fed 
13

C-enriched glucose (Fig. 

4.2). This may be the result of feedback inhibition of dietary Lys, Leu, and Val on the 

biosynthesis pathways, in which they are the final products, in the gut-associated 

bacteria. Indeed, dihydrodipicolinate synthase, the first enzyme unique to Lys synthesis 

pathway, is subject to feedback inhibition by Lys in both bacteria and plants (Park and 

Lee, 2010). In bacteria and fungi, feedback inhibition of Val on acetohydroxyacid 

synthase, the enzyme catalysing the first reaction of the branched amino acid 

biosynthesis, would prevent the formation of both Val and Leu (Duggleby and Pang, 

2000) whereas activity of α-isopropylmalate synthase, the enzyme catalysing the first 

committed reaction in Leu biosynthesis, can be inhibited by Leu itself (de Carvalho et 

al., 2005; Kohlhaw, 2003).  

Amino acid analysis of green and freshly senescent Rhizophora and Avicennia 

mangrove leaves showed that they contained all seven amino acids that are 

indispensable for crustacean nutrition, of which Leu and Val were consistently the most 

abundant amino acids, followed by Thr, Ile, Lys, and Phe (Jennerjahn and Ittekkot, 

2002; Tremblay and Benner, 2006; Zieman et al., 1984). Ability of P. erythodactyla to 

assimilate organic matter from the mangrove leaves (Bui and Lee, 2014) together with 

the detection of cellulase encoding gene in its genome (Bui and Lee, 2015), and the 

widespread distribution of protease activity in the digestive juices of brachyuran crabs 

(Gulmann, 2004; Johnston and Freeman, 2005) indicate that these amino acids can be 

liberated from the digestion of mangrove leaves in the crab’s digestive tract, and thus 

become available to both the host and its gut microbial residents. Being the most 
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abundant amino acids in the mangrove leaves, it is highly possible that the gut 

microbiota continuously receive a generous supply of Leu and Val from the digestion of 

the mangrove leaves, resulting in the inhibition of their own Leu and Val biosynthesis 

through feedback inhibition mechanisms. Although not as abundant as Leu and Val, Lys 

liberated from mangrove leaves may still meet microbial demand, leading to the 

feedback inhibition of Lys synthesis pathway. Raising the crabs on an amino acid free 

diet supplemented with 
13

C-enriched glucose would help to verify the potential 

feedback inhibition of the dietary Leu, Val, and Lys on their biosynthesis in the gut 

microflora.   

Our results suggest that P. erythodactyla is not heavily dependent on de novo synthesis 

of EAAs from the gut-associated microbes once it has access to the mangrove leaf litter, 

its staple food (Bui and Lee, 2014). It is interesting to note that EAAs that became 

enriched in the crabs (i.e. Thr, Ile, and Phe) were those present in moderate to low 

proportions in the mangrove leaves whereas the δ
13

C values of EAAs that are abundant 

in the leaves (e.g. Leu and Val) remained constant. The gut microflora probably only 

provide the crabs EAAs that were less abundant in their diet. This is in line with reports 

on reduced gut microbial input to the EAA pools of the Nile tilapia (Newsome et al., 

2011) and the soil-dwelling collembolans (Larsen et al., 2011) when these hosts were on 

nitrogen-rich diets as compared to when they were offered nitrogen-poor diets. 

Nevertheless, our study showed that P. erythodactyla can benefit from EAAs 

synthesised de novo by their gut microorganisms. How important the contributions of 

microbial EAAs are relative to those from the staple (i.e. mangrove leaf litter) and 

occasional (i.e. animal carcases) food sources invites further study.  
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De novo synthesis of LC-PUFAs 

The enrichment of carbon isotopic composition of DHA (C22:6n3) in PNE and PAE 

crabs (Fig. 4.4F) showed that it can be synthesised de novo from palmitic acid in P. 

erythodactyla. This PUFA, however, did not become enriched when the crabs were fed 

13
C-enriched glucose. This may be because most of intermediates of glycolysis were 

directed to biosynthesis of other cellular constituents instead of fatty acid biosynthesis. 

Indeed, δ
13

C values of the non-essential amino acids (Fig. 4.2) increased at an order of 

magnitude higher than those of SAFAs and MUFAs in the GNE and GAE crabs (Fig 4 

A&B), indicating that amino acid biosynthesis was prioritised over fatty acid 

biosynthesis despite that they shared the same pool of intermediates generated from 

glucose catabolism. In addition, LNA and LA, which are present at high concentrations 

in A. marina mangrove leaf litter (Hall et al., 2006), would serve as probable precursors 

(over glycolysis intermediates) for the synthesis of C20 and C22 PUFAs, since it will be 

more energetically beneficial than synthesising the PUFAs from scratch.  

The lack of enrichment of C18 and C20 PUFAs when crabs were fed 
13

C-enriched 

palmitic acid (Fig. 4.4F) suggests that 
13

C-enriched DHA in PNE and PAE crabs was 

not synthesised through the classical pathway of PUFA metabolism, which involves an 

iterative process of elongation and desaturation of the FA intermediates, and associated 

with the generation of substantial amounts of C18 and C20 PUFA intermediates 

(Gellerman and Schlenk, 1979). Metz et al. (2001) reported the discovery of the 

polyketide synthase (PKS) pathway responsible for the synthesis of the long-chain 

PUFAs (LC-PUFA) including EPA, DHA and AA from a marine bacterium 

(Shewanella sp.) and the marine protist Schizochytrium. The PKS pathway produces 
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LC-PUFAs from malonyl-CoA, a carboxylated product of acetyl-CoA, through a 

different mechanism from the conventional pathway, generating a very small amount of 

intermediates (Metz et al., 2001). It is, therefore, likely that DHA in crabs may have 

been synthesised, at least in part, through the PKS pathway. The metabolism of palmitic 

acid through the β-oxidation pathway, which is found in both eukaryotic and 

prokaryotic organisms (Kunau et al., 1995), would provide acetyl-CoA as the starting 

material for the synthesis of the DHA through the PKS pathway in the PNE and PAE 

crabs.  

Some possible reasons may account for the low enrichment level of DHA in our 

experiments. There may be only a fraction of 
13

C-enriched palmitic acid converted to 

acetyl-CoA through the β-oxidation pathway while the rest was directly incorporated 

into biosynthesis of SUFAs and MUFAs of 16 carbon or longer chain length. Also, 

acetyl-CoA was utilised for the synthesis of FAs other than DHA as well as energy 

production through the citric acid cycle (Jeremy et al., 2006), thus further reducing the 

amount of 
13

C-enriched material converted to DHA. In addition, the pool of 
13

C-

enriched DHA would be further diluted by the natural abundance DHA synthesised 

from acetyl-CoA generating from the catabolism of other non-enriched dietary 

components (i.e. FAs, AAs, and carbohydrates in the mangrove leaves). The above 

arguments are applicable regardless of whether DHA was produced by the host or its 

gut microflora. However, if the DHA was predominantly a microbial product, the low 

δ
13

C values of DHA can also be attributed to the delayed assimilation of 
13

C-enriched 

DHA to the crabs’ muscle tissues since it must be first synthesised in the microbes, then 

digested by the host, and absorbed through the gut lining before assimilated to the 

crab’s tissue.  
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It is not possible to conclude if the 
13

C-enriched DHA was synthesised by the crab’s gut 

microbiota since the normalised F values of DHA of crabs with an intact gut microflora 

(PNE treatment) and those from the gut microbe-reduced crabs (PAE treatment) are not 

significantly different (Fig. 4.5B). Nevertheless, microbial involvement cannot be 

completely ruled out considering that antibiotic exposure only reduce about 50% of the 

gut associated microorganisms (Fig. 4.1). In addition, recent studies demonstrated that 

bacteria with the genetic capacity to produce LC-PUFA inhabit a wide range of 

environmental conditions (Salunkhe et al., 2011; Shulse and Allen, 2011) rather than 

restricted to the high pressure, low temperature marine habitats as suggested from the 

earlier discovery of PUFA-producing bacteria from the digestive tracts of deep-sea 

fishes and invertebrates (Jøstensen and Landfald, 1997; Yano et al., 1997). The 

conserved keto-acyl synthase domain of the pfaA gene, which is one of the key genes 

involved in the synthesis of EPA and DHA through the PKS pathway in bacteria, was 

detected in samples collected from different marine sites ranging from temperate coastal 

waters to Arctic and deep-sea environments (Shulse and Allen, 2011). The widespread 

distribution of LC-PUFA microbial producers is further confirmed by the recovery of 

six mesophilic bacterial isolates, which produced substantial amount of EPA at 30
o
C, 

from the Indian Ocean (Salunkhe et al., 2011). Therefore, the possibility that the gut 

microbes of P. erythodactyla could produce, and thus supply their host with DHA, 

cannot be dismissed. Investigations on the fatty acid profiles and LC-PUFA synthesis 

genetic capacity of the gut microflora of this sesarmid crab would be necessary to 

clarify their potential contribution to the host’s DHA requirement. 

Our results indicate that P. erythodactyla is unable to de novo synthesise PUFAs of n-3 

and n-6 series other than DHA. Fatty acid analysis of the crab’s muscle tissues, 

however, showed that AA and EPA make up large proportions ( 6-7 %) of the total FAs 
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of this tissue despite that they were missing from or found in very low fractions in 

freshly senescent and degrading mangrove leaves (Hall et al., 2006). The crabs must 

have assimilated these PUFAs, and possibly also some DHA, from other dietary sources 

such as animal remnants or the microphytobenthos and/or be able to synthesise them 

from LA and LNA available from the mangrove leaves. The capacity to convert LNA 

and LA to EPA, DHA, and AA has been reported in a number of freshwater fishes 

(Buzzi et al., 1996; Kanazawa et al., 1979; Owen et al., 1975), marine fishes, and 

invertebrates including crustaceans (Bell et al., 2001; Kanazawa et al., 1979; Mourente 

and Tocher, 1994; Xu et al., 2011), although the marine animals generally showed 

lower bioconversion capacity than their freshwater counterparts (Bell et al., 2001; 

Kanazawa et al., 1979). It would be interesting to evaluate the existence and 

significance of the capacity of synthesising the n-3 and n-6 PUFAs from LA and LNA 

in P. erythodactyla, which utilise the ecotone between freshwater and marine 

environments. Results of such studies will not only provide insights into the metabolism 

of LC-PUFAs in this sesarmid crab but also the transition in de novo synthesis of 

essential nutrients from terrestrial to marine biotas. These studies will also allow a 

better understanding on the trophic role of the mangrove primary productions in the 

coastal food web.  

In conclusion, our experiments demonstrated the de novo synthesis of a number of 

EAAs (Thr, Phe, and Ile) and DHA in P. erythodactyla. Experimental data suggest that 

the crab gut microflora may contribute to Thr synthesis but not the other EAAs and 

DHA. It must be noted, however, that antibiotic treatments did not completely removed 

microorganisms from the crab’s digestive tract and there was only a low amount of 
13

C-

label transferred to Phe, Ile, and DHA even in crabs with intact gut microflora. These 

together may have contributed to undetectable resolution between δ
13

C values of the 
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EAAs and DHA in the crabs with and without the intact gut microflora. Further studies 

using different approaches, e.g. exploring the biochemical and genetic capacity of EAA 

and FAA biosynthesis of the gut microflora in isolation of the host by culture-dependent 

or independent methods or using intermediates of the biosynthesis pathways in feeding 

experiments to enhance the labelling signals in the nutrients of interest, would help to 

improve the understanding of the nutritional role of the gut microbiota in this 

detritivorous crab.  
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Chapter 5. General conclusions 

5.1 General summary 

This thesis investigated detritivory in the mangrove sesarmid crab Parasesarma 

erythodactyla using novel approaches. 

My experimental results provided unambiguous evidence supporting the dominant 

contribution of mangrove leaf litter in the diet of P. erythodactyla (Chapter 1). Using the 

hepatosomatic index and fatty acid composition of the muscle tissue as proxies for evaluation 

of fitness, I demonstrated that crabs on the mangrove leaf-litter-only diet had comparable 

fitness to those with access to additional food sources, e.g. MPB and meiobenthos, from the 

sediment. In addition, feeding experiments using dual-labelled (
13

C and 
15

N) mangrove leaves 

as feed showed direct assimilation of mangrove-derived organic matter by this crab. Carbon 

assimilation efficiency was estimated to be 36%, which is low but comparable to those 

reported in other mangrove sesarmids. More importantly, the carbon stable isotope trophic 

discrimination values between P. erythodactyla and its three most likely food sources – 

mangrove leaf litter, MPB and animal tissue – were determined experimentally. Outputs of 

the IsoConc mixing model analysis based on these trophic discrimination values indicated 

that mangrove leaf litter made up the majority of biomass (89%) and C (92%) intake of the 

crab. Together, these results re-affirm the key dietary role of mangrove leaf litter in P. 

erythodactyla, and thus, the role of this crab as a key initial processor of mangrove 

production.  

Following the confirmation of the prominent contribution of mangrove leaf litter to the diet of 

P. erythodactyla, potential physiological adaptations to a diet comprising mainly vascular 

plant detritus of low nutritive quality were explored. Chapter 3 showed how cellulose 

digestion was achieved in this crab by investigating the activities and origin of cellulase. 
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Chapter 4 revealed that the gut microbiota could potentially supplement EAAs and LC-

PUFAs to the nitrogen-poor and LC-PUFA deficient staple food (i.e. mangrove leaf litter) of 

the crab.  

The presence of a complete enzyme system required for cellulose digestion in the gastric 

juice of the crab was demonstrated through biochemical assays (Chapter 3). Molecular study 

revealed the existence of a gene encoding for endo-β-1,4-glucanase, one of the three enzymes 

involved in the complete hydrolysis of cellulose, in the genome of P. erythodactyla, and its 

expression in the hepatopancreas of the crab. This provided, for the first time, direct evidence 

of endogenous cellulase production in brachyuran crabs. cDNA encoding endo-β-1,4-

glucanase was also amplified from the hepatopancreas of eight other mangrove crabs from 

five families (Sesarmidae, Macrophthalmidae, Ocypodidae, Heloeciidae and Varunidae), 

suggesting that endogenous cellulase production may be a common adaptation allowing 

mangrove crabs to exploit the most readily available food source, i.e. mangrove leaf litter, in 

their habitat. Results of this study also lend support to the hypothesis on the prevalence of 

endogenous cellulases in the animal kingdom.  

Using stable isotope tracers combined with compound-specific isotope analysis of amino 

acids and fatty acid methyl esters, I showed that several EAAs (i.e. Thr, Phe, and Ile) and 

DHA, a LC-PUFA that are physiologically important for animals (Lauritzen et al., 2001) but 

absent in mangrove leaf litter (Hall et al., 2006; Meziane et al., 2007), can be synthesised de 

novo in P. erythodactyla. Comparison between crabs that were exposed to antibiotics with 

those without antibiotic treatment suggested that the gut microflora might be a possible 

source of some, if not all, of these essential nutrients. The involvement of the gut 

microorganisms in the metabolism of EAAs and LC-PUFAs in this crab, however, should be 

further confirmed with direct evidence showing their genetic and biochemical capacity for de 
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novo synthesis of the nutrients of interest. In addition, it would also be important to evaluate 

the importance of the gut microflora’s contribution to the crab’s nutrition, particularly in 

comparison to the potential exogenous supply of essential nutrients from nitrogen- and LC-

PUFA-rich food sources such as animal carcass or MPB. My study reveals for the first time 

that supporting symbiotic gut microflora capable of providing the host with nutritional 

supplements may be one of the adaptations that mangrove grapsoids use to subsist on their 

low-quality staple food. 

5.2 Implications for the trophic role of detritivorous crabs in tropical mangrove 

ecosystems 

Results of the current study clarify the controversy on the nutritional role of mangrove leaf 

litter in the diet of the detritivorous grapsoid (potentially also ocypodoids) crabs. Analysis 

based on empirical data of the carbon and nitrogen stable isotope trophic discrimination 

values (∆δ
13

C and ∆δ
15

N) between P. erythodactyla and the three most likely potential food 

sources for the mangrove grapsoids (i.e. mangrove leaf litter, MPB, and animal tissues) in 

Chapter 2 indicated that mangrove leaf litter is their main food source. This result 

corroborates with the observations that prominent amounts of this dietary item are common 

in the gut of the mangrove grapsoids (Lopez and Conde, 2013; Malley, 1978; Poovachiranon 

and Tantichodok, 1991). In addition, stable isotope analysis of this study and that by Herbon 

and Nordhaus (2013) show that the real ∆ δ
13

C values between the grapsoid crabs and their 

food sources are likely to deviate significantly from the mean values reported in the literature. 

Speculation of the dietary composition of the mangrove grapsoids based on the literature 

value of global mean Δ δ
13

C (Bouillon et al., 2002; Bouillon et al., 2004; Mazumder and 

Saintilan, 2010), therefore, would underestimate the role of these crabs in the cycling of 

mangrove primary production in tropical estuarine ecosystems.  
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The confirmation of endogenous cellulase production in P. erythodactyla and other mangrove 

crabs reported in Chapter 3 shows that these detritivores are well adapted to diets rich in 

vascular plant materials. Similar to other detritivores, mangrove crabs may benefit from 

cellulose hydrolysis by enzymes derived from the microorganisms associated with their 

digestive tracts or the ingested food (Fujii et al., 2012; König et al., 2013; Watanabe and 

Tokuda, 2010). However, an ability to produce their own cellulases undoubtedly gives the 

crabs a proactive role in the processing of their diet. Efficient cellulose digestion is vital to 

the liberation and assimilation of nutrients from the detrital materials. Existence of 

endogenous cellulases in the grapsoids, ocypodoids, and members of other mangrove 

brachyuran families re-affirms that the mangrove crabs in general, and grapsoids in 

particular, play also a ‘keystone’ role in the trophodynamics of these systems, similar to the 

role mediated through their bioturbation activities (Smith et al., 1991). They mechanically 

break down a large amount of leaf materials into small fragments, and thus facilitating 

subsequent microbial enrichments of the mangrove detritus in their faeces (Lee, 1997; Werry 

and Lee, 2005). More importantly, they possess biochemical tools essential for the 

conversion of low-quality mangrove primary production into crab biomass. Crab biomass is 

significantly more nutritious compared to mangrove leaf litter, and thus crab consumption 

represents a key link between mangrove production and secondary production by higher 

consumers in the estuarine food web. 

De novo synthesis of EAAs and LC-PUFAs by the grapsoid crabs may further enrich 

mangrove secondary production when it is transferred through the food chains via the crab 

trophic link. Chapter 4 showed that simple compounds, such as glucose and palmitic acid, 

liberated from the metabolism of mangrove organic matter may serve as precursors for the 

synthesis of several EAAs and DHA in P. erythodactyla. The most readily available organic 
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source for consumers in mangrove ecosystems is mangrove leaf litter, as it is the dominant 

component of litter production. However, this organic matter source is poor in nitrogen 

(Table 1.2) and LC-PUFAs (Hall et al., 2006; Meziane et al., 2007). De novo synthesis of 

EAAs and LC-PUFAs in the mangrove crabs would obviously benefit both the crabs 

themselves as well as the mangrove food web as a whole, through trophic transfer between 

the crabs and higher consumers such as the ichthyofauna (Leh et al., 2012; Sasekumar et al., 

1984; Sheaves and Molony, 2000). Further studies are required to verify if de novo synthesis 

of EAAs and LC-PUFAs is a common feature of the mangrove crabs, but findings of the 

current study suggest that provision of indispensable nutrients from a low-quality food base 

could potentially be an another contribution of the detritivorous crabs to the mangrove 

ecosystem. 

The current study also reveals possible mechanisms behind the utilisation of fresh mangrove 

detritus with minimal microbial enrichment, a feeding habit commonly reported in the 

mangrove grapsoids (Lee, 1989; Malley, 1978; Robertson, 1986). Microbial colonisation of 

vascular plant detritus results in gradual degradation of refractory structural components (e.g. 

cellulose and lignin) and nutritional enrichment of the detritus in the form of N-rich microbial 

biomass, and thus is believed to be essential for the nutrition of many detritivores (Bärlocher 

et al., 1989; Graça et al., 1993). Possessing cellulose hydrolysis enzymes and adaptations to 

enhance the nutritional value of the poor-quality staple food, including opportunistic 

consumption of animal material through predation, scavenging or cannibalism (Kneib et al., 

1999; Lee, 1998; Thongtham and Kristensen, 2005), collecting MPB from sediment (Skov 

and Hartnoll, 2002), and de novo synthesis of EAAs and LC-PUFAs (Chapter 4) would help 

the grapsoids efficiently digest and successfully deal with a diet composed of mainly 

unenriched mangrove detritus. In forests with frequent tidal exchange, consumption of 
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freshly senescent leaves by the grapsoid crabs may significantly reduce tidal export of 

mangrove particulate organic matter (Lee, 1995), thus enhancing the retention of 

autochthonous primary production in the mangroves, while reducing the proportion of 

refractory detrital carbon stored in the sediment. 

5.3 Implications for the dynamics of mangrove primary production in estuarine food 

webs 

The current study confirms the importance of mangrove organic production in tropical coastal 

food webs. Through crab-mediated processing, a large proportion of mangrove leaf litter is 

retained in the mangrove, directly and indirectly converted into animal biomass (Lee, 1997, 

1998; Werry and Lee, 2005), nourishing the rich assemblage of benthic invertebrates in the 

mangroves (Lee, 2008). Predation of these invertebrates by mobile consumers such as fish 

(Leh et al., 2012; Sasekumar et al., 1984; Sheaves and Molony, 2000) and birds (Martínez, 

2004) potentially promote offshore movement of mangrove carbon via ‘trophic relay’ 

mechanism (Kneib, 1997) as well as trophic links to distant habitats (Fig. 5.1). This link 

mediated by detritivorous crabs is expected to be more prominent in the Indo-west-Pacific 

(IWP) mangroves, where these crabs are most diverse and abundant, than in the Atlantic-east-

Pacific systems with relatively impoverished crab fauna, at least in species richness (Lee, 

2008; McIvor and Smith, 1995). The ecosystem significance of this link is yet to be assessed 

but could contribute to the apparent difference in the productivity of the two mangrove 

bioregions. 
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Figure 5.14. Trophic transfer and transformation of mangrove primary production through the coastal food webs via the grapsoid link. Solid 

lines represent the modification and transformation of mangrove organic matter mediated by the grapsoid crabs, among which processes 

marked with an asterisk are confirmed by empirical data from the current study. Dotted lines indicate trophic transfers through consumption 

by other fauna in the food web.  
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As one of the most productive ecosystems on earth (Giri et al., 2011), primary 

production by mangroves may well exceed the needs of the ecosystem (Duarte and 

Cebrian, 1996), and thus potentially offer subsidy to consumers in connected 

ecosystems. Mangrove carbon is transferred offshore through tidal export of detritus, 

particulate and dissolved organic matters (Lee, 1995), and offshore movement of 

animals that directly (Beever et al., 1979; Dittel et al., 1991) or indirectly (Leh et al., 

2012; Sasekumar et al., 1984; Sheaves and Molony, 2000) utilise mangrove primary 

production. Stable isotope and gut content analysis support the utilisation of mangrove 

carbon by a variety of fishes (Leh et al., 2012; Melville and Connolly, 2003) and 

prawns (Chong et al., 2001; Leh and Sasekumar, 1984) in coastal habitats in close 

proximity (≤ 3 km) to the mangroves, but its contribution to the diets of the consumers 

is apparently low (ca. < 30%). Mangrove carbon is, however, believed to have 

negligible contribution to the nutrition of consumers living further away from the 

mangroves since consumer δ
13

C values are highly enriched compared with those of 

mangrove detritus (Loneragan et al., 1997; Newell et al., 1995; Rodelli et al., 1984). 

Most, if not all, studies quantifying the contribution of mangrove carbon to the nutrition 

of fauna in adjacent habitats based on stable isotope data assumed that carbon stable 

isotope trophic discrimination value (∆δ
13

C) between the consumers and dietary items 

were ca. +1‰ (e.g. Igulu et al.( 2013); Kruitwagen et al. (2010); and Melville and 

Connolly (2003)), the mean of ∆δ
13

C values reported in the literature. Experimentally 

determined ∆δ
13

C values of a specific pair of consumer and food source, however, can 

be varied widely from the global means (Bui and Lee, 2014; Herbon and Nordhaus, 

2013). Dietary composition determined based on the global means, therefore, may not 

reflect the real contributions from the potential food sources (Layman et al., 2012). My 

work (Chapter 2) showed that contribution of mangrove leaf litter to P. erythodactyla 
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diet determined by the mixing model based on empirical trophic discrimination values 

was much higher than when the mean values reported for aquatic consumers (Vander 

Zanden and Rasmussen, 2001) was used. Together, these lines of evidence invite a re-

evaluation of the trophic role of mangrove primary production in offshore habitats.  

Recent attention on mangroves, especially those in the IWP, is centred on their carbon 

storage capacity (Breithaupt et al., 2012; Donato et al., 2012; Donato et al., 2011; 

McLeod et al., 2011). While mangroves do significantly accumulate and store carbon 

under certain physical conditions conducive to litter retention rather than export, e.g. 

reduced hydrologic connectivity with tidal or river flow (e.g. Lee (1989) and Twilley et 

al. (1986)), the carbon storage potential of mangroves needs to be assessed with all 

major processes, i.e. macrofaunal consumption, microbial mineralisation, storage and 

export, in the overall budget (Lee et al., 2014). In forests with regular tidal inundation 

that allow continual recruitment of detritivorous macrobenthos in the IWP, the impact 

of animal consumption and transformation of mangrove leaf litter is strong, as has been 

reported throughout the region (Lee, 1989; Robertson, 1986; Robertson and Daniel, 

1989; Slim et al., 1997). This is reinforced by recent reports on the prevalence of 

cellulose hydrolysis enzymes among common mangrove macrobenthos (Niiyama and 

Toyohara, 2011), particularly the crab assemblages ((Adachi et al., 2012), and Chapter 

3). In addition,  potential errors derived from the use of the global trophic 

discrimination values in stable isotope analysis of estuarine food web data in earlier 

studies (as discussed before) could lead to past underestimation of in situ consumption 

of mangrove detritus by the estuarine benthic fauna. The carbon storage capacity of the 

tropical mangroves, therefore, should be revised in the light of new findings 

emphasising significant contribution of the benthic community in the mineralisation of 

mangrove carbon. The significant role of the grapsoids in mangrove detritus 
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consumption and mineralisation also suggests that suitable manipulation of habitat 

conditions, e.g. the inundation regime, may be possible to optimise the carbon storage 

capacity of tropical mangroves by adjusting the balance between tidal export, crab 

consumption, and mineralisation of litter. 

5.4 Future research directions 

Estimation of the dietary composition of the mangrove grapsoids by mixing model 

analysis of stable isotope data in past studies was based on the assumption that ∆δ
13

C 

values between the crabs and different types of food sources were the same and equal to 

the global mean values. Experimental determination of ∆δ
13

C values in P. erythodactyla 

(Chapter 2), Episesarma singaporense and E. versicolor (Herbon and Nordhaus, 2013), 

however, indicated that each potential food source had a distinct ∆δ
13

C value that was 

significantly larger than the global mean. Similarity between ∆δ
13

C(crab-mangrove) values  

reported for these sesarmids (mean = +4.9‰) and the difference in literature δ
13

C values 

of grapsoid species from autochthonous mangrove leaf litter (mean = +5.2‰, Table 2.2) 

suggests that high ∆δ
13

C(crab-mangrove)  values may be a common characteristic of these 

detritivores. Future studies should elucidate the real ∆δ
13

C values for mangrove leaf 

litter as well as other likely food sources in a broader range of grapsoid and other 

mangrove crab species, e.g. ocypodoids. Availability of a realistic trophic 

discrimination value will allow the contribution of the mangrove crabs to the cycling of 

mangrove primary production in estuarine ecosystems to be accurately evaluated.  

Reasons for the high ∆δ
13

C(crab-mangrove) values in the mangrove sesarmids are yet to be 

explored. Possible mechanisms leading to the high enrichment in δ
13

C values of the 

consumer relative to that of diet include, but not limited to, 1) differential routing or 

selective assimilation of dietary components that are 
13

C-enriched compared with the 

bulk diet, e.g. carbohydrates (Dungait et al., 2010; Macko et al., 1991) or specific amino 
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acids (Larsen et al., 2012); and 2) existence of symbiotic microbes that mediate the 

transformation of mangrove carbon to nutrients valuable for the host. While the results 

of Chapter 4 lend support to the second hypothesis, further studies are required to 

establish the prevalence of nutritional support from gut microorganisms in other 

mangrove crabs, and to quantify the influence of the assimilation of microbially derived 

nutrients on the trophic discrimination values demonstrated by the hosts. Future studies 

should also test the hypothesis on selective assimilation, through experiments utilising 

relevant isotopically labelled tracers.  

Mechanisms that the crabs use to obtain nutritional supplements from the poor-quality 

mangrove leaf litter-based diet should also be further investigated. Opportunistic 

consumption of animal tissues and collection of MPB from surface sediment seem to be 

promising ways to obtain additional nitrogen and LC-PUFAs among the leaf-feeding 

mangrove sesarmids (Bui and Lee, 2014; Skov and Hartnoll, 2002; Thongtham and 

Kristensen, 2005). My study suggests that LC-PUFAs and amino acids de novo 

synthesised by gut microorganisms could be an alternative source of essential nutrients 

for the crabs (Chapter 4). Gut microbiota are likely able to provide a small but 

continuous supply of essential nutrients, complementing the main supplementary 

nutrient sources, i.e. animal tissues and MPB, which the host may not obtain on a 

regular or effective basis. Nutrient supplement from the gut microbiota in P. 

erythodactyla, however, should be further confirmed by molecular and biochemical 

studies. It is also important to examine if microbial assemblages of a similar 

biochemical capacity are associated with the gut of other mangrove crabs. In addition, 

evaluation of the importance of microbially derived nutrients, relative to those from 

animal tissues and MPB, to the nutrition of the detritivorous crabs represents another 

potential topic to be addressed in future research.  



140 

 

The process of cellulose digestion in mangrove detritivores should also be further 

clarified. My study shows the existence of a complete cellulose hydrolysis enzyme 

system, competent in breaking down cellulose to glucose, in the gastric juice of P. 

erythodactyla. Moreover, endo-β-1,4- glucosidase, a member of this enzyme system, is 

produced endogenously not only in P. erythodactyla but also in other crabs of five 

families commonly found in the local mangrove (Table 3.2). The widespread 

distribution of endo-β-1,4- glucosidase genes among the mangroves crabs suggest that 

endogenous cellulase production may be a common adaptation of this group of 

macrobenthos to exploit mangrove detritus, the most readily available yet generally 

recalcitrant organic source in this habitat. The process of cellulose digestion in the 

mangrove crabs would not be fully understood without the following questions being 

answered: 1) do the crabs possess genes encoding other cellulases of the cellulose 

hydrolysis system? and 2) does cellulose digestion also involve cellulases of microbial 

origin or solely through endogenous enzymes? Future research on these issues will also 

extend our knowledge on the evolution of cellulose digestion in animals in general.   
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