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Abstract 

 

The structure of the gastrointestinal tract (GIT) of temperate and tropical marine 

herbivorous fishes was described using histological and ultrastructural approaches.  Radial 

distribution of endosymbiotic microbiota in the hindgut, and the association of microbiota with 

degradation of algal fragments were also examined.  The overall aim was to provide a detailed 

description of the GIT in these fishes to improve understanding of gut function.  Substantial 

variation in gut structure was observed among study species.  In general, villus length, 

thickness of musculature, thickness of mucus, cell types present and microvillus length 

indicated that morphology of the anterior GIT was consistent with enzyme secretion and lipid 

absorption, while the posterior GIT was consistent with protein absorption.  Secretory cells 

lined the stomach, exocrine cells with long microvilli lined the pyloric caeca and anterior GIT, 

and absorptive cells, with long microvilli, invaginations and pinocytotic vesicles, lined the 

posterior GIT.  The relationships between the radial distribution of the endosymbiotic 

microbiota in the hindgut and gut structures suggested that some protein was microbially-

derived.  Greatest surface area in the anterior and posterior GIT correlated with previously 

determined regions of endogenous and exogenous (microbial) digestion.  Overall, gut structure 

was generally most similar between study fish species from the same family, demonstrating 

that phylogeny strongly influences GIT morphology.  Microbial density was generally greatest 

close to the mucosal surface, where bacteria were often attached to the glycocalyx covering 

microvilli.  Endosymbiotic microbiota were near, attached to, and degrading algal fragments in 

the posterior GIT, showing that bacteria are more directly involved with algal breakdown than 

previously thought.  Microbial degradation was only observed in the outer cell wall of algal 

fragments, not in cortex cell layers.  Degradation of algal fragments associated with bacteria 

was extensive in some fishes, with clear zones of hydrolysis surrounding bacteria in species 

consuming phaeophytes, although exceptions to this trend suggest that study species employ 

different digestive strategies.  The microbiota in some host fish species appear to utilise both 

algal cell contents and cell wall, whereas in other species the microbiota appear to ferment 

mainly algal cell contents, and the host fish supplements the resulting short-chain fatty acids 

with nutrition derived from endogenous digestion of protein-rich epiphytes such as 

cyanobacteria.  The results presented in this thesis show that diet alone cannot be used as an 

indicator of digestive processes and gut function, and demonstrate that the relationships 

between diet, GIT structure, hindgut microbiota and digestive strategy are complex in marine 

herbivorous fishes, and can differ even between species that appear similar ecologically. 
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Chapter 1:  General introduction 

 

1.1  Herbivory in vertebrates 

 

Herbivorous vertebrates adopt a range of alimentary tract morphologies to access and 

process vegetation.  A combination of the skull, jaw and musculature associated with the jaw 

contribute to the ingestion and processing of plant material (Schwenk & Rubega, 2005).  Some 

vertebrates use teeth to tear vegetation, whereas others such as turtles and some fish species 

use a fused beak-like structure to obtain plant material (Bjorndal, 1997).  Material is processed 

by the teeth in some species and by the pharyngeal mill, pharyngeal bones in the back of the 

throat covered with teeth that are used for crushing or fracturing ingesta (Clements & 

Bellwood, 1988), in others.  A well-developed pharyngeal mill enables degradation of ingesta, 

and consequently some of these species may not require a stomach (Schwenk & Rubega, 

2005).  There is also a general trend for herbivorous vertebrates to have a longer 

gastrointestinal tract (GIT) than those of omnivorous or carnivorous species, and herbivorous 

vertebrates often have a sizeable large intestine due to the longer digestive times required for 

plant material, in which nutrients are generally less readily available than in carnivorous diets 

(Bjorndal, 1997).  However, the correlation between gut length and diet can be variable 

(Montgomery, 1977), and can be influenced by phylogeny (e.g. German & Horn, 2006).  For 

example, some stomachless herbivorous fishes have comparatively shorter gut lengths than 

may be expected for an herbivore (e.g. Al-Hussaini, 1945; Tibbetts, 1997; Logothetis et al., 

2001). 

Colic structures, which slow the rate of passage and increase the surface area of the 

intestinal tract for absorption, are present in various vertebrate herbivores and granivores 

including lizards (Bjorndal, 1997) and gerbils (Pei et al., 2001).  Mucosal folds are present in 

the columnar epithelium of many vertebrates, including marine teleost fishes, and appear to be 

associated with digestion (Stevens & Hume, 1995).  Increasing the surface area of the GIT 

potentially enables more rapid absorption of nutrients from the lumen, as suggested by the 

increased surface area in the proximal caecum of fowl, where it is thought that absorption of 

water and electrolytes occurs (Strong et al., 1989).  Mucosal folds, villi and microvilli are 
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present in differing arrangements in avian species (Dantzer, 1989; Strong et al., 1989), 

suggesting that species can use different morphological adaptations to achieve an increase in 

surface area, and that it may be beneficial for herbivorous species to have increased surface 

area in the fermentative region of their GIT, the region where endosymbiotic microbes ferment 

ingested carbohydrates to short-chain fatty acids (SCFA) (Karasov & Martínez del Rio, 2007) 

as will be detailed below. 

Muscle thickness in the GIT of mammals is not uniform in the posterior GIT due to 

longitudinal bands of muscle called taeniae, which cause sacculations in the GIT known as 

haustra (Christensen, 1991; Langer & Takács, 2004).  These sacculations allow a substantial 

distention of the gut, increasing surface area while also retaining digesta (Langer & Takács, 

2004).  The presence of these structures in large herbivores may help to explain the flexibility 

in the relationship between intake and mean retention time of digesta (Clauss et al., 2007). 

The GIT of vertebrates often displays structural plasticity, enabling animals to 

modulate GIT morphology in relation to changes in diet.  Vertebrates can increase gut capacity 

in response to a low quality diet, enabling greater intake of food or maximising nutrient intake 

from ingesta (Karasov, 1996; Pei et al., 2001; Liu & Wang, 2007; Lv et al., 2014).  In some 

cases, plasticity of the GIT has been demonstrated by gut morphology returning to its original 

state within a short time period (Yamauchi et al., 1996; Starck, 1999; Karasov et al., 2004; 

Zhao & Wang, 2009). 

Both allochthonous (transient) and autochthonous (endosymbiotic) bacteria have been 

identified in the GIT of vertebrates (Hao & Lee, 2004; Manson et al., 2008).  Microbes are 

found in the mouth and much of the GIT in humans (Savage, 2005).  Similarly, analysis of the 

full digestive tract of sheep and cattle revealed populations of bacteria on the tongue, in the 

oesophagus, a single morphotype in the mucosal layer of the abomasum, and heterogeneous 

adherent populations in the intestine, omasum, duodenum and caecum (Cheng et al., 1979).  

As our interest lies in endosymbiotic microbiota, we will focus on this community. 

Bacteria are able to adhere to surfaces in the GIT, and colonisation of the mucosal 

surface is common among vertebrates (Hao & Lee, 2004; Macfarlane & Dillon, 2007; Manson 

et al., 2008).  Within the subset of bacteria closely associated with the mucosal surface, certain 

bacteria are able to colonise certain regions, such that niche partitioning occurs (Savage et al., 

1968; Macfarlane & Dillon, 2007).  A diverse endosymbiotic microbial community has been 

described for numerous vertebrate herbivores (e.g. McKenzie, 1978; Mackie et al., 2004; 

Pryor & Bjorndal, 2005; Kohl et al., 2011; Lankau et al., 2012).  The gut microflora in 

bullfrog tadpoles Rana catesbeiana, which included bacteria, protozoa and nematodes, were 
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all located in a thick layer of mucus lining the colon (Pryor & Bjorndal, 2005), similar in 

several other vertebrates (Swidsinski et al., 2007). 

Herbivorous vertebrates can use foregut or hindgut fermentation to assist with the 

digestion of a diet that is less readily digestible than a carnivorous diet (Stevens & Hume, 

1995; Karasov & Martínez del Rio, 2007).  In foregut fermenters, digestion by endosymbiotic 

microbes occurs prior to plant material moving along the GIT, meaning that microbes ferment 

relatively intact ingesta, whereas in hindgut fermenters microbial digestion occurs after ingesta 

has been endogenously digested (Stevens & Hume, 1995).  Small herbivorous animals have a 

higher energy requirement per unit body mass than large herbivores (Sakaguchi, 2003).  Some 

small hindgut-fermenting vertebrates use coprophagy, the reingestion of an individual’s own 

faecal matter, to increase the nutritional value of their diet (Sakaguchi, 2003; Pryor & 

Bjorndal, 2005).  The re-ingested faecal matter contains symbiotic microbes that were 

excreted from the hindgut (Sakaguchi, 2003), such that bacteria are lysed by endogenous 

digestion in the anterior GIT, potentially providing an additional protein source to the host 

organism.  Hindgut-fermenting herbivorous vertebrates that do not use coprophagy may also 

obtain protein from their endosymbiotic community, but the processes involved are less well 

understood (see below). 

Microbial fermentation of plant cell walls results in the synthesis of microbial vitamins 

and protein, and SCFA are produced (Bjorndal, 1997; Mackie et al., 2004; Karasov & 

Martínez del Rio, 2007; Skea et al., 2007).  These partially-reduced end products provide 

nutrition and energy to the host organism beyond what they could have obtained without the 

presence of an endosymbiotic community (Karasov & Martínez del Rio, 2007).  The SCFA 

diffuse or are transported into the cells lining the GIT (Karasov & Martínez del Rio, 2007), 

where they are used for energy and biosynthesis (Stevens & Hume, 1995).  Symbiotic 

fermentation in tadpoles was found to contribute to approximately 20% of their daily energy 

requirements (Pryor & Bjorndal, 2005), and other studies on lizards estimate the contribution 

of symbiotic fermentation to be 30-40% (McBee & McBee, 1982) and 47% (Foley et al., 

1992), demonstrating the importance of symbiotic fermentation in these herbivores. 

Protein can also be broken down and absorbed in the form of peptides and amino acids 

(Verri et al., 2010).  Digestion and absorption of microbial protein via amino acids and protein 

recycling has been demonstrated in vertebrates (Slade et al., 1971; Fuller & Reeds, 1998; 

Belenguer et al., 2005; Woodward et al., 2010; Newsome et al., 2011; Arthur et al., 2014).  

The small intestine or mid-gut, is generally accepted as the main site of amino acid absorption 

in the GIT in vertebrates (Fuller & Reeds, 1998; Torrallardona et al., 2003).  Consistent with 
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this, turtles and tortoises primarily take up amino acids in their small intestine, with only small 

amounts absorbed in their large intestine (Skoczylas, 1978).  The large intestine of prairie 

voles (Hume et al., 1993) and the colon of mammals (Binder, 1970) also have passive 

diffusion of amino acids.  Lysine transport occurs in the colon of pigs and horses, further 

suggesting that the colon is capable of transporting substantial quantities of amino acids 

(Woodward et al., 2012).  This suggests that herbivorous vertebrates may be able to transport 

substantial quantities of amino acids in their posterior GIT, and that these amino acids may be 

derived from microbes in species with hindgut fermentation. 

Endosymbiotic bacteria are able to metabolise nitrogen-containing compounds in the 

GIT which can potentially be assimilated by the host (Hendriks et al., 2012).  Absorption of 

protein nitrogen derived from microbes has been observed in the posterior GIT of various 

vertebrates (Heine et al., 1987).  Nitrogen recycling, involving ammonia and/or urea 

depending on host species, has also been reported from the vertebrate GIT (Hintz & Schryver, 

1972; Wootton & Argenzio, 1975; Hintz et al., 1978; Singer, 2003; Braun et al., 2009; 

Anderson et al., 2010; Bucking et al., 2013). 

 

1.2  Herbivory in fishes 

 

Herbivory in fishes is less common than carnivory and omnivory, especially when it is 

considered that some reef fishes often classified as herbivores actually concentrate on detritus 

and other organic material, and consequently have quite different gut function from true 

herbivores (Clements et al., 2009). 

Digestion in herbivorous fishes is generally interpreted using “mechanisms of algal cell 

lysis” or gut types, which were originally developed by Lobel (1981) and later refined by Horn 

(1989, 1992).  These four non-exclusive gut types are: (i) acid lysis in a thin-walled stomach, 

(ii) trituration in a gizzard-like stomach, (iii) trituration in pharyngeal jaws, and (iv) microbial 

fermentation in the hindgut.  The problem with using these four categories is that they are 

based on the morphology of the GIT and do not take into account the more complex digestive 

strategies that occur, with these categories overlapping in several fish species (Choat & 

Clements, 1998; Clements et al., 2009).  More recently, Schwenk and Rubega (2005) stated 

that herbivorous fishes “are either inefficient in digestion, highly selective in diet, restricted to 

microphagy, or employ significant pharyngeal processing”.  However, herbivorous fishes can 

employ several of these digestive mechanisms or none of them.  For example, the temperate 
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herbivorous wrasse Odax pullus shows selectivity for reproductive structures (Clements & 

Choat, 1993), and degrades ingested material using the pharyngeal mill (Clements & 

Bellwood, 1988), whereas the temperate chub Kyphosus sydneyanus does not fall into any of 

these categories.  Thus understanding digestion in herbivorous fishes is not straight-forward. 

Penry and Jumars (1987) used chemical reactor theory to develop three theoretical 

models to help explain digestion: batch reactors, plug-flow reactors (PFR) and continuous-

flow, stir-tank reactors (CSTRs).  Batch reactors have a single opening used for both input and 

output of material (Hume, 1989), so are not applicable to the GIT of fishes.  PFRs, with 

continuous movement of material through a tubular region (Hume, 1989), and CSTRs, with 

continuous throughput and constant mixing of old and new material (Hume, 1989) have 

provided models for various marine herbivorous fishes (Horn & Messer, 1992; Johnson, 2010; 

Day et al., 2011a,b).  Although these models do not completely capture the movement of 

material through the GIT due to factors such as selective retention of some ingesta, they 

provide a useful basis for interpretation of other findings.  Identifying differences in the 

structure of the GIT within and between species can assist with understanding the metabolic 

and absorptive capabilities of different species. 

While there was a small, concentrated effort on characterising the GIT of teleosts in the 

mid-late 20th century, the majority of recent research has been biased towards freshwater and 

aquaculture species, which tend to be carnivorous.  While these studies can provide some 

information on specific aspects of the GIT, they provide little information on gut function in 

fishes that employ hindgut fermentation.  The gross GIT morphology of marine herbivorous 

fishes has been described for some species (Rimmer & Wiebe, 1987; Clements & Bellwood, 

1988; Montgomery & Pollak, 1988b; Benavides et al., 1994; Clements & Rees, 1998; Sturm & 

Horn, 1998), yet when compared to terrestrial herbivorous vertebrates, very little is known 

about the detailed structure of the GIT (Choat & Clements, 1998; Clements et al., 2009).  The 

literature to date will be summarised in terms of gross structure, histology and ultrastructure of 

the GIT, with a focus on how the structure of the GIT can affect its function. 

 

1.2.1  Gross structure of the gastrointestinal tract 

The relative length of the intestine in herbivorous scarine parrotfishes differed 

considerably from that in mollusc and echinoid consuming julidines and cheilines (Gohar & 

Latif, 1959), supporting the generalisation that gut length is longer in herbivores (Stevens & 

Hume, 1995).  Similarly, gut morphology in a range of Antarctic nototheniid fish species 

appeared to be influenced by diet (Eastman & DeVries, 1997), and when ontogenetic GIT 
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changes in pricklebacks with different diets were examined, allometry of the GIT appeared to 

be more related to diet than to phylogeny (German et al., 2014).  However, gut length cannot 

always be used as a predictor of diet (Gohar & Latif, 1959), as mentioned above.  Herbivorous 

fishes have a relatively undifferentiated GIT, especially in comparison with terrestrial 

herbivorous vertebrates that have highly variable GIT structure (Stevens & Hume, 1995).  

However, within herbivorous fishes there are various GIT specialisations (Stevens & Hume, 

1995), some of which may be related to phylogeny. 

The pharyngeal jaw in two scarine species that feed on coral and associated algae 

enables food to be ground finely, and villi budding from the gut wall and sacculation of the 

tract increase intestinal surface area (Al-Hussaini, 1945; Gohar & Latif, 1959).  Similarly, the 

alimentary tract in the damselfish Stegastes fuscus has gape and gill raker morphology 

consistent with its omnivorous diet, and large intestinal folds resulting in increased surface 

area (Canan et al., 2012).  Specialisations at the gross level enable these species to obtain 

nutrition from a food source of comparatively low nutritional value (Gohar & Latif, 1959). 

A range of stomach morphologies have been reported from fishes (e.g. Burnstock, 

1959; Bucke, 1971; Sis et al., 1979; Anderson, 1986; Williams & Nickol, 1989; Nachi et al., 

1998; Sturm & Horn, 1998; Morrison & Wright, 1999; Suíçmez & Ulus, 2005), with some 

species lacking a stomach (Clements & Bellwood, 1988; Caceci & Hrubec, 1990; Logothetis 

et al., 2001; Horn et al., 2006; Day et al., 2011a).  A stomach with a large storage capacity 

suggests that the species ingests a large amount over a short period of time, as species that 

feed more frequently would have less need for such a storage capacity.  Adaptations such as 

these appear to be related to diet and feeding patterns. 

Herbivorous fishes often have increased surface area in the anterior GIT in the form of 

pyloric caeca (Clements, 1997), although stomachless fishes lack these structures.  Some 

stomachless scarines have intestinal lobes at the anterior of their GIT (Al-Hussaini, 1945; 

Gohar & Latif, 1959, 1961).  The function of these intestinal lobes is not clear, but they appear 

to increase the surface area of the anterior intestine in a similar manner to pyloric caeca 

(Gohar & Latif, 1959).  This increased surface area increases absorptive capacity and enables 

greater quantities of enzymes to be secreted to endogenously digest material (Karasov & 

Hume, 1997). 

Sacculations have been observed in the GIT of fishes (Al-Hussaini, 1945; Gohar & 

Latif, 1959, 1961), although the presence of taeniae and haustra as in other vertebrates have 

not.  These structures may not be required in animals that ingest highly consistent diets 

(Clauss et al., 2007).  Although none of the study species in the present study can be said to 
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have a highly consistent diet, this suggests that species with a more consistent diet, such as 

Acanthurus lineatus, may not have the need for folds and adaptations similar to taeniae and 

haustra, whereas those with a more variable diet, such as Naso unicornis, would be expected 

to have similar adaptations. 

Differences in digestion of algal material between different regions of the GIT can also 

be observed directly.  The surgeonfish Acanthurus triostegus had a large portion of intact algal 

cells in its hindgut (Chartock, 1983).  Similarly, samples of stomach and rectum contents from 

A. guttatus showed slight changes in colouration between the two GIT locations, but little 

maceration and digestion of the contents was evident (Chartock, 1983).  However, the gut 

contents of A. guttatus also contained calcareous material (Chartock, 1983), which may 

explain the lower digestion of algal material than may be expected in a true herbivore.  The 

bronze bream Pachymetopon grande does not digest algae to a high degree, as rhodophytes 

were easily identified in rectal contents (Buxton & Clarke, 1992).  This species is an 

omnivorous feeder despite algae making up 62% of stomach contents (Buxton & Clarke, 

1992), suggesting that the rhodophytes may be ingested to compliment animal material 

ingested, and may not be highly digested if ingested with sufficient animal material.  Further 

supporting this hypothesis, P. grande does not have a resident microbial population in their 

GIT, indicating no involvement of endosymbionts with algal digestion in this species (Buxton 

& Clarke, 1992). 

 

1.2.2  Histology of the gastrointestinal tract 

Numerous studies on the GIT of marine fishes concentrate on a single aspect of the 

GIT in a small number of species.  Studies from several decades ago provide detailed 

descriptions of gut anatomy at the histological level (e.g. Al-Hussaini 1945, 1949a,b; Gohar & 

Latif, 1959, 1961), with few comprehensive studies being carried out since.  One of the most 

detailed descriptions of gut anatomy available for marine fish species, providing both 

histological and ultrastructural descriptions of the length of the GIT, is that of the omnivorous 

Girella tricuspidata (Anderson, 1986).  More recently the GIT of three marine herbivorous 

fishes were also described in a similar manner (Johnson, 2010).  Studies of this nature are not 

abundant in the literature, despite the huge potential that they can provide for furthering 

knowledge and providing a framework for interpretation of other studies.  Therefore, this 

thesis will endeavour to add to this small body of information by analysing the full GIT of 

several marine herbivorous fishes. 
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The structure of the muscularis propria, the circular and longitudinal muscle layers of 

the gut wall, can differ substantially along the length of the GIT.  The muscularis propria is 

thick and well-developed in the oesophagus and stomach of various fishes (Reifel & Travill, 

1978; Anderson, 1986; Osman & Caceci, 1991; Murray et al., 1994; Caceci et al., 1997; 

Johnson, 2010; Canan et al., 2012; Leknes, 2015), although the composition of the muscularis 

propria varies among species, with some having stomach and oesophagus regions lined only 

by circular muscle, and others with both circular and longitudinal muscle in various 

arrangements.  The thickness of the muscularis propria along the length of the GIT affects the 

amount of movement within the GIT, as thicker muscle can assert a greater force and thus can 

cause ingesta to move more rapidly (Stevens & Hume, 1995). 

Mucus acts as a lubricant in lieu of salivary glands (Bucke, 1971; Anderson, 1986; 

Albrecht et al., 2001; Leknes, 2015).  Some neutral and many acidic saccular mucous cells 

were present in the oesophagus and posterior rectum of stomachless herbivorous 

hemiramphids, and goblet cells containing neutral and acidic glycoproteins were present in the 

intestine and anterior rectum (Tibbetts, 1997).  More acidic glycoproteins result in more 

viscous mucus (Tibbetts, 1997; Fiertak & Kilarski, 2002).  The thick viscous mucus in the 

oesophagus and rectum of hemiramphids likely contributes to efficient movement and 

excretion of ingesta respectively (Tibbetts, 1997). 

Mucus separates food from the intestinal wall when the gut is full in hemiramphids, 

whereas mucus is mainly located in the lumen when the gut is empty (Tibbetts, 1997).  The 

mucus layer in Hyporhamphus regularis ardelio contains material derived from seagrass cell 

contents released as the seagrass passes through the pharyngeal mill, and plays a role in 

mediating absorption of seagrass-derived material (Carseldine & Tibbetts, 2007).  In addition 

to assisting with the flow of ingesta through the GIT, the mucus layer in the intestine provides 

protection to the epithelial surface (Tibbetts, 1997).  In vitro tests showed that mucus has 

greater viscosity close to the mucosal surface, and greater viscosity in the posterior region of 

the GIT in other vertebrates (Swidsinski et al., 2007), assisting with elimination of waste.  

There was decreased viscosity of mucus in the crypts between villi (Swidsinski et al., 2007) 

which would enable retention of endosymbiotic microbes in the hindgut of species with 

hindgut fermentation. 

 

1.2.3  Ultrastructure of the gastrointestinal tract 

The presence of secretory and columnar epithelial cells in the GIT is common among 

vertebrates, and these cell types have been widely described (Stevens & Hume, 1995).  
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Ultrastructural analysis of cells lining the GIT of fishes suggest that the broad categories of 

epithelial cells, secretory and absorptive cells, are commonplace (Anderson, 1986; Elbal & 

Agulleiro, 1986; Johnson, 2010), although the number of morphologically distinct cells within 

each category varies.  However, the study species of these ultrastructural analyses in fish 

include omnivores and carnivores.  The lack of detailed ultrastructural studies on herbivorous 

fishes means that it is unclear whether cell types are similar between species with similar diets, 

or whether there is a phylogenetic effect. 

In addition to these epithelial cells, rodlet cells have been identified in fish.  Initially 

described as a parasitic protozoan, these secretory cells are unique to teleosts (Leino, 1974; 

Morrison & Odense, 1978).  They are present in a range of freshwater and marine species 

(Manera & Dezfuli, 2004; Fishelson et al., 2011), however not all individuals of a particular 

species have these cells (Fishelson & Becker, 1999; Reite & Evensen, 2006).  Rodlet cells 

have a fibrous capsule, and longitudinally oriented rodlets contained within sacs that are 

released into the lumen, essentially causing the cell to destruct (Morrison & Odense, 1978; 

Iger & Abraham, 1997; Manera & Dezfuli, 2004; Laurà et al., 2012; DePasquale, 2014).  In 

addition to their presence in the GIT, rodlet cells are present in numerous organs (Reite & 

Evensen, 2006), including the gonads (Rideout et al., 2015).  Rodlet cells may be 

inflammatory cells involved in protecting the host’s organs (Dezfuli et al., 1998; Manera & 

Dezfuli, 2004; Reite, 2005; Reite & Evensen, 2006; DePasquale, 2014; Dezfuli et al., 2015).  

They appear in the skin of teleosts exposed to stressors (Iger & Abraham, 1997), supporting 

the hypothesis that rodlet cells are inflammatory cells.  Therefore, the abundance of rodlet 

cells in the GIT most likely relates to the amount of environmental stress an individual fish is 

exposed to. 

The presence, absence and morphology of organelles in epithelial cells can provide 

information on processes occurring, such as absorption.  Lipids are absorbed in the anterior 

GIT in fishes (Sire & Vernier, 1992) after extracellular digestion (Gargiulo et al., 1998), 

whereas uptake of intact proteins occurs in the posterior GIT (Sire & Vernier, 1992), mainly 

via pinocytosis (Murray et al., 1996; Gargiulo et al., 1998).  Early researchers thought that the 

mucosal barrier made the GIT impermeable to ingested biologically active proteins, however it 

is now known that fish and other vertebrates can absorb these proteins (Gauthier & Landis, 

1972; McLean & Ash, 1987a,b; Georgopoulou et al., 1986a,b, 1988; McLean & Donaldson, 

1990) via two pathways, either transcellularly or paracellularly. 

In the transcellular pathway, ingested proteins come into contact with the surface of 

absorptive cells in the posterior GIT.  These cells often have invaginations between microvilli, 



Chapter 1:  General introduction 

 

10 

and protein in this region can be pinched off from the lumen (i.e. pinocytosed) (McLean & 

Donaldson, 1990).  Pinocytosed vesicles in the apical cytoplasm of absorptive cells can either 

merge together forming larger vacuoles, or can merge with lysosomes forming secondary 

lysosomes where proteins can be hydrolysed to their component monomers (McLean & 

Donaldson, 1990).  Some proteins may also remain in unmerged pinocytotic vesicles, and can 

be exocytosed at the base of the cell into the lamina propria (McLean & Donaldson, 1990). 

Various methods have been used to demonstrate the uptake of proteins via pinocytosis 

in the GIT of fishes, with proteins only absorbed in the rectum rather than in the more anterior 

GIT in some fishes (Noaillac-Depeyre & Gas, 1976; Watanabe, 1984a; Abaurrea et al., 1993; 

Murray et al., 1996; Hernandez-Blazquez & da Silva, 1998; Borges et al., 2010).  Horseradish 

peroxidase (HRP) and ferritin injected orally into fishes demonstrated that absorbed dietary 

proteins merged into large condensed vacuoles, then broke down into smaller vesicles as they 

degraded (Watanabe, 1982, 1984a; Georgopoulou et al., 1986b).  The tubular network was 

important in this process in rainbow trout (Georgopoulou et al., 1985).  Uptake of protein in 

the rectum of the carnivorous tropical fat snook was demonstrated using ferritin labelling 

(Borges et al., 2010).  Ingested protein labelled with ferritin was transported into the 

extracellular space and basement membrane of the freshwater common carp Cyprinus carpio 

(Noaillac-Depeyre & Gas, 1973).  Proteins exocytosed from the cell are either engulfed by 

intraepithelial lymphocytes or enter the bloodstream once in the lamina propria (Noaillac-

Depeyre & Gas, 1973). 

In the paracellular pathway, persorption can cause proteins to gain access to the 

bloodstream (McLean & Donaldson, 1990; Nellans, 1991).  Due to the friction and movement 

during peristalsis, microscopic particles and solutes can be forced between epithelial cells 

undergoing extrusion (McLean & Donaldson, 1990), gaining direct access to the lamina 

propria and bloodstream.  The paracellular pathway can enable large volumes to be 

transported in regions of the GIT with high transport demands, such as the small intestine of 

some vertebrates (Nellans, 1991).  Proteins can also gain access to the lamina propria and 

bloodstream if parasitic infection occurs (McLean & Donaldson, 1990). 

Watanabe (1981) suggested that absorption of intact dietary protein may be functional 

in larval fish, due to energy demands being high at this stage of their life, and that this function 

may be lost in adults, as was observed in the pond smelt (Watanabe, 1984b).  However, 

absorption of macromolecular protein has been demonstrated in the middle and posterior 

intestine, and/or the rectum in numerous adult teleosts (Gauthier & Landis, 1972; Noaillac-

Depeyre & Gas, 1973, 1976, 1979, 1983; Rombout, 1977; Stroband & Kroon, 1981; Stroband 
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& van der Veen, 1981; McLean & Ash, 1987b).  These studies show that absorption of dietary 

proteins that have not been further hydrolysed occurs at all ages in some fish species. 

Pinocytotic vesicles and a tubular network are present in the anterior GIT of Tilapia 

species (Gargiulo et al., 1998), and in the posterior GIT of several other fishes (e.g. 

Yamamoto, 1966; Iwai, 1968; Gauthier & Landis, 1972; Noaillac-Depeyre & Gas, 1976; 

1979; Ezeasor & Stokoe, 1981; Watanabe, 1984a,b; Anderson, 1986; Georgopoulou et al., 

1986a, 1988; Caceci & Hrubec, 1990; Abaurrea et al., 1993; Gargiulo et al., 1998; Hernandez-

Blazquez & da Silva, 1998; Banan Khojasteh et al., 2009).  The lack of pinocytotic activity in 

the posterior GIT in Tilapia suggests that they may not be able to degrade ingested material 

using enzymes present within the lumen, and need to employ cellular digestion (Gargiulo et 

al., 1998).  Uptake of protein in the rectum of Antarctic fish Notothenia neglecta after rectal 

injection of labelled protein was much greater than protein uptake after oral injection, 

suggesting that the rectum is the main region for absorption of proteins via pinocytosis for this 

species (Hernandez-Blazquez & da Silva, 1998).  Although these studies were mainly 

analysing carnivorous fishes, they demonstrate the potential for endocytosis having an 

important role in the assimilation of protein in fishes in general.  This would be particularly 

important in the herbivorous study species due to the low protein content of algae relative to 

animal material. 

 

1.3  Hindgut fermentation in herbivorous fishes 

 

Early studies showed that endosymbiotic microbial communities were present in fishes 

(e.g. Liston, 1957).  The bacterial flora of teleosts and elasmobranchs was then reviewed two 

decades later, drawing the conclusion that the bacterial composition from the alimentary tract 

was very similar to that from the skin and gills, and therefore bacteria were most likely 

ingested with food or from the seawater (Horsley, 1977).  This is likely due to the study 

species considered in the review being mainly carnivores, and that microflora were identified 

using culturing methods.  Subsequent studies have addressed some of the gaps in our 

knowledge, such that we now know that numerous fishes have endosymbiotic microbial 

communities, although the various roles that the communities play in the physiology and 

nutrition of the host fish are still not well understood (Clements et al., 2014). 

Endosymbiotic communities composed of bacteria, ciliates, flagellates and nematodes 

have also been described for numerous herbivorous fishes (e.g. Fishelson et al., 1985; Rimmer 
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& Wiebe, 1987; Clements et al., 1989; Angert et al., 1993; Clements, 1997; Clements et al., 

1994; Martínez-Díaz & Pérez-España, 1999; Clements et al., 2007; Wu et al., 2012).  Giant 

Epulopiscium spp. bacteria (thought to be protists in early studies due to their immense size) 

are also resident in the hindgut of surgeonfishes (Fishelson et al., 1985; Clements et al., 1989; 

Clements & Bullivant, 1991; Angert et al., 1993; Miyake et al. 2015).  Due to the presence of 

endosymbiotic microbial communities in numerous herbivorous fishes, it seems likely that 

herbivorous fishes with hindgut microbiota could obtain a substantial proportion of their daily 

energy requirement via these microbes (Mountfort et al., 2002). 

Several studies have found that Clostridia dominate the microbial communities of 

marine herbivorous vertebrates (Mackie et al., 2004; Moran et al., 2005; Clements et al., 

2007).  However the terrestrial herbivorous green iguana, Iguana iguana, also had Clostridium 

as one of the dominant bacterial genera (McBee & McBee, 1982), suggesting that Clostridia 

may be important in herbivores more generally.  Several studies have identified the most 

abundant bacterial phyla of herbivorous fishes as Firmicutes, Proteobacteria and Bacteroidetes 

(Sullam et al., 2012; Wong & Rawls, 2012; Ye et al., 2013; Bojarski, 2014; Miyake et al., 

2015).  These phyla resemble the predominant bacterial phyla of mammals (Sullam et al., 

2012; Clements et al., 2014).  While these studies are more informative for marine herbivorous 

fishes than early studies that focussed on freshwater fish and species used in aquaculture (e.g. 

Cahill, 1990; Gómez & Balcázar, 2008), we still have a comparatively small amount of 

information on herbivorous fish species that employ hindgut fermentation to break down their 

algal diet (Clements et al., 2014). 

Omnivorous fish species consume faecal matter from other organisms (Robertson, 

1982) which would provide protein in a similar manner to that for coprophagous vertebrates.  

However, the fish species in the present study do not use coprophagy.  In ruminants, 

endosymbiotic microbes can increase both the quality and quantity of protein available for 

uptake by the host (Stevens & Hume, 1995).  The potential for endosymbiotic microbes to 

increase available protein in a similar way in hindgut-fermenting marine fishes is significant, 

as it was previously thought that hindgut fermentation had a limited role in the nutrition of the 

host fish (Foley & Cork, 1992; Karasov & Martínez del Rio, 2007). 

Chemical digestion begins with acid lysis in the stomach increasing the size of cell-

wall pores, facilitating access to cell contents by endogenous enzymes (Zemke-White et al., 

2000).  The stomachless O. pullus has a higher pH in its anterior GIT (Zemke-White et al., 

1999) such that acid lysis cannot occur, however algae in the anterior GIT were degraded 

(Johnson, 2010) suggesting that the degradation caused by its pharyngeal jaw is sufficient to 
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enable endogenous enzymes to access the cell contents.  Amylase activity in the pharynx of 

the stomachless carp Cyprinus carpio was suggested to contribute to algal degradation (Kawai 

& Ideka, 1971).  Amylase activity was recorded in the anterior intestine of O. pullus (Skea et 

al., 2005), however adults consume phaeophytes which do not contain starch (Choat & 

Clements, 1992; Clements & Choat, 1993).  Amylase is therefore unlikely to contribute to 

digestion in adult O. pullus, and the amylase activity recorded may be retained from their 

rhodophyte-consuming juvenile state (Clements & Choat, 1993). 

Despite acid lysis beginning the chemical digestive process, the breakdown of ingested 

algae by herbivorous fishes often involves both endogenous and exogenous (microbial) 

digestion, as diets high in complex carbohydrates can be resistant to endogenous digestive 

enzymes (Rimmer & Wiebe, 1987; Clements, 1997; Clements et al., 2014).  However, the 

presence of endosymbiotic microbes does not necessarily mean that microbial fermentation is 

important to a host species.  For example, a recent article claimed to provide evidence for a 

specialised microbial community involved in cellulose digestion in wood-eating catfishes 

(Watts et al., 2013), despite previous studies demonstrating through morphology, enzyme 

activity, SCFA concentrations and gut transit time that these fishes rely on endogenous 

digestion of biofilms and detritus and do not obtain energy directly from the digestion of wood 

(German, 2009b; German & Bittong, 2009). 

Hindgut fermentation has been recorded in numerous marine fishes, some of which are 

not exclusively herbivorous (Clements & Choat, 1995; Choat et al., 2002; Mountfort et al., 

2002).  Endogenous and exogenous (microbial) carbohydrases had differing activity in 

different regions of the GIT in marine herbivorous fish species, including some of the 

temperate fish species in the present study Aplodactylus arctidens, O. pullus and K. 

sydneyanus (Skea et al., 2005, 2007).  Readily digestible algal components such as starch are 

predominantly endogenously digested in the anterior GIT and fragments of algae that cannot 

be digested by the host fish are degraded by exogenous enzymes in the posterior GIT (Skea et 

al., 2005, 2007).  This is consistent with fermentation occurring in the posterior GIT, where 

SCFA concentrations are generally highest (Clements et al., 1994; Clements & Choat, 1995, 

1997; Mountfort et al., 2002).  The proportion of energy derived from fermentation increases 

with body size, meaning that it would be more difficult for juveniles to obtain nutrients in this 

way (Gordon & Illius, 1994).  Endosymbiotic microbial diversity and abundance increased 

during the ontogenetic shift, the shift from a carnivorous diet as a juvenile to an herbivorous 

diet as an adult, in K. sydneyanus (Moran et al., 2005), consistent with endosymbiotic 
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microbial communities, and consequently fermentation, becoming more important with 

growth. 

Marine herbivorous fishes display a range of digestive mechanisms, from mainly 

endogenous with fast gut throughput times and digestion of easily hydrolysed substrates, to 

mainly exogenous, with generally longer retention times and a heavier reliance on microbial 

fermentation in the posterior GIT (Clements & Choat, 1995, 1997; Skea et al., 2005, 2007).  

This was evident in prickleback fishes that came to consume a similar herbivorous diet 

through convergent evolution, where SCFA concentrations and digestive enzyme activities 

showed that one species was much more reliant on their endosymbiotic microbial community 

than the other (German et al., 2015). 

In addition to the fermentation of algae, endosymbiotic bacteria may be involved in 

other processes of importance to the nutrition of the host fish.  The gene involved in nitrogen 

fixation, nifH, has been detected in endosymbiotic bacteria from the GIT of marine 

herbivorous fishes (Bojarski, 2014), suggesting that there is potential for fish to obtain protein 

from microbes via nitrogen fixation.  Together with the previously mentioned absorption of 

protein in the posterior GIT of several fishes, these studies suggest that endosymbiotic 

microbiota in fishes could provide the host fish with microbially-derived protein (Clements et 

al., 2009). 

In herbivorous fish species, lysing of components of the microflora to obtain microbial 

protein would affect the functioning of the gut flora (Karasov & Martínez del Rio, 2007).  

Microbial debris present in the lumen as a result of apoptosis, programmed cell death 

(Clements et al., 2009), or waste from bacteria ingested by endosymbiotic ciliates (Grim, 

2006), could be assimilated by epithelial cells lining the gut via endocytosis.  Phagocytosis of 

intact bacteria has been observed in some fishes (e.g. Vigneulle & Laurencin, 1991; Tamura et 

al., 1993; Ringø et al., 2001, 2006b), although bacteria engulfed are generally pathogens. 

 

1.4  Study fish species and their diet 

 

A range of temperate and tropical marine herbivorous fishes were used in the present 

study.  Four temperate fishes consisting of two marblefishes Aplodactylus arctidens, Ap. 

etheridgii, a wrasse Odax pullus and a chub Kyphosus sydneyanus, were compared with nine 

tropical fishes consisting of two chubs K. cinerascens, K. vaigiensis, five surgeonfishes 

Acanthurus lineatus, Zebrasoma velifer, Naso tonganus, N. unicornis, N. brevirostris, and two 
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rabbitfishes Siganus doliatus and S. vulpinus.  Two of the tropical study fish species were 

included for comparison, N. brevirostris due to its planktivorous diet, and S. vulpinus due to its 

omnivorous diet.  Both species are closely related to other study fish species (Fig. 1.1), and are 

consequently ideal for comparison.  The herbivorous study species also have diets that vary in 

composition (Table 1.1).  The occurrence of phaeophytes in the diet of Ap. arctidens may be 

due to accidental ingestion when consuming epiphytic rhodophytes (Clements & Zemke-

White, 2008). 

It was previously thought that fermentation in temperate marine herbivorous fishes was 

constrained by temperature due to fish being ectothermic, however studies have shown that 

temperate herbivorous fishes can have high rates of fermentation (Mountfort et al., 2002).  The 

fishes in the present study were chosen due to the known presence of a hindgut endosymbiotic 

community (Clements, 1991; Clements et al., 1994; Clements & Choat, 1995, 1997; Choat et 

al., 2002; Mountfort et al., 2002).  A greater number of tropical species were included due to 

the greater diversity of herbivorous fishes in the tropics (Horn, 1989). 

These fish species are generally primary consumers and can contribute a substantial 

amount of nitrogen to the reef in terms of their faeces, most likely containing excreted 

microbes, contributing to detritus on the reef (Choat & Clements, 1998; Clements et al., 2009).  

As such, these fish species are an important component of temperate and tropical reef 

ecosystems in terms of nutrient cycling. 

 

1.5  Thesis structure and research objectives 

 

The main aim of this thesis is to provide a detailed description of the GIT of marine 

herbivorous fishes in order to better understand GIT function.  This involved looking at 

general gut structure, cellular structure of the GIT, the distribution of symbiotic microbiota 

and the state of algae along the GIT in a range of marine herbivorous fishes. 

Chapter two examines the GIT of the temperate Ap. etheridgii and the tropical study 

fish species using histology, in order to gain an understanding of the general gut structure 

along the length of the GIT.  The structure of the GIT has major implications for digestion, 

absorption and consequently gut function, so it was important to obtain a base level of 

understanding before more specific analyses were carried out.  The main aims of this chapter 

were to (i) examine the structure of the GIT along its length, and (ii) determine whether 

dietary differences between study fish species affected the structure of the GIT. 
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Figure 1.1.  Phylogenetic tree showing relationships among the 13 marine herbivorous fishes 
used in the present study.  Relationships derived from Borden (1998), Clements et al. (2003), 
Near et al. (2013) and Knudsen and Clements (2016). 

 

 



  Chapter 1:  General introduction 
 

17 

Table 1.1.  List of study fish species and diet composition. 

Species Diet  Source 
    
Temperate    
Ap. arctidens 
(Aplodactylidae) 

Rhodophytes, small amounts of 
chlorophytes and phaeophytes  

 Russell, 1983; Choat & Clements, 1992; 
Clements & Zemke-White, 2008 
 

Ap. etheridgii 
(Aplodactylidae) 

Rhodophytes, very small portion of 
chlorophytes 
 

 Clements & Zemke-White, 2008 

O. pullus 
(Labridae) 

Rhodophytes as a juvenile 
Phaeophytes as an adult, with small 
amount of epiphytic rhodophytes 
 

 Russell, 1983; Choat & Clements, 1992; 
Clements & Choat, 1993 

K. sydneyanus 
(Kyphosidae) 

Rhodophytes, small amount of 
chlorophytes as a juvenile 
Phaeophytes, small amount of rhodophytes 

 Russell, 1983; Clements & Choat, 1997; 
Moran et al., 2005 

    
Tropical    
K. cinerascens 
(Kyphosidae) 

Rhodophytes, small amounts of 
phaeophytes and chlorophytes 

 Clements & Choat, 1997; Choat et al., 
2002 
 

K. vaigiensis 
(Kyphosidae) 

Phaeophytes and chlorophytes  Clements & Choat, 1997; Choat et al., 
2002 
 

Ac. lineatus 
(Acanthuridae) 

Rhodophytes  Robertson & Gaines, 1986; Choat et al., 
2002 
 

Z. velifer 
(Acanthuridae) 

Chlorophytes, small amounts of 
rhodophytes and phaeophytes 
 

 Robertson & Gaines, 1986 

N. tonganus 
(Acanthuridae) 
 

Rhodophytes and chlorophytes  Choat et al., 2002 

N. unicornis 
(Acanthuridae) 

Phaeophytes, small amount of rhodophytes  Robertson & Gaines, 1986; Choat et al., 
2002; Bennett & Bellwood 2011 
 

N. brevirostris 
(Acanthuridae) 

Algae as a juvenile 
Zooplankton and benthic invertebrates as 
an adult 
 

 Jones, 1968; Clements & Choat, 1995; 
Choat et al., 2002 

S. doliatus 
(Siganidae) 

Rhodophytes, small amount of 
chlorophytes and phaeophytes 
 

 Fox et al., 2009; Hoey et al., 2013 

S. vulpinus 
(Siganidae) 

Cyanobacteria, other animal material, 
small amount of rhodophytes 
 

 Hoey et al., 2013 

 

 

Chapter three examines the GIT of the temperate Ap. etheridgii and the tropical study 

fish species using transmission electron microscopy, enabling regionalisation of gut function 

to be inferred.  The types of cells present and their organelle composition can provide valuable 
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information on the functions occurring in different regions of the GIT.  The main aims of this 

chapter were to (i) examine the ultrastructure of the GIT along its length to determine cell 

types present in different regions of the GIT, (ii) determine whether regionalisation of gut 

function exists in each study species, and (iii) determine whether dietary differences between 

study fish species correspond to different cellular structures and different regionalisation of 

function. 

Chapter four examines microbial distribution in all temperate and tropical study fish 

species, looking at both axial and radial distribution of microbes.  Several studies on 

herbivorous fishes have demonstrated a hindgut endosymbiotic microbial community, 

although the radial distribution of microbiota has not been analysed previously.  Radial 

distribution has important implications for microbial digestion in the hindgut of algivorous 

fishes.  The main aims of this chapter were to (i) determine the axial distribution of microbiota 

in the GIT of the study fish species, (ii) determine the radial distribution of endosymbiotic 

microbiota in the hindgut, and (iii) ultrastructurally examine whether attachment of microbiota 

to the mucosal wall or ingesta occurs. 

Chapter five examines digestion of algae along the length of the GIT in all temperate 

and tropical study fish species except the planktivorous N. brevirostris due to minimal algal 

contents in its GIT.  Degradation of algae associated with endosymbiotic microbes in the 

hindgut was also examined to gain a better understanding of the association of endosymbiotic 

microbiota with the breakdown of algae.  The main aims of this chapter were to (i) determine 

regions of the GIT where the greatest algal degradation occurs, (ii) ultrastructurally examine 

the degradation of algal fragments associated with endosymbiotic microbes in the hindgut, and 

(iii) determine whether differences in the digestion of algae exist between species consuming 

different diets. 

Chapter six, the general discussion, draws together the overall findings of this thesis in 

the context of digestion and gut function, and suggests areas for future research. 
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Chapter 2:  Histological anatomy of the gastrointestinal tract of 

marine herbivorous fishes 

 

 

2.1  Introduction 

 

The morphology of the vertebrate gastrointestinal tract (GIT) in relation to diet has 

been of interest for many decades (Stevens & Hume, 1995).  Herbivorous vertebrates are 

known generally to have longer gastrointestinal tracts than carnivores (Stevens & Hume, 

1995).  Within these broad diet categories, diet composition appears to drive diversification of 

GIT morphology (Karasov & Douglas, 2013).  The general structure of the GIT of an 

organism can also provide valuable information on how it functions.  For example, increased 

digestive capacity is achieved by increasing gut mass and surface area (Karasov & Martínez 

del Rio, 2007).  Examining the fine structure of the GIT at the histological level enables 

differences in different regions of the GIT to be identified both within and between species, 

further contributing to our understanding of gut function. 

This chapter addresses the GIT of one temperate (Aplodactylus etheridgii) and nine 

tropical marine fish species (Kyphosus cinerascens, K. vaigiensis, Acanthurus lineatus, 

Zebrasoma velifer, Naso tonganus, N. unicornis, N. brevirostris, Siganus doliatus and S. 

vulpinus).  In order to examine the relationship between GIT morphology and diet, one 

tropical omnivorous species and one tropical planktivorous species are included to provide a 

comparison.  Both the omnivore, S. vulpinus, and the planktivore, N. brevirostris, are 

phylogenetically related to one or more of the tropical herbivorous species being examined, 

making them suitable as comparisons to examine variation associated with diet.  The aim of 

this chapter is to provide a detailed description of the structure of the GIT at the gross and 

histological levels, and to analyse the distribution of mucus throughout the length of the GIT. 

Previous studies on the GIT of vertebrates and fishes suggest that several factors are 

important for understanding the functioning of the GIT.  These include aspects such as the 

presence of specialisations including pyloric caeca, intestinal bulbs and hindgut chambers, the 
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thickness of the muscle in the GIT, the structure of intestinal folds and villi which alter the 

surface area, the height of epithelial cells, and the presence of goblet cells and mucus. 

Different regions of the GIT have different mucosal specialisations that allow optimal 

absorption efficiency (Ezeasor & Stokoe, 1981).  Carnivorous fishes tend to have many 

pyloric caeca, whereas herbivorous and detritivorous fishes tend to have few or no pyloric 

caeca (Buddington & Diamond, 1986, 1987).  However, the herbivorous Kyphosus sydneyanus 

has been reported to have hundreds (Johnson, 2010), and fish have been reported to have up to 

1,000 pyloric caeca at the anterior of their intestine (Clements, 1997).  The number and size of 

pyloric caeca can vary among species, suggesting that species may increase their surface area 

in the anterior intestine region in different ways. 

Some scarine parrotfishes (F. Labridae), which are stomachless, have either one or two 

intestinal bulbs at the anterior of the intestine (Al-Hussaini, 1945; Gohar & Latif, 1959, 1961).  

The function of this region was originally suggested as food storage (Al-Hussaini, 1945).  

However, these species lack pyloric caeca, and therefore the function of these bulbs appears to 

be similar to that of pyloric caeca, increasing the surface area of the anterior intestine (Gohar 

& Latif, 1959).  This suggests that a large surface area in the anterior intestine would be 

advantageous in terms of secretion of digestive enzymes and absorption of readily available 

nutrients derived from ingesta. 

Several kyphosids, pomacanthids and scorpids also have an enlarged region at the 

posterior of the GIT, known as a hindgut chamber, which is separated from the rest of the 

intestine by a sphincter (Kandel et al., 1994; Clements, 1997; Martínez-Díaz & Pérez-España, 

1999).  The carnivorous Atlantic cod Gadus morhua L. (Seppola et al., 2006) has also been 

reported to possess a hindgut chamber.  Due to the varied diets of these species, this 

specialisation does not appear to be unique to herbivorous fishes.  However, it is possible that 

it relates to the diet of an ancestral species.  The function of this region is not entirely clear.  

Although there is often fermentation occurring within the chamber, the region of the intestine 

immediately anterior to it was found to have higher levels of fermentation in the temperate K. 

sydneyanus, showing that fermentation is not limited to this region (Mountfort et al., 2002).  

Analysing the histological structure of this feature may provide insight into its function 

relative to the rest of the GIT. 

The presence of an outer layer of longitudinal muscle and an inner layer of circular 

muscle in the intestine is common to most vertebrates (Holmgren, 1989).  The contraction of 

muscle layers causes the movement of ingesta along the length of the gut (Holmgren, 1989; 

Christensen, 1991; DeSesso & Jacobson, 2001; Gregersen, 2003), with thicker muscle layers 
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resulting in a greater force.  The contraction of the muscle layers also affects the flow patterns 

of digesta and transport across the epithelial surface, which in turn affects digestion and 

absorption (Christensen, 1984; DeSesso & Jacobson, 2001).  Previous studies on fishes 

suggest that the musculature is thickest in the stomach (e.g. Blake, 1930, 1936; Reifel & 

Travill, 1978; Anderson, 1986; Murray et al., 1994; Suíçmez & Ulus, 2005; Johnson, 2010; 

Canan et al., 2012; Takiue & Akiyoshi, 2013) and the rectum (e.g. Blake, 1930; Al-Hussaini, 

1945; Gohar & Latif, 1961), suggesting that these regions require more force to move ingesta 

from the stomach to the intestine, and to eliminate waste from the GIT respectively. 

The thickness of the submucosa allows it to stretch over the muscle layers (Komuro & 

Hashimoto, 1990; Gregersen, 2003).  The thick submucosa characteristic of the stomach 

allows the mucosa to form folds on its internal surface (Gregersen, 2003).  There appear to be 

commonalities among vertebrates in terms of muscle and submucosal thickness being greater 

in regions of the GIT that need the capacity to expand and contract, such as the stomach. 

In many vertebrates the absorptive region of the gut is increased by intestinal folds and 

villi (e.g. Anderson, 1986; Dantzer, 1989; Strong et al., 1989; Stevens & Hume, 1995; 

Bjorndal, 1997; Pei et al., 2001; Langer & Takács, 2004; Liu & Wang, 2007; German et al., 

2010).  These structures can act to slow the rate of passage (Iverson, 1980; Bjorndal, 1997; 

Stevens & Hume, 1998), and may enable the retention of material in certain regions of the gut 

(Clauss et al., 2004; Langer & Takács, 2004).  Therefore, increasing the surface area of the 

GIT in regions where absorption occurs enhances the efficiency of the transfer of substances 

from the lumen (DeSesso & Jacobson, 2001).  This would be important for herbivores that 

utilize hindgut fermentation, as material needs to be retained in the hindgut for sufficient time 

for digestion via the endosymbionts to occur (Karasov & Martínez del Rio, 2007).  It is also 

especially important in herbivorous fishes as caecotrophy, used by some herbivorous 

vertebrates to obtain additional protein via the direct ingestion of faeces-containing microbes 

(Karasov & Martínez del Rio, 2007), is not possible in an aquatic environment (Clements et 

al., 2009).  This suggests that increasing the surface area in important regions of absorption, 

such as the anterior intestine and in the hindgut where microbial digestion occurs, would be 

advantageous. 

Several types of epithelial cells exist in vertebrate digestive tracts, and the height of 

these cells can help to distinguish among the cell types in the different regions of the GIT.  

The epithelial cells in the stomach of fishes are distinct from those in the main GIT, being 

shorter and having a secretory function (Wilson & Castro, 2011).  The surface area and 

volume of columnar cells can also affect nutrient transport, metabolic flux and their 
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biosynthetic capacity (Marshall et al., 2012).  Therefore, it would be advantageous to have 

shorter columnar cells distributed over a large surface area in regions with greater absorption 

so that the transport of substrates can occur quickly. 

Mucous cell types vary in different fish species and different regions of the GIT.  The 

mouth, oesophagus and stomach regions generally have saccular mucous cells, whereas the 

main length of the GIT contains goblet cells (Tibbetts, 1997).  The rectum of the freshwater 

herbivorous snub-nosed garfish Arrhamphus sclerolepis krefftii was also reported to have 

saccular mucous cells rather than goblet cells (Tibbetts, 1997), suggesting that the role of 

mucus in the posterior intestine may differ from that in the main length of the GIT.  Goblet 

cells have been found to increase in abundance from anterior to posterior in the vertebrate GIT 

(Cheng, 1974; Karam, 1999), with the abundance of both saccular and goblet mucous cells 

greater in carnivores than in herbivores (Bucke, 1971).  Most of the mucus in fish intestines is 

produced by goblet cells (Shephard, 1994), and these cells are responsible for maintaining the 

layer of mucus over the mucosal surface (Specian & Oliver, 1991).  Goblet cells can contain 

enzymes and enzyme cofactors required for digestion (Anderson, 1986; Albrecht et al., 2001), 

and mucus-mediated absorption has been suggested as a potentially important factor in the 

nutrition of some fishes (Tibbetts, 1997).  Mucus can also form a niche within which bacteria 

may reside (Fiertak & Kilarski, 2002; Kim & Ho, 2010).  It is therefore clear that mucous cells 

and mucus are important in the digestive processes occurring in the GIT of fishes, and could 

be of particular importance in those with a symbiotic microbial community. 

In order to increase our understanding of how the GIT functions in the study fish 

species, this chapter will test several specific hypotheses relating to the structure of the GIT:  

(i) the structure of the stomach varies depending on the feeding behaviour of the species, with 

a greater storage capacity in species that feed less frequently; (ii) muscle layers and 

submucosa in the stomach are thicker than that in the main length of the GIT; (iii) villus length 

and consequently the surface area are greatest in the anterior and posterior intestine, in the 

regions that correspond with endogenous and exogenous digestion; (iv) epithelial cell height in 

the stomach is shorter than the epithelial cell height in the main length of the GIT; (v) goblet 

cells are present throughout the main length of the GIT, increasing in number in the posterior 

intestine; (vi) there are greater amounts of mucus in the omnivorous and planktivorous study 

fish species than the herbivorous study fish species; and (vii) there is greater similarity in the 

overall histology of the GIT between species with a similar diet. 
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2.2  Materials and methods 

 

2.2.1  Sample collection 

Six Aplodactylus etheridgii (Ogilby, 1889) (Aplodactylidae) (320-420 mm Standard 

Length (SL)) were collected by spear on snorkel in the Hauraki Gulf in the vicinity of Great 

Barrier Island (36°10′S, 175°25′E) during February and May 2011, and February 2013 (see 

Appendix A for details of individual fish specimens).  Fish were killed by pithing immediately 

after being brought onto the research vessel RV Hawere.  Fish collection was conducted under 

University of Auckland Animal Ethics Committee approvals R717 and 001009. 

Nine Kyphosus cinerascens (Forsskål, 1775) (Kyphosidae) (194-350 mm SL), nine K. 

vaigiensis (Quoy & Gaimard, 1825) (Kyphosidae) (230-361 mm SL), nine Acanthurus 

lineatus (Linnaeus, 1758) (Acanthuridae) (175-205 mm SL), nine Zebrasoma velifer (Bloch, 

1795) (Acanthuridae) (125-200 mm SL), 13 Naso tonganus (Valenciennes, 1835) 

(Acanthuridae) (220-493 mm SL), 14 N. unicornis (Forsskål, 1775) (Acanthuridae) (255-445 

mm SL), nine Siganus doliatus (Guérin-Méneville, 1829-38) (Siganidae) (150-185 mm SL) 

and nine S. vulpinus (Schlegel & Müller, 1845) (Siganidae) (165-185 mm SL) were collected 

by spear on snorkel and SCUBA in the vicinity of Lizard Island, Great Barrier Reef, Australia 

(14°40′S, 145°27′E) during March 2011, January-February 2012 and May 2013.  Two Naso 

brevirostris (Cuvier, 1829) (Acanthuridae) (195-205 mm SL) were also collected in May 2013 

to use as a comparison.  Fish collection was conducted under James Cook University of North 

Queensland Animal Ethics Committee approval A1641.  Individuals collected in 2011 and 

2012 were kept on ice until return to the Lizard Island Research Station laboratory and 

dissected as soon as possible after return, generally within four hours.  However, after 

processing the samples collected in 2011 and 2012 it was clear that the mucosal wall was not 

well preserved, and in some cases the mucosal surface had separated from the musculature.  

This is characteristic of degradation occurring between the time of death and fixation (Hayat, 

1989).  Therefore, individuals collected in 2013 were killed by pithing immediately after being 

brought onto the research vessel RV Kirsty K and processed immediately.  All fish were 

collected between 0905 and 1735 to ensure that their guts would be full. 

For each individual, the SL, fork length, total weight, gutted weight and sex were 

recorded.  The entire GIT of all study fish species was removed by careful dissection.  The gut 

was then carefully unravelled and divided into five sections following Clements and Choat 

(1995, 1997) and Mountfort et al. (2002).  The stomach constituted section I, and the 
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remaining length of gastrointestinal tract was divided into four equal sections (II-V), with the 

exception of K. vaigiensis.  Kyphosus vaigiensis had a well-defined hindgut chamber at the 

posterior of the gastrointestinal tract, separated from the more anterior tract by a sphincter.  

This hindgut chamber constituted section V, and the length of gastrointestinal tract in between 

the stomach and hindgut chamber was divided into three equal sections (II-IV).  Section I, the 

stomach, was subdivided in some individuals of most species, to examine for differences 

between the anterior/oesophageal region, the main bulb of the stomach, and the muscular 

region anterior to the pyloric sphincter.  Naso unicornis also had a small pouch at the very 

anterior end of its long stomach (termed the ‘anterior bulb’ or section I-ABulb), so additional 

samples were also collected from this region.  Due to the length of the stomach in N. 

unicornis, additional samples were also collected from the ‘hind’ region of the stomach (I-H), 

between the main bulb of the stomach and the muscular region (Fig. 2.1).  Pyloric caeca from 

all species were sampled. 

 

2.2.2  Histological analysis 

Small sections of gut tissue were restrained using cable ties such that a section of gut 

approximately 20 mm long with cable ties at each end was removed and placed in 3.7% v/v 

formaldehyde in PBS, pH 7.4 (Sigma, St Louis, MO, USA) for the temperate species or in 

BupH PBS, pH 7.2 (Thermo Scientific Pierce, Rockford, IL, USA) for the tropical species.  

This technique ensured that the gut contents from within that section were not lost in the 

fixative, and also restricted the movement of material within the gut during the  

 

 

Figure 2.1.  Section I (stomach) of Naso unicornis demonstrating the different regions 
sampled.  Abbreviations: I-ABulb, the small pouch at the anterior end of section I; I-A, region 
anterior to the main bulb of the stomach; I, the main bulb of the stomach; I-H, the ‘hind’ 
region of the stomach, located between the main bulb and the muscular region; I-M, the 
muscular region of the stomach, anterior to the pyloric caeca. 
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fixing process.  Cable ties were not used in section I because the material was not liquid, 

meaning that restraint was not necessary.  Intact pyloric caeca were also collected from each 

species and fixed as above.  Aplodactylus etheridgii and N. unicornis had a defined sphincter 

in section V, although they did not appear to restrict material in the same way as the sphincter 

anterior to the hindgut chamber in K. vaigiensis.  The sphincter was removed from some 

individuals and fixed as above for further analysis.  After fixation for a minimum of 24 hours, 

gut tissue samples collected in the vicinity of Lizard Island in March 2011 were transferred to 

70% v/v ethanol for transport to the University of Auckland, New Zealand.  Samples collected 

in the vicinity of Lizard Island in 2012 and 2013 were kept in formaldehyde for transport. 

Upon receipt of these samples in Auckland, samples collected in March 2011 and 

January-February 2012 were further sectioned with a sterile blade to produce a transverse 

section of the gastrointestinal tract that was approximately 4 mm long.  The hindgut sphincter 

of some individuals and pyloric caeca samples were also further sectioned.  Hindgut sphincter 

samples were cut longitudinally to produce a region of gut that included the hindgut sphincter 

and its flanking regions of gastrointestinal tract wall.  The pyloric caeca were processed 

differently for each species due to their different structures.  Transverse sections were obtained 

from the middle of the larger pyloric caeca of Ap. etheridgii, Ac. lineatus, Z. velifer, N. 

tonganus, N. unicornis, N. brevirostris, S. doliatus and S. vulpinus.  Due to the large number 

of small pyloric caeca in K. cinerascens and K. vaigiensis, a small group of pyloric caeca were 

cut longitudinally to obtain a cross-section of the entire length of the pyloric caeca.  

Immediately following sectioning, each sample was placed individually in a plastic tissue 

embedding cassette (ProSciTech Pty Ltd., Townsville, QLD, Australia) and placed into 70% 

v/v ethanol for 10 minutes.  Cassettes were transferred to a Tissue-Tek® Vacuum Infiltration 

Processor (V.I.P.) 2000 (Sakura Finetek, Tokyo, Japan) to put samples through a dehydration 

series and wax infiltration process consisting of 70% v/v ethanol for 1 hour at 35°C, 70% v/v 

ethanol for 45 minutes at 35°C, 95% v/v ethanol for 45 minutes at 35°C, 95% v/v ethanol for 1 

hour at 35°C, 100% v/v ethanol for 1 hour at 35°C repeated four times, xylene for 1 hour 30 

minutes repeated two times and wax (McCormick™ Scientific Paraplast X-TRA tissue 

embedding medium; St Louis, MO, USA) for 2 hours at 58°C repeated two times.  All 

samples collected in 2013 were placed into mega cassettes with cable ties still in place at both 

ends of each section, and then placed into the Tissue-Tek® V.I.P. 2000.  These samples were 

processed using the same protocol as above, with the vacuum turned off to prevent the gut 

tissue from bursting during dehydration. 
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Samples that were sectioned prior to being placed in the Tissue-Tek® V.I.P. 2000 were 

removed from their cassettes, placed into the base of stainless steel moulds and embedded in 

paraffin wax at 60°C using a Leica EG1150 H Paraffin Embedding Station (Leica, Nussloch, 

Germany), with McCormick™ Scientific Paraplast tissue embedding medium.  Those samples 

placed in the Tissue-Tek® V.I.P. 2000 with restraints still in place were carefully sectioned 

further using a sterile blade to produce transverse sections of the gastrointestinal tract.  

Sections were approximately 4 mm in length.  These sections were then placed in stainless 

steel moulds and embedded in paraffin wax as above.  Samples were cooled on a Leica 

EG1150 C cold plate (Leica, Nussloch, Germany) at -5°C.  Paraffin blocks were removed 

from the moulds and trimmed ready for sectioning. 

The embedded samples were soaked for approximately 30 seconds on the surface of a 

GFL 1052 tissue float bath (GFL, Burgwedel, Germany) at 40°C and immediately placed on 

ice until the block was chilled.  Before the tissue float bath was used for floating out cut 

sections, and between cutting blocks, the surface of the tissue float bath was cleaned by 

dragging a paper tissue across the surface of the water.  This removed any debris and residual 

xylene left on the surface of the bath that could affect the quality of the following sections.  

Blocks were cut at 5-20 µm using a MICROM HM 330 Rotary Microtome (MICROM 

International GmbH, Walldorf, Germany).  Samples were sectioned as finely as the tissue 

would tolerate, with most samples cut at 5 or 7 µm.  Sections were floated out on the tissue 

float bath at 40°C and immediately collected onto poly-L-lysine (Sigma-Aldrich, St Louis, 

MO, USA) coated glass slides.  Slides were coated with poly-L-lysine due to superior results 

when compared with sections mounted on glass slides coated with albumin, and Superfrost 

Plus slides (Menzel-Gläser, Braunschweig, Germany).  Slides were air dried and then placed 

into a Medite® tissue drying oven, TDO 50 (Medite GmbH, Burgdorf, Germany), at 60°C for 

20 minutes. 

 

2.2.2.1  Gill’s haematoxylin and eosin stain 

Gill’s haematoxylin (Gill et al., 1974) and eosin (H&E) was used to stain slides for 

analysis of general gut morphology.  H&E stains basophilic structures such as nuclei blue, and 

eosinophilic structures red (Cormack, 2001).  The majority of tissue from the gastrointestinal 

tract was stained shades of pink, providing clear results for analysis.  Multiple slides were 

produced for each gut section from each individual to ensure that any variations within a 

sample could be recorded. 
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Slides were taken from the oven and immediately placed in 100% v/v xylol for five 

minutes to remove the wax from the slides.  Slides that were not immediately stained after 

sectioning were placed back in the tissue drying oven for 10 minutes at 60°C to melt the wax 

prior to being immersed in 100% v/v xylol as above.  Slides were cleared by immersion in 2 x 

100% v/v ethanol for two minutes each and 95% v/v ethanol for two minutes, then rinsed in 

running tap water for one minute.  Slides were placed in Gill’s haematoxylin for five minutes.  

Excess stain was rinsed off in a water bath with running tap water and the slides drained.  

Slides were dipped into 1% v/v acid alcohol (1% v/v hydrochloric acid in 70% v/v ethanol) 

twice before again being briefly rinsed in running tap water.  The slide rack was removed from 

the water bath and the water was changed to discard any residual acid alcohol remaining.  

Slides were placed in Scott’s tap water substitute (S.T.W.S.) to blue for three seconds and then 

washed in running tap water for a further five minutes.  The slides were transferred to 2% w/v 

aqueous eosin (LR mix) for five minutes, rinsed briefly in running tap water and drained.  The 

slides were dehydrated through an ethanol series, with six dips in each of 95% v/v ethanol and 

three baths of 100% v/v ethanol.  Slides were then cleared by six dips into each of three baths 

of 100% v/v xylol.  The slides were covered with a glass coverslip, using Eukitt mounting 

medium to adhere the coverslip.  Trapped air bubbles were gently pressed out using plastic 

forceps, and slides left to dry overnight. 

Slides were examined and photographed using a DMRE light microscope (Leica, 

Nussloch, Germany) with a DC500 digital camera (Leica, Nussloch, Germany) attached.  

Images were taken at several magnifications to enable a range of detail to be captured for 

analysis.  Histological images used in figures of general gut structure of each study fish 

species were taken from the same individual where possible.  In situations where a section of 

the GIT from the individual being used was damaged, an individual of a similar size and 

weight was used. 

 

2.2.3  Sample analysis 

2.2.3.1  Morphological measurements 

Histological images were used to analyse the morphological differences between 

different sections of the GIT within a species, as well as the morphological differences 

between species.  Images were used to measure the thickness of circular muscle, longitudinal 

muscle, and the submucosa, as well as villus length, villus width and epithelial cell height.  

The length and width of intestinal folds in the different regions of section I (from the 

oesophagus to the muscular region anterior to the pyloric caeca) were measured.  The surface 
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area of a single villus from each section of the gut was calculated from villus height and width 

measurements following the microvillus surface area equation used by Frierson and Foltz 

(1992) and German et al. (2010), modelled on the surface area of a cylinder.  The cylinder was 

used to approximate a villus as shown in Equation (1), where H is villus height, W is villus 

width, and r = 0.5W: 

 Villus SA (μm2) = (HπW) + (πr2)      (1) 

 

The surface length of folds from the different regions of the stomach was calculated to 

estimate which intestinal folds created the largest surface over which villi could be distributed.  

Due to the nature of intestinal folds being long and ridge-like rather than cylindrical in shape, 

the surface area could not be calculated as above.  The surface length of a single intestinal fold 

in cross-section was estimated using two lengths to model the sides of the fold, and a semi-

circle to model the tip of the fold.  The radius of the semi-circle was subtracted from the length 

of the fold to ensure that the model more accurately represented the shape of a fold.  The 

surface length for each fold was calculated using Equation (2), where L is the length of the 

fold, W is the width of the fold and r = 0.5W: 

 Surface Length = 2(L-r) + (πr)     (2) 

 

All measurements were made using ImageJ 1.48 (National Institutes of Health, 

Bethesda, MD, USA) image processing and analysis software.  To obtain a more reliable 

measurement for each feature, 10 images were measured per section per species and averaged.  

These averages were then combined over all individuals from the same species as a mean and 

standard error of the mean (SEM) for each gut feature for each section of the gut. 

 

2.2.3.2  Mucus abundance estimates 

The amount of mucus within a transverse section of the GIT was estimated for each 

section of each species.  An image of a transverse section of the GIT at low magnification was 

overlaid with a grid of approximately 100 points.  A point count was used to estimate the 

percentage of the lumen occupied by mucus.  Any points overlying the mucosal surface or 

algal fragments in the lumen were excluded from the percentage calculation.  Percentages 

were categorised into intervals of 10%, from 0-10% to 91-100%, for presentation of results. 
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The size and distribution of goblet cells was also recorded.  The size of a goblet cell 

was recorded as the diameter of the goblet cell at its widest part.  The number of goblet cells 

within a randomly selected 500 μm length of the GIT wall was recorded to give an estimate of 

goblet cell abundance.  In order to get an overall estimate of goblet cell abundance per section 

of the GIT per species, the percentage of goblet cells occupying the GIT wall was calculated 

as in Equation (3), where D is the measured diameter of the goblet cell, and C is the count of 

goblet cells over a 500 μm length: 

 Goblet Cells (%) = DC/5      (3) 

 

All measurements were made using ImageJ 1.48 (National Institutes of Health, 

Bethesda, MD, USA) image processing and analysis software.  To obtain more reliable counts 

and size measurements for each feature, 10 images were used per section per species and 

averaged.  These counts and measurements were then combined over all individuals from the 

same species as a mean and SEM for each feature for each section of the gut. 

 

2.2.3.3  Statistical analysis 

Comparison between histological measurements of features from the GIT of each 

species was carried out using an analysis of variance (ANOVA) to test for any differences 

between sections of the GIT.  The data were first checked for normality and equal variance 

using lattice plots of raw data and Normal Q-Q plots.  Data were found to be skewed, so were 

(logn + 1) transformed to avoid values of zero.  Transformed data satisfied the statistical 

assumptions for analysis of variance (ANOVA).  Where a significant ANOVA result was 

returned, Tukey’s HSD was used to check for pairwise differences between the different 

sections of the GIT, in multiple comparisons.  Differences were considered to be statistically 

significant when p < 0.05.  Goblet cell size and density data were compared in the same way, 

using a logn transformation of data to satisfy the assumption of equal variance.  Comparison of 

intestinal folds in the different stomach regions was tested using an ANOVA on log 

transformed data for species where a comparison of three or more regions was required.  

Where a statistically significant result was returned, Tukey’s HSD was used to make pairwise 

comparisons in multiple comparisons.  Welch’s t-test on log-transformed data was used to 

compare morphometric data from species with only two regions of the stomach to be 

compared.  As only data from the main bulb of the stomach of Ap. etheridgii and N. 
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brevirostris were available, no statistical tests were performed on the stomach fold data from 

these species. 

Correlation plots were used to analyse the correlation between morphological variables 

measured.  The variation of the six morphometric traits across all species were analysed with a 

principal components analysis (PCA).  Data were heavily skewed so were log-transformed 

prior to performing PCA using the covariance matrix.  The correlation plots and the 

eigenvectors resulting from the PCA were used to determine the most informative 

morphological variables to present in bar graphs, namely the circular muscle thickness and 

villus length.  All statistical analysis was performed using R software (http://www.r-

project.org/). 

 

2.3  Results 

 

2.3.1  Gross morphology 

Each species had a well-defined stomach followed by pyloric caeca around the pyloric 

sphincter.  The morphology of the main length of the GIT varied somewhat among species.  

Due to the considerable differences in the finer details of the morphology of the GIT, each 

species will be described separately. 

The stomach of Ap. etheridgii was well-defined and U-shaped with thick musculature.  

Immediately posterior to the stomach was a pyloric sphincter with four pyloric caeca, each 

approximately 3-4 mm in diameter and 20 mm in length.  The pyloric caeca were substantially 

smaller than those in Aplodactylus arctidens (Johnson, 2010).  The mid-region of the GIT was 

reasonably uniform in diameter.  There was a slight increase in the diameter of the GIT in 

section IV and a large increase in diameter in section V, to approximately three times that of 

section IV.  This increase in diameter was somewhat gradual between sections IV and V.  As 

in Ap. arctidens (Johnson, 2010), there was a weak hindgut sphincter towards the posterior of 

section V that did not appear to constrain material. 

Kyphosus cinerascens had a well-defined Y-shaped stomach (Fig. 2.2A).  

Approximately 200-300 short pyloric caeca were present, mainly distributed around the 

pyloric sphincter with lesser numbers in roughly the first 35 mm of section II.  Pyloric caeca 

were approximately 15 mm in length and 1 mm wide.  Sections II, III and IV of the 

gastrointestinal tract were relatively narrow.  The posterior of the gastrointestinal tract  
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Figure 2.2.  Photographs of some of the study fish species with their gastrointestinal tract 
(GIT) to show relative size and features of the tract.  (A) Kyphosus cinerascens and (B) K. 
vaigiensis had Y-shaped stomachs and numerous pyloric caeca posterior to the stomach.  Note 
that the constriction (*) in the hindgut of K. cinerascens is an artefact of unravelling the GIT, 
whereas K. vaigiensis had a well-defined hindgut chamber; (C) Acanthurus lineatus and (D) 
Zebrasoma velifer had U-shaped stomachs with narrow GITs; (E) Naso tonganus and (F) N. 
unicornis had long U-shaped stomachs, large pyloric caeca and a relatively undifferentiated 
length of GIT; and (G) Siganus doliatus had a U-shaped stomach and narrow GIT.  The image 
of Ac. lineatus was flipped vertically so that the orientation of the fish was consistent between 
photographs.  All scale bars 100 mm. 
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gradually increased in width.  The posterior end of section IV was slightly wider than the 

anterior, and section V was approximately twice the diameter of the more anterior sections.  

There was an apparently vestigial hindgut sphincter in section V; this sphincter was very weak 

and did not constrain material. 

Kyphosus vaigiensis had a large well-defined Y-shaped stomach (Fig. 2.2B).  

Approximately 150-200 pyloric caeca were distributed around the pyloric sphincter.  The 

pyloric caeca were not seen in section II of K. vaigiensis as they were in K. cinerascens.  The 

size of pyloric caeca depended on the size of the individual.  Pyloric caeca in adults were 5-12 

mm in length (both long and short caeca present in the same individual), whereas an immature 

individual sampled had pyloric caeca 3-7 mm in length.  Pyloric caeca were slightly wider in 

adults than in immature individuals, with widths of 1.5 mm and 1 mm respectively.  Sections 

II, III and IV were reasonably uniform in width.  There was a hindgut sphincter between 

sections IV and V, and section V was a well-defined hindgut chamber.  There was a large 

number of nematodes in section II of K. vaigiensis individuals collected in March 2011. 

The stomach of Ac. lineatus was elongated, U-shaped and approximately half the 

length of the other gut sections (Fig. 2.2C).  There were four pyloric caeca around the pyloric 

sphincter.  The length of the pyloric caeca depended on the size of the individual, although 

they were generally 15-30 mm in length and approximately 2.5 mm in width.  Some pyloric 

caeca appeared to have more fluid in them than others, giving them a different appearance; 

those containing fluid appeared tan in colour, whereas those that contained less fluid appeared 

pink.  The remainder of the GIT was narrow with a small increase in diameter in section V. 

Zebrasoma velifer had a long, U-shaped stomach, although the curve of the stomach 

was not as sharp as in some of the other study fish species (Fig. 2.2D).  The main bulb of the 

stomach was near the pyloric sphincter.  There were five pyloric caeca, approximately 15-30 

mm in length and 1.5-3 mm wide.  The GIT was relatively uniform in width.  The posterior 

two thirds of section V increased in size to approximately twice that of the more anterior 

sections. 

The stomach in N. tonganus was long, slender and U-shaped.  It was approximately 

two thirds the length of the other sections (Fig. 2.2E).  The most anterior portion appeared to 

be a long oesophagus, with the more posterior region showing the curve of the U-shaped 

stomach.  At the pyloric sphincter, there were five pyloric caeca approximately 35-55 mm in 

length, and 4 mm wide.  In one individual, two pyloric caeca were clearly shorter (25 mm) 

than the other three (50 mm).  Sections II, III, and IV were roughly uniform in width, with 

section V approximately twice the width of the more anterior sections. 
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Naso unicornis had a very long U-shaped stomach, the same length as the other 

sections of the GIT (Fig. 2.2F).  There were several constrictions along the length of it, so that 

the overall U-shape was more stretched out than in other species.  The very anterior of section 

I had a small bulb (I-ABulb) and the main bulb of the stomach was mid-way along section I.  

There were seven pyloric caeca at the pyloric sphincter, approximately 10-25 mm in length 

and 3 mm in width, although one individual had pyloric caeca 40 mm in length.  The 

gastrointestinal tract was roughly uniform in width, with section V slightly wider than the rest 

of the GIT.  The posterior 20% of the length of section V was approximately twice as wide as 

the anterior gut sections, and with an apparently non-constrictive sphincter at the anterior end 

of this enlarged region.  This most posterior region appeared to be more muscular and wider 

than the remainder of section V, and was possibly a functional rectum. 

Naso brevirostris had a long U-shaped stomach.  There were five short pyloric caeca 

around the pyloric sphincter which were evenly spaced radially.  Length and width 

measurements were not taken from pyloric caeca in this species.  The GIT was somewhat 

shorter relative to the other Naso species studied.  The length of the GIT was relatively thin 

and uniform in length. 

The U-shaped stomach in S. doliatus was half to two thirds the length of the other 

sections of the gut (Fig. 2.2G).  There were generally six pyloric caeca of uneven length 

around the pyloric sphincter.  In one individual three pyloric caeca were shorter than the 

others, and in the other individuals two pyloric caeca were shorter than the others.  Shorter 

caeca measured 9-15 mm in length and 1.5 mm in width, and longer caeca measured 15-25 

mm in length and 2 mm in width.  One small individual had short caeca measuring 4-6 mm 

long and 1.5 mm wide, and long caeca measuring 8-14 mm long and 3 mm wide.  Individuals 

of S. doliatus collected in March 2011 and May 2013 each had a single nematode of the genus 

Spirocamallanus (Camallanidae) along the length of each pyloric caecum, on average 

measuring 25 mm in length (Fig. 2.3).  In January-February 2012, only some individuals had 

Spirocamallanus sp. present in their pyloric caeca.  The main length of the GIT was narrow.  

There was an increase in gut diameter at the end of section V, approximately the posterior 

25% of section V.  There were a large number of possibly parasitic white nematodes in section 

II of S. doliatus individuals collected in January-February 2012.  All individuals sampled had 

a large number of orange parasitic trematodes of the family Gyliauchenidae in sections IV and 

V.  In some individuals, the anterior end of section V had a different pattern suggestive of 

large folds on the interior gut surface (similar to that seen in S. vulpinus) although this pattern 

gradually faded over the anterior 30 mm of section V. 
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Figure 2.3.  A nematode of the genus Spirocamallanus (Camallanidae) (arrow) with the 
pyloric caecum (PC) of Siganus doliatus from which it was removed.  Scale bar 5 mm. 

 

 

Figure 2.4.  The mid-region of section V of Siganus vulpinus, showing the change in texture 
of the wall of the gastrointestinal tract visible from the external surface.  The anterior GIT is to 
the left of both images, and the anus to the right.  Note the abrupt change in texture (arrow) 
towards the anterior end of the section, and the gradual change back to a texture similar to that 
in the rest of the gut at the posterior end. 
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The U-shaped stomach in S. vulpinus was approximately half the length of the other 

gut sections.  S. vulpinus had six pyloric caeca, two of which were distinctly shorter than the 

other four.  Longer pyloric caeca were 15-35 mm in length and 2.5 mm wide.  The two short 

pyloric caeca were 8-13 mm in length but were of the same width as the long caeca.  The main 

length of the GIT was narrow, with a small increase in the diameter of the gut in section V.  In 

the central third of section V there was a clear change in the texture of the gut wall (Fig. 2.4).  

This central part of the gut wall in section V was paler and, judging from the pattern visible on 

the exterior of the gut wall, appeared to have larger folds on its internal surface.  The change 

in colour and pattern was abrupt at the anterior end of this central third, but gradually changed 

back to a colour and pattern similar to the more anterior part of the gut over the remaining 

length of the third.  This change in texture was seen in all individuals collected, bar one 

collected in February 2012.  Although there was an increase in the diameter of the GIT near 

the anterior of the change in texture, there did not appear to be a sphincter constraining the gut 

contents.  One individual had a small conical gastropod shell in section IV of the gut, 

measuring 3.6 mm. 

 

2.3.2  Histology of the gastrointestinal tract 

2.3.2.1  Oesophagus and stomach 

There were thick layers of muscle in the oesophagus and stomach of the study fish 

species.  The circular muscle was generally significantly thicker in section I and I-M than that 

in the other regions of the GIT (Fig. 2.5; see Table B1 for numerical data on morphological 

measurements).  While the thickness of the circular muscle in section I of N. tonganus 

appeared thicker than that in all other sections of the GIT, section I was not significantly 

different from either I-A or I-M.  Circular muscle thickness was not significantly different 

between section I-ABulb and the other regions of the stomach in N. unicornis.  Section I was 

also not significantly different from section V, highlighting that section V was more muscular 

than the rest of the main GIT in N. unicornis.  The longitudinal muscle from the stomach of 

each species was generally thicker than that in the more posterior regions of the GIT, although 

there were many exceptions to this trend when statistical comparisons were analysed (Table 

B1).  The longitudinal muscle thickness in N. tonganus deviated from the general trend the 

most, with all regions in the main GIT having similar thickness to that in section I-M.  Siganus 

doliatus had a similar trend to N. tonganus, with the longitudinal muscle thickness in the 

anterior GIT not significantly different from the thickness in I-M, and the thickness in section 

V being slightly greater than that in the more anterior regions of the main GIT. 
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Figure 2.5.  Thickness of circular muscle in the different regions of the gastrointestinal tract 
for each study fish species.  Mean thickness ± SEM are presented.  Within a species, sections 
of the gastrointestinal tract that share a letter are not statistically significantly different at p < 
0.05 from Tukey’s HSD.  Sample sizes varied; bars lacking SEM were from a single sample.  
See Table B1 for numerical data, sample sizes and ANOVA results. 
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The submucosa in the stomach of the study fish species was generally thicker than in 

the more posterior regions of the GIT, although section I-A appeared to be more similar to the 

more posterior regions of the GIT (Table B1).  Naso brevirostris was unusual in that the 

submucosa in section I was not significantly different from any other section of the GIT except 

section V. 

Sections I-A and I of the study fish species were generally lined by large folds covered 

with many small villi.  The size and shape of the folds and villi varied in the different regions 

of the stomach (Fig. 2.6).  Overall, the folds in the wall of section I decreased in length and 

increased in width from anterior to posterior regions of the stomach (Table B2).  However, 

fold length and surface length were not significantly different between the different regions of 

the stomach for most study fish species.  Naso unicornis had significantly longer folds and 

fold surface length in I-ABulb than in the other regions of the stomach except section I-A. 

Villus width was generally significantly less in the different regions of section I than in 

the intestine (Table B3).  This was not true for K. cinerascens, in which mean villus width in 

the stomach regions was not significantly different from that in the intestine.  

In general, mean villus lengths in the different regions of section I were shorter than 

that in the intestine (Fig. 2.7; Table B3).  However, the trend was not as clear as for villus 

width, with many exceptions to the trend.  In K. cinerascens, although there was a significant 

difference in mean villus length between the different regions of the GIT, there was no 

significant difference between sections I and I-M, and the intestine.  Villi were long and thin 

in the stomach of K. vaigiensis, leading to an unusual situation in which the mean villus length 

in section I was significantly longer than those in some regions of the intestine. 

Villus surface area was generally significantly less in the different regions of section I 

than in the intestine (Table B3).  This was true for Ap. etheridgii, Ac. lineatus, Z. velifer, N. 

unicornis, S. doliatus and S. vulpinus.  Naso unicornis also had significantly greater villus 

surface area in I-M than in the other stomach regions.  Villus surface area in sections I and I-M 

of K. cinerascens and section I-M of K. vaigiensis was not significantly different to the 

intestine.  In N. tonganus there was no significant difference in villus surface area between I-

M and V, suggesting that villus surface area is similar at either end of the GIT. 

Epithelial cell height was generally shorter in the different regions of section I than in 

the intestine (Table B1).  Epithelial cell height was significantly shorter in I-A and I than in 

the intestine in Ap. etheridgii, K. cinerascens, Ac. lineatus, Z. velifer, S. doliatus and S. 

vulpinus.  Epithelial cells were significantly shorter in section I than in the intestine in K. 

vaigiensis, although there was no significant difference between those in I-M and in the  
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Figure 2.6.  Light micrographs from the different regions of section I demonstrating the 
different structures of folds in the gut wall.  From left to right the images presented are from 
the anterior to posterior regions of the stomach as labelled at the top of each column.  Each 
row represents a different species as indicated.  Sections stained with H&E.  Abbreviations: f, 
fold; l, lumen.  Scale bars for K. cinerascens 200 µm, all other scale bars 500 µm. 
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Figure 2.7.  Villus length in the different regions of the gastrointestinal tract for each study 
fish species.  Mean thickness ± SEM are presented.  Within a species, sections of the 
gastrointestinal tract that share a letter are not statistically significantly different at p < 0.05 
from Tukey’s HSD.  Sample sizes varied; bars lacking an error bar were estimated from a 
single sample.  See Table B1 for numerical data, sample sizes and ANOVA results. 
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pyloric caeca.  The majority of the stomach regions from N. unicornis had significantly shorter 

epithelial cells than did the rest of the GIT, although those in I-M were not significantly 

different in height from those in sections II-V.  There was no significant difference in 

epithelial cell height between any sections of the GIT in N. brevirostris. 

 

2.3.2.2  Pyloric caeca and intestine 

There was little difference in circular (Fig. 2.5) and longitudinal muscle thickness in 

the intestine, including the pyloric caeca (Table B1).  Circular muscle in K. cinerascens was 

significantly thinner in the pyloric caeca than in sections II, III and IV (Fig. 2.5).  Longitudinal 

muscle in K. vaigiensis was significantly thinner in section III than sections II and IV.  

Circular muscle in N. unicornis was significantly thicker in section V than the more anterior 

sections of the intestine (Fig. 2.5), and longitudinal muscle was significantly thicker in section 

V than in the anterior intestine (the pyloric caeca and sections II and III) (Table B1).  While in 

most species the thickness of the muscularis propria in the pyloric caeca was thinner than that 

in the main GIT, S. doliatus had significantly thicker circular muscle in the pyloric caeca than 

in section II (Fig. 2.5).  The hindgut sphincter in section V of Ap. etheridgii and N. unicornis 

was mainly comprised of thick circular muscle, creating a flap-like structure. 

The submucosa was generally quite thin in the intestine, and had little variation in 

thickness between intestinal gut sections (Table B1).  When there was a statistically significant 

difference in the thickness of the submucosa, it was often the case that the pyloric caeca had 

significantly thinner submucosa than that in the intestine. 

The longest villi were generally in the pyloric caeca and section II, and section III had 

short villi in several species (Fig. 2.7; Table B3).  Five study fish species had the longest villi 

in the pyloric caeca, four had the longest villi in section II and Ap. etheridgii had longest villi 

in section III, although villus length was similar throughout the intestine in this species (Fig. 

2.8).  Villi were shorter in sections III and V of K. cinerascens (Fig. 2.9) and K. vaigiensis 

(Fig. 2.10) than those in the other sections of the intestine.  There was variation in villus length 

in Ac. lineatus (Fig. 2.11) although there were no significant differences between sections of 

the GIT.  Villus length generally decreased from anterior to posterior in the main GIT of Z. 

velifer (Fig. 2.12) and N. tonganus (Fig. 2.13).  Despite variation in villus length in N. 

unicornis (Fig. 2.14), and long villi recorded in section II of N. brevirostris (Fig. 2.15), there 

were no significant differences between sections of the intestine in these species.  Villi in 

sections III and V of S. doliatus (Fig. 2.16) were shorter than those in the other sections of the  
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Figure 2.8.  Transverse histological sections of the gastrointestinal tract from Aplodactylus 
etheridgii demonstrating differences in villus structure and length in the different regions of 
the tract.  (A) Section I, arrow indicates villus; (B) pyloric caeca; (C)-(F) sections II-V 
respectively.  Sections stained with H&E.  Abbreviations: f, fold in the gut wall; l, lumen; m, 
muscularis propria; sm, submucosa; v, villus.  Scale bars 200 µm for all images. 
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Figure 2.9.  Transverse histological sections of the gastrointestinal tract from Kyphosus 
cinerascens demonstrating differences in villus structure and length in the different regions of 
the tract.  (A) Section I, arrow indicates villus; (B) pyloric caeca; (C)-(F) sections II-V 
respectively.  Sections stained with H&E.  Abbreviations: f, fold in the gut wall; l, lumen; m, 
muscularis propria; sm, submucosa; v, villus.  Scale bars 200 µm for all images. 

 

 



Chapter 2:  Histology of the gastrointestinal tract 
 

43 

 

 

Figure 2.10.  Transverse histological sections of the gastrointestinal tract from Kyphosus 
vaigiensis demonstrating differences in villus structure and length in the different regions of 
the tract.  (A) Section I, arrow indicates villus; (B) pyloric caeca; (C)-(F) sections II-V 
respectively.  Sections stained with H&E.  Abbreviations: f, fold in the gut wall; l, lumen; m, 
muscularis propria; sm, submucosa; v, villus.  Scale bars 200 µm for all images. 
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Figure 2.11.  Transverse histological sections of the gastrointestinal tract from Acanthurus 
lineatus demonstrating differences in villus structure and length in the different regions of the 
tract.  (A) Section I, arrow indicates villus; (B) pyloric caeca; (C)-(F) sections II-V 
respectively.  Sections stained with H&E.  Abbreviations: ep, Epulopiscium spp. bacteria; f, 
fold in the gut wall; l, lumen; m, muscularis propria; sm, submucosa; v, villus.  Scale bars 200 
µm for all images. 
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Figure 2.12.  Transverse histological sections of the gastrointestinal tract from Zebrasoma 
velifer demonstrating differences in villus structure and length in the different regions of the 
tract.  (A) Section I, arrow indicates villus; (B) pyloric caeca; (C)-(F) sections II-V 
respectively.  Sections stained with H&E.  Abbreviations: f, fold in the gut wall; l, lumen; m, 
muscularis propria; sm, submucosa; v, villus.  Scale bars 200 µm for all images. 
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Figure 2.13.  Transverse histological sections of the gastrointestinal tract from Naso tonganus 
demonstrating differences in villus structure and length in the different regions of the tract.  
(A) Section I, arrow indicates villus; (B) pyloric caeca; (C)-(F) sections II-V respectively.  
Sections stained with H&E.  Abbreviations: ep, Epulopiscium spp. bacteria; f, fold in the gut 
wall; l, lumen; m, muscularis propria; sm, submucosa; v, villus.  Scale bars 200 µm for all 
images. 
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Figure 2.14.  Transverse histological sections of the gastrointestinal tract from Naso unicornis 
demonstrating differences in villus structure and length in the different regions of the tract.  
(A) Section I, arrow indicates villus; (B) pyloric caeca; (C)-(F) sections II-V respectively.  
Sections stained with H&E.  Abbreviations: ep, Epulopiscium spp. bacteria; f, fold in the gut 
wall; l, lumen; m, muscularis propria; sm, submucosa; v, villus.  Scale bars 200 µm for all 
images. 
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Figure 2.15.  Transverse histological sections of the gastrointestinal tract from Naso 
brevirostris demonstrating differences in villus structure and length in the different regions of 
the tract.  (A) Section I, arrow indicates villus; (B) pyloric caeca; (C)-(F) sections II-V 
respectively.  Sections stained with H&E.  Abbreviations: l, lumen; m, muscularis propria; sm, 
submucosa; v, villus.  Scale bars 200 µm for all images. 
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Figure 2.16.  Transverse histological sections of the gastrointestinal tract from Siganus 
doliatus demonstrating differences in villus structure and length in the different regions of the 
tract.  (A) Section I, arrow indicates villus; (B) pyloric caeca; (C)-(F) sections II-V 
respectively.  Sections stained with H&E.  Abbreviations: f, fold in the gut wall; l, lumen; m, 
muscularis propria; sm, submucosa; v, villus.  Scale bars 200 µm for all images. 
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Figure 2.17.  Transverse histological sections of the gastrointestinal tract from Siganus 
vulpinus demonstrating differences in villus structure and length in the different regions of the 
tract.  (A) Section I, arrow indicates villus; (B) pyloric caeca; (C)-(F) sections II-V 
respectively.  Sections stained with H&E.  Abbreviations: f, fold in the gut wall; l, lumen; m, 
muscularis propria; sm, submucosa; v, villus.  Scale bars 200 µm for all images. 
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main GIT.  Villi were short in section III of S. vulpinus (Fig. 2.17), but there were no 

significant differences between intestinal sections. 

There was no clear trend in differences in villus width between the different regions of 

the intestine, with some species showing a general increase from anterior to posterior, some 

showing a general decrease, and others fluctuating (Table B3).  There was no significant 

difference in villus width between the different sections of the main GIT in most species.  Villi 

were significantly thinner in the pyloric caeca in Ap. etheridgii than the other sections of the 

intestine (Table B3).  Villus width in section V in K. cinerascens was significantly thinner 

than in all other sections of the intestine except the pyloric caeca (Table B3).  In S. vulpinus, 

villus width was greater in section II than in section V (Table B3). 

Villus surface area tended to follow the same trend as villus length, showing a decrease 

from anterior to posterior.  Several species had a large increase in villus surface area in section 

IV interrupting the decreasing trend (Table B3).  However, in most species there was no 

significant difference in villus surface area between the sections of the intestine.  Villus 

surface area in K. cinerascens was significantly smaller in section V than in the pyloric caeca, 

section II and section IV (Table B3).  Villus surface area in N. tonganus was also smaller in 

section V than in the other intestinal sections (Table B3).  Naso brevirostris had significantly 

larger villus surface area in section II than in section V (Table B3). 

Epithelial cell height was generally similar between different sections of the intestine, 

and was also similar among species (Table B1).  In most species there was no statistically 

significant difference between the different sections of the intestine.  Epithelial cells were 

significantly shorter in the pyloric caeca in Ap. etheridgii than in the other sections of the 

intestine (Table B1).  Epithelial cells of the pyloric caeca of Ac. lineatus were significantly 

taller than in all other sections of the intestine other than section IV (Table B1).  Naso 

brevirostris had no significant difference in epithelial cell height between any sections of the 

GIT, including the stomach (Table B1).  In S. vulpinus, section II had significantly taller 

epithelial cells than in section V (Table B1). 

Analysis across all study species of the six morphological variables measured revealed 

that the circular and longitudinal muscle thickness were positively correlated, such that 

individuals with thicker circular muscle also had thicker longitudinal muscle.  Weak positive 

correlations existed between submucosal thickness and both circular and longitudinal muscle 

thickness, and also between villus length and width. 

The eigenvectors, eigenvalues and variances from the first three principal components 

of the covariance matrix are presented in Table 2.1.  The first principal component (PC1) 
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explained 66.8% of the total variance, with PC2 explaining 20.6%.  The eigenvectors indicated 

that there was a relationship between circular muscle thickness and villus morphology (length 

and width), because these variables had the largest and smallest eigenvectors (Table 2.1).  

When the vectors were viewed on the loading plot, it was evident that thickness of circular 

muscle, longitudinal muscle and submucosa were grouped, as were villus length, villus width 

and epithelial cell height (Fig. 2.18).  This arrangement indicated that the variables within each 

group had positive covariance with one another, whereas there was little covariance between 

variables from the two different groups.  The length of the villus length eigenvector indicated 

that this variable had the greatest variation in the direction of the PC2 axis, reiterating what the 

eigenvector values showed. 

The overall GIT morphology of the study species appeared to be similar as based on 

the six morphological variables included in the analysis (Fig. 2.19A).  Whilst there were some 

small differences between species, such as between N. tonganus and S. vulpinus which had 

ellipses that barely overlapped, the overall clustering of the data points indicated that species 

were generally similar.  The two outliers from K. cinerascens corresponded to two individuals 

that lacked villi in section V; the data points were not omitted as they were valid results.  

When data were visualised by section of the GIT rather than by species, the negative 

relationship between the circular muscle thickness and villus width was particularly apparent 

in section I, which sat apart from the other sections of the GIT (Fig. 2.19B).  Section I was 

positioned at the lower end of the PC1 axis, indicating that this section tended to have greater 

muscle and submucosal thickness than the rest of the GIT.  It was also slightly on the negative  

 

Table 2.1.  Eigenvectors of the first three principal components obtained from principal 
components analysis on the six morphological variables measured for the 10 study species. 

Morphological Feature 
Principal Component 

1 2 3 

       
Circular muscle thickness -0.66 

 
0.12 

 
0.34 

 
Longitudinal muscle thickness -0.45 

 
0.24 

 
0.42 

 
Submucosa thickness -0.51 

 
0.17 

 
-0.82 

 
Villus length 0.16 

 
0.77 

 
0.06 

 
Villus width 0.23 

 
0.52 

 
-0.13 

 
Epithelial cell height 0.15 

 
0.19 

 
0.09 

 
       

Eigenvalue 2.94 
 

0.91 
 

0.24 
 

Percent variance explained 66.8 
 

20.6 
 

5.3 
 

Cumulative percent variance explained 66.8 
 

87.4 
 

92.8 
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Figure 2.18.  Loading plot on the first two principal components (PC1 and PC2) from 
principal components analysis on the six morphological variables measured for the 10 study 
species.  Abbreviations: cm, circular muscle thickness; ech, epithelial cell height; lm, 
longitudinal muscle thickness; sm, submucosal thickness; vl, villus length; vw, villus width. 

 

side of the PC2 axis, indicating that section I had shorter and narrower villi, and shorter 

epithelial cells than the more posterior regions of the GIT.  It therefore appears that the study 

species were overall quite similar in their GIT morphology, with the main difference across all 

species being between section I and the remainder of the GIT. 

 

2.3.2.3  Goblet cells 

Goblet cells were present throughout the intestine of the study species, including in the 

pyloric caeca.  The size and density of goblet cells varied in the different regions of the GIT 

for each species.  As these cells are a primary source of mucus and are responsible for 

maintaining the layer of mucus over the surface of the mucosa (Specian & Oliver, 1991), more 

detail on the distribution of goblet cells will be provided in Section 2.3.3 with the results for 

mucus distribution. 
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Figure 2.19.  Score plots on the first two principal components (PC1 and PC2) from principal 
components analysis, showing the relationship between the six morphological variables 
measured (A) coloured by species, and (B) coloured by section of the gastrointestinal tract.  
For abbreviations of morphological features see Fig. 2.18. 
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2.3.2.4  Rodlet cells 

The majority of the study fish species did not have rodlet cells in their stomach; a small 

number were present at the tips of villi in both sections I-A and I of Z. velifer and in section I 

of N. brevirostris.  They were also present along the sides of villi in section I of S. vulpinus, in 

greater numbers than were seen at the tips of villi in Z. velifer and N. brevirostris. 

Rodlet cells were present in the intestine in all study fish species, and were present in 

the pyloric caeca in all species except Ap. etheridgii.  Sections III, IV and V of N. unicornis 

had a greater number of rodlet cells present than in the anterior GIT.  Naso brevirostris had the 

greatest number of rodlet cells out of the study fish species, with large numbers present in 

every section of the intestine, including the pyloric caeca.  In the other nine study fish species 

rodlet cells were sparsely distributed.  Rodlet cells were positioned perpendicularly to the 

luminal membrane, with rodlets closest to the luminal surface and the nucleus at the base of 

the cell. 

 

2.3.3  Mucus distribution 

2.3.3.1  Mucus lining the gastrointestinal tract 

Mucus was distributed over the surface of microvilli in all sections of the GIT.  The 

mucus was generally string-like in appearance.  Histological analysis showed that the mucus 

layer over the surface of the villi in the stomach was much thicker than that in the intestine, 

generally forming a continuous layer over the surface of the villi.  The thickness of the mucus 

layer varied from species to species (Fig. 2.20).  In the stomach region, the mucus layer was 

thickest in I-M (Table 2.2). 

The pyloric caeca had very little mucus present, whether over the surface of villi or in 

the lumen.  Zebrasoma velifer was the only species in which a substantial amount of mucus 

was present in the centre of the lumen of the pyloric caeca (Table 2.2). 

The quantity of mucus generally increased from anterior to posterior in the intestine 

(Table 2.2).  There was a thin layer of mucus over the surface of villi in section II, although 

this layer was discontinuous (Fig. 2.21).  Acanthurus lineatus, K. cinerascens, N. tonganus, N. 

unicornis, N. brevirostris and S. vulpinus had a large amount of mucus present in the centre of 

the lumen in section II.  In section III of some species, such as S. doliatus, there were wide 

layers of mucus over the mucosal surface, but this mucus was thin (Fig. 2.22).  There was a 

large increase in the amount of mucus in the centre of the lumen in section V in most study 

species, but the layer over the mucosal surface was thinner than in the previous intestinal  
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Figure 2.20.  Light micrographs demonstrating the variation in the thickness of mucus 
(arrows) covering the tips of the villi in section I. (A) Aplodactylus etheridgii; (B) Kyphosus 
cinerascens; (C) K. vaigiensis; (D) Acanthurus lineatus; (E) Zebrasoma velifer; (F) Naso 
tonganus; (G) N. unicornis; (H) N. brevirostris; (I) Siganus doliatus; (J) S. vulpinus.  Sections 
stained with H&E.  Abbreviations: l, lumen; m, mucosa.  Scale bars all 20 μm. 
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Table 2.2.  Amount of mucus in each section of the gastrointestinal tract of the study species.  
Circle size is proportional to the amount of mucus present in the lumen of that section of the 
gut.  See section 2.2.3.2 for details of how the amount of mucus was calculated. 
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Figure 2.21.  Light micrographs demonstrating the distribution of mucus (arrows) over the 
surface of the mucosa in two sections of the main GIT.  The mucus was often thin and formed 
a discontinuous layer over the mucosal surface.  (A) Section II of Siganus doliatus; (B) the 
pyloric caeca of S. vulpinus.  There were small algal fragments in the mucus in S. doliatus 
(arrowhead), and broken diatoms in that of S. vulpinus (*).  Sections stained with H&E.  
Abbreviations: g, goblet cell; l, lumen; m, mucosa.  Scale bars 20 μm. 

 

 

Figure 2.22.  A light micrograph of the thick layer of mucus (arrow) near the mucosal surface 
in section III of Siganus doliatus.  Although the layer of mucus is wide, the structure of the 
mucus is thin.  Dense regions (arrowhead) were also present in the lumen, although they did 
not have the same structure as the thick patches observed in other species.  Sections stained 
with H&E.  Abbreviations: l, lumen; m, muscularis propria; v, villus.  Scale bar 100 μm. 
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sections.  Some of the mucus in the lumen in Ac. lineatus was in thick patches (Fig. 2.23).  

There was a clear difference in the consistency of the gut contents in section V between K. 

cinerascens, which lacks a hindgut chamber, and K. vaigiensis, which has a well-defined 

hindgut chamber: there was a more homogeneous spread of mucus throughout the lumen of K. 

vaigiensis, whereas K. cinerascens had a patchy distribution with several thick clumps of 

mucus present around algal fragments (Fig. 2.24). 

 

2.3.3.2  Distribution of goblet cells 

Goblet cells were distributed throughout the intestine, including in the pyloric caeca.  

Goblet cells varied in size and density in the different sections of the GIT, and were often 

clustered together in small groups.  These goblet cell clusters were more frequently located at 

the tips of villi, although they did occur at the base of villi in some species.  The diameter of 

goblet cells from the different regions of the intestine were measured for each species (Fig. 

2.25; Table B4).  There was a general decrease in goblet cell diameter from the anterior to 

posterior of the GIT in most study fish species.  The greatest mean variation in goblet cell 

diameter was seen in Ap. etheridgii, followed by K. vaigiensis.  However, there were no 

significant differences in the diameter of goblet cells in the different regions of the intestine in 

K. vaigiensis.  Goblet cells in Ac. lineatus were smaller than in any other study species. 

 

 

 

Figure 2.23.  Light micrographs showing the two different forms of mucus observed in the 
study species, as demonstrated from section V of Acanthurus lineatus.  (A) Thin mucus, and 
(B) thick patches of mucus.  Note that both the thin and thick mucus have a string-like 
appearance (arrows).  Sections stained with H&E.  Abbreviations: a, algal fragment; f, 
flagellates; l, lumen; m, mucus.  Scale bars 20 μm. 
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Figure 2.24.  Light micrographs demonstrating the clear difference between the lumen in 
section V of (A) Kyphosus cinerascens, which lacks a hindgut chamber, and (B) K. vaigiensis 
which has a well-defined hindgut chamber.  The mucus (arrows) in the lumen of K. 
cinerascens was distributed in small patches, whereas that in K. vaigiensis was 
homogeneously distributed.  The amount of mucus in K. vaigiensis was substantially greater 
than that in K. cinerascens.  Sections stained with H&E.  Abbreviations: a, algal fragment.  
Scale bars 200 μm. 

 

The number of goblet cells tended to increase from the anterior to posterior intestine 

(Table B4).  As with the goblet cell diameter, Ap. etheridgii had the greatest variation in goblet 

cell counts, with K. cinerascens and S. doliatus also having a large range of counts.  In 

general, the pyloric caeca tended to have fewer goblet cells present than the other sections of 

the main GIT, with the counts from the pyloric caeca of K. cinerascens, Ac. lineatus, Z. 

veliferand N. unicornis being significantly less than those from the other regions of the 

intestine.  Goblet cell counts from the pyloric caeca were significantly less than counts from 

sections III, IV and V in Ap. etheridgii and K. vaigiensis, from sections III and V in S. 

doliatus, and from section V in S. vulpinus (Table B4). 

In some species the size of the goblet cell decreased as the number of goblet cells 

increased.  The proportion of the wall of the GIT covered by goblet cells was estimated to give 

a proxy indication of the amount of mucus present in the different regions of the intestine for 

each study fish species.  These estimates demonstrated a similar trend to that of the goblet cell 

count, with a general increase from anterior to posterior of the GIT.  The trend was not as 

clear-cut as for the goblet cell counts, with several species showing decreased mucus (using 

the percent of the gut wall covered by goblet cells as a proxy for the amount of mucus present) 

in the mid-region of the GIT (Fig. 2.26; Table B4).  Some species had a slight decrease in the 

percentage of goblet cell cover in section IV, although it was not a significant decrease from 

the previous section of the GIT for any of these species.  Kyphosus cinerascens and Z. velifer  
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Figure 2.25.  Diameter of goblet cells in the different regions of the main gastrointestinal tract 
for each study species.  Mean diameter ± SEM are presented.  Within a species, sections of the 
gastrointestinal tract that share a letter are not significantly different at p < 0.05 from Tukey’s 
HSD.  Sample sizes varied.  See Table B4 for numerical data, sample sizes and ANOVA 
results. 
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Figure 2.26.  Percent of the mucosal surface covered by goblet cells in the different regions of 
the gastrointestinal tract for each study species.  Mean percent ± SEM are presented.  Within a 
species, sections of the gastrointestinal tract that share a letter are not significantly different at 
p < 0.05 from Tukey’s HSD.  Sample sizes varied.  See Table B4 for numerical data, sample 
sizes and ANOVA results. 
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had increasing amounts of mucus from the pyloric caeca to section IV, but had a slight 

decrease in the amount of mucus present in section V.  In these two species the density of 

goblet cells in the pyloric caeca was significantly less than in other sections of the intestine. 

Interestingly, there were similar mucus levels throughout the intestine of K. vaigiensis, 

excluding the pyloric caeca, and as such there were no significant differences in the percentage 

of goblet cell cover between sections of the GIT.  The density of goblet cells in the pyloric 

caeca in N. unicornis was significantly less than in sections II, III and V.  Naso tonganus and 

N. brevirostris both showed a decrease in mucus from the pyloric caeca to section III, 

followed by an increase in sections IV and V.  Both S. doliatus and S. vulpinus had an increase 

in mucus from the pyloric caeca to sections III and II respectively, a decrease in the middle of 

the GIT, followed by a much larger increase in mucus in the posterior GIT.  This trend was 

more pronounced in S. doliatus than S. vulpinus.  Overall, it appears that K. vaigiensis had the 

greatest percentage of goblet cells covering the gut wall when all sections of the GIT are 

considered, followed by K. cinerascens and Ap. etheridgii (Fig. 2.26).  The greatest 

percentages of goblet cell cover were seen in section IV of K. cinerascens (35.6 ± 3.4 %), and 

in section V of Ap. etheridgii (35.2 ± 5.1 %), K. vaigiensis (31.8 ± 14.4 %) and S. doliatus 

(32.2 ± 2.4 %). 

 

2.4  Discussion 

 

The results of this study show considerable variation in the structure of the GIT at the 

gross and histological levels, both within and between species.  Section V had a larger 

diameter than the more anterior regions of the GIT in all species, and in several species this 

region displayed other morphological differences such as a hindgut chamber or a change in the 

texture of the gut wall.  At the histological level, the different regions of the stomach generally 

had far thicker muscularis propria than did the main length of the intestine, as well as large 

folds in the wall of the GIT covered with small villi.  The main length of the GIT had thinner 

musculature, and the large villi covering the gut wall tended to decrease in length from the 

anterior to the posterior of the GIT.  Villus surface area also tended to decrease from anterior 

to posterior intestine, although several species had a large villus surface area in section IV.  

There was a general increase in the amount of mucus present in the lumen and over the surface 

of the mucosa from anterior to posterior, which was reflected in the general increase in the 

number and density of goblet cells from anterior to posterior of the GIT.  The trends observed 
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in the different features of the GIT examined will be discussed in terms of (i) the gross 

morphology of the GIT, (ii) the histology of the GIT, (iii) chemical reactor theory and 

absorption, and (iv) the distribution of mucus and its role in digestion. 

 

2.4.1  Gross morphology of the gastrointestinal tract 

The gross morphology of the GIT in the study species tended to be more similar among 

closely related species (see Fig. 1.1 for phylogenetic relationships).  The differences observed 

will be discussed by region of the GIT, from the anterior to posterior regions. 

The longer U-shaped stomach observed in many of the study species is reportedly the 

most common stomach morphology in fishes (Wilson & Castro, 2011).  The well-defined Y-

shaped stomach in K. cinerascens and K. vaigiensis enables these species to store more food 

than the other study species (Wilson & Castro, 2011).  This large storage capacity would be 

beneficial for feeding in short bursts, as a large amount of algae can be ingested in a relatively 

short period of time.  Although all of the study species are reported as being diurnal feeders 

(Choat et al., 2004), the two kyphosids clearly have a much larger capacity for storing food.  

This difference possibly results from these kyphosids being crepuscular feeders rather than 

feeding in the early afternoon when feeding activity of other herbivorous fishes peaks 

(Clements & Raubenheimer, 2006), meaning that they ingest a large amount of material over a 

short time period requiring their stomach to have a large storage capacity.  This feeding 

behaviour is further supported by the stomach of the closely related Kyphosus sydneyanus 

having the same well-defined Y-shaped stomach (Johnson, 2010) and being defined as a 

crepuscular feeder based on eye morphology (Pankhurst, 1989).  Therefore, our results support 

our hypothesis that the stomach of a species reflects its feeding behaviour, and agree with 

previous findings that suggest kyphosids feed less frequently and in larger quantities than the 

other study species due to their being crepuscular feeders. 

Studies have previously suggested that the number of pyloric caeca in a species reflects 

diet, with carnivores having many, and herbivores having few (Buddington & Diamond, 1986, 

1987).  The pyloric caeca in the tropical kyphosids examined in the present study were similar 

to those reported for K. sydneyanus, with hundreds present (Johnson, 2010).  At the other end 

of the spectrum, the planktivorous diet of N. brevirostris was not correlated with an increase in 

the number of pyloric caeca, with this species having the same number or fewer pyloric caeca 

than the herbivorous Naso species included in this study.  Juvenile N. brevirostris are 

herbivorous (Jones, 1968), negating the need for a large number of pyloric caeca.  Therefore, it 

appears that the number of pyloric caeca reflects the diet of the juveniles in this species, rather 
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than reflecting their adult diet.  The varying structure of pyloric caeca in the study species 

suggests that different species increase the surface area in the anterior of their GIT in different 

ways, with some species having many small pyloric caeca, and others having far fewer but 

much larger pyloric caeca.  The difference in the number of pyloric caeca may be related to 

the morphology and diet of ancestral species, or the juvenile form of species that have an 

ontogenetic shift in their diet, rather than reflecting current diet. 

The musculature and diameter of the GIT varied along its length in the study fish 

species.  The gut generally had a gradual increase in diameter posteriorly with the exception of 

K. vaigiensis, which had a large increase in diameter due to its hindgut chamber.  The related 

Kyphosus sydneyanus also has a hindgut chamber, but had varying gut diameter and muscle 

thickness along its length (Rimmer & Wiebe, 1987).  This K. sydneyanus was likely the 

recently described K. gladius (Knudsen & Clements, 2013a) based on the gross morphology 

and gut structure.  However, this variation along the length of the gut was not observed in the 

kyphosid study species or in any other study species, suggesting that the variations in gut 

morphology observed by Rimmer and Wiebe (1987) are not common in herbivorous fishes, 

and may be related to the location of ingesta at the time of capture. 

The increase in intestinal diameter in the posterior GIT would enable the retention of a 

large amount of digesta in the hindgut.  The increase in surface area accompanying the 

increase in diameter would not directly benefit the host species in terms of absorption, because 

the digesta in the centre of the lumen would be much further from the gut wall.  However, if 

ingesta is retained in the posterior region of the GIT, symbiotic microbes in the hindgut would 

have more time to break down material that could not be digested endogenously in the anterior 

intestine.  Another benefit of increasing the surface area of the GIT, either through folds or 

through longer gut length and retention times, is conservation of water, electrolytes and 

nitrogen (Stevens & Hume, 1995).  Folds in the intestine in the marine phase of the freshwater 

eel act to increase the area for ion transport and water exchange which is critical for survival in 

the marine environment (Simonneaux et al., 1988).  Folds in the intestinal wall are therefore 

extremely important in terms of both nutrition and general health, regardless of the diet of the 

host fish. 

There was a well-defined hindgut chamber in K. vaigiensis.  The temperate marine 

herbivore Odax pullus has high fermentation rates equivalent to terrestrial herbivores 

(Mountfort et al., 2002), and a long gut throughput time of up to 79.5 hours (Clements & Rees, 

1998; Baker, 2011; Clements et al., 2014).  The concentration of short-chain fatty acids 

(SCFA) and gut throughput time are similar between O. pullus and K. sydneyanus (Clements 
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et al., 2014).  Kyphosus vaigiensis may have a similarly long gut throughput time, giving the 

potential for digesta to remain in the hindgut chamber for a longer period and allowing the fish 

to absorb a greater proportion of available nutrients. 

A hindgut chamber is present at the posterior end of the GIT in several species from 

various families of fishes (Kandel et al., 1994; Clements, 1997; Martínez-Díaz & Pérez-

España, 1999; Choat et al., 2004; Seppola et al., 2006).  The fact that kyphosids generally have 

hindgut chambers suggests that these chambers have an important function.  Kyphosus 

cinerascens had a very thin, apparently vestigial, hindgut sphincter, with no enlarged region 

posterior to it.  The sphincter did not appear to constrain any contents, and lacked musculature 

posterior to the sphincter, suggesting K. cinerascens has lost this chamber, having evolved 

from a species with a functional sphincter.  Trait mapping provides further support for the idea 

of a loss of a hindgut chamber, as K. elegans, the sister species of K. cinerascens (Knudsen & 

Clements, 2013b), also has a hindgut chamber, suggesting K. cinerascens had an ancestral 

hindgut chamber. 

 

2.4.2  Histology of the gastrointestinal tract 

Previous work on freshwater fishes and terrestrial animals has suggested that tissue 

from the GIT needs to be fixed in an inflated state, often by running saline solution through 

the tract at a constant rate (Al-Hussaini, 1949a).  In the present study, we were interested in 

the gut contents and bacteria within the lumen of the GIT, so running a solution through the 

tract was not a feasible option.  Instead, we fixed tissue and processed it in its natural state at 

the histological level and constrained gut contents using cable ties prior to fixation.  These 

ligatures were left in place during the dehydration process prior to embedding, and as such the 

state of the gut wall should provide accurate estimates of muscle thickness, and villus and fold 

length for the study species.  The histology of the GIT was seen to vary considerably, both 

among and within species.  Despite the variation, some general trends were observed.  These 

will be discussed by region of the GIT, from the anterior to posterior regions. 

The small pouch (I-ABulb) in the anterior of section I in N. unicornis was an 

unexpected GIT feature.  Mucosal folds in this region were much longer and thinner than 

those in the other regions of section I.  The villi were also slightly longer than those in the 

other regions of section I with the exception of I-M.  It appears that this small pouch has the 

potential to expand in size, as suggested by the very large folds.  The increase in surface area 

suggests that a large amount of hydrochloric acid (HCl) would be able to be secreted onto the 

ingested material.  This is similar in function to the main bulb of the stomach.  Naso unicornis 
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are thought to have a crepuscular feeding pattern (Choat et al., 2004), and as such an 

additional storage organ would be beneficial.  Although this region has great potential for 

expansion, and consequently storage of material, there was very little algal material present in 

this small pouch when the study specimens were dissected, even when the stomach was full of 

algae.  Therefore its function requires further examination. 

A small pouch such as I-ABulb was not present in section I of any other study species.  

Small intestinal bulbs have been described from the anterior tract in stomachless scarines (Al-

Hussaini, 1945; Gohar & Latif, 1959, 1961).  Due to these scarines lacking pyloric caeca, the 

bulbs are suggested to have a similar function to pyloric caeca in fishes with a stomach, and 

act to increase the surface area of the anterior intestine (Gohar & Latif, 1959).  The histology 

of the folds and the muscularis propria from the intestinal bulb of the scarines is more similar 

to that seen in the main GIT of the study species, with larger villi, columnar epithelial cells 

and thinner muscularis propria, whereas the histology of I-ABulb in N. unicornis was more 

similar to the main bulb of the stomach, with large folds covered in many small villi, short 

epithelial cells and thick muscularis propria.  The major difference in the GIT between the 

stomachless scarines and the study species, all of which possess a stomach, is that the primary 

processing of ingesta is carried out in the pharyngeal mill of the scarines but is carried out in 

the stomach of the study species.  Therefore, the intestinal bulbs in the scarines are positioned 

posterior to the region where processing occurs, whereas I-ABulb in N. unicornis is positioned 

anterior to the main bulb of the stomach.  As such, it appears that I-ABulb has a different 

function in N. unicornis than the intestinal bulbs in scarines. 

The most anterior stomach regions sampled in the present study are close to the 

oesophagus.  These regions had thick circular muscle and thinner longitudinal muscle on their 

outer surface, and there was little difference between the study species with differing diets.  

While this muscle arrangement is common in numerous vertebrates (Holmgren, 1989) 

including some fishes (Albrecht et al., 2001), several fishes have either a different 

arrangement of the same two muscle layers (Al-Hussaini, 1945; Gohar & Latif, 1961; 

Morrison & Wright, 1999) or have muscularis propria consisting solely of circular muscle 

(Gohar & Latif, 1961; Albrecht et al., 2001).  These reports suggest that there is a large 

amount of variation in the muscular structure of the oesophagus, and that these differences do 

not relate to diet.  The presence of circular muscle in the oesophagus of Girella tricuspidata 

was interpreted as the oesophagus being involved in mixing and triturating the material 

ingested (Anderson, 1986).  While circular muscle could assist with mixing ingested material 

in the study species, the planktivorous N. brevirostris would have little need for triturating its 
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planktivorous diet.  This suggests that the circular muscle may simply be involved in the 

movement of food, as contracting the circular muscle would force the food backwards into the 

main bulb of the stomach. 

Several studies on fishes have reported a thick muscularis propria in the stomach 

region (Blake, 1930, 1936; Reifel & Travill, 1978; Anderson, 1986; Murray et al., 1994; 

Suíçmez & Ulus, 2005; Johnson, 2010; Canan et al., 2012; Takiue & Akiyoshi, 2013).  The 

musculature in the study species increased in thickness from the most anterior stomach region 

sampled, to the muscular region adjacent to the pyloric sphincter.  The muscle layers in the 

stomach were generally thicker than the muscle layers in the main GIT.  The contraction of the 

muscle layers causes the movement of ingesta from anterior to posterior along the length of 

the gut (Holmgren, 1989; Christensen, 1991; DeSesso & Jacobson, 2001; Gregersen, 2003).  

Ingested and partially lysed material in the stomach of the study species must pass through the 

tight pyloric sphincter to reach the GIT.  Due to the thick musculature of the sphincter acting 

to retain material in the stomach, considerable force would be required for ingesta to pass 

through it.  The thick stomach musculature anterior to the sphincter would assist with 

providing this force to move ingesta from the stomach to the main GIT.  These findings 

support our hypothesis that the stomach has thicker layers of muscle than in the main GIT. 

There was a defined submucosal layer of varying thickness throughout the GIT of the 

study species, irrespective of diet.  The submucosa was much thicker in the stomach than in 

the main GIT for all study species, supporting our hypothesis of a thicker submucosa in the 

stomach region.  This is also consistent with other studies on teleosts, with the exception of the 

brown trout, in which the submucosa was absent from the intestine and rectum (Burnstock, 

1959), and the damsel fish Stegastes fuscus in which there was no submucosa reported from 

the pyloric caeca (Canan et al., 2012).  However, the images published by Canan et al. (2012) 

show some deterioration causing the mucosa to separate from the muscle layers, as was seen 

in initial samples collected for the present study where proper fixation was delayed.  Therefore 

it may be that the preservation of the tissue did not allow for visualisation of the submucosa in 

S. fuscus, rather than its being altogether absent.  It seems that our study species are like many 

other teleosts, requiring the submucosa to support the mucosa and blood vessels essential to 

the transport of absorbed nutrients. 

In general, the stomach had a large surface area throughout, formed by large mucosal 

folds covered by many small villi.  Large folds have been reported in the stomach of other 

teleosts from different habitats and with varying diets (e.g. Blake, 1930; Reifel & Travill, 

1978; Sis et al., 1979; Murray et al., 1994; Albrecht et al., 2001; Johnson, 2010; Canan et al., 
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2012; Chakrabarti & Ghosh 2014; Hopperdietzel et al., 2014), although the folds reported 

from the pyloric stomach of the damsel fish S. fuscus were more similar to its main GIT, being 

smaller with large villi present (Canan et al., 2012).  The folds in the different regions of the 

stomach of our study species were different in morphology, with long, thin folds anterior to 

the main bulb of the stomach, and short, wide folds from the bulb of the stomach to the pyloric 

sphincter.  The more anterior regions of the stomach had a greater surface area which would 

enable a greater amount of mucus to be secreted to lubricate the ingesta, moving it efficiently 

to the main bulb of the stomach where it can be held for a period of time, potentially beginning 

the process of cell lysis (Zemke-White et al., 2000).  The histology of the stomach of the study 

species was distinct from that in the main GIT, unlike in S. fuscus, and it appears that the 

difference between the stomach and the main GIT in terms of folds is fairly common across 

many teleost species.  There was little difference between species with different diets with the 

main differences being between more distantly related species. 

There was a distinct difference in the epithelial surface between the stomach and main 

GIT in the study species due to the difference in the size and type of cells present.  In the Nile 

tilapia, there was also a clear difference between these two regions although this was 

characterised by a change from tubular glands to columnar epithelium (Morrison & Wright, 

1999).  Tubular glands were not observed in the study species; however there was a clear 

change from short secretory cells in the stomach to taller columnar epithelial cells in the main 

GIT.  This supports our hypothesis that the epithelial cell height in the stomach is less than in 

the main GIT.  Whilst there were small variations between other studies and our study species 

in terms of the types of cells present, the general trend of the cells in the stomach being 

distinct from those in the main GIT was consistent among studies. 

The separation of section I, the stomach, from the other sections of the GIT on the 

PCA plot reiterates the above findings that the stomach differs from the main GIT in terms of 

histological structure.  In terms of function, the stomach serves to store ingesta, with some 

HCl and peptic activity beginning the digestive process (Stevens & Hume, 1995), but little 

absorption occurring.  On the other hand, the main length of the GIT is concerned with further 

digestion and has a large amount of absorption occurring.  Therefore, the stomach has a very 

different function from the main length of the GIT. 

Teleosts have varying GIT structures, some with sacculations and others like our study 

species with a generally undifferentiated intestinal tract.  At the gross level, constrictions 

forming saccular structures have been observed in the mid-gut of scarines (Al-Hussaini, 1945; 

Gohar & Latif, 1959) and the posterior GIT of the peppered moray eel (Takiue & Akiyoshi, 
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2013).  These structures are similar to the taeniae and haustra present in the GIT of mammals 

which have been reported to slow the movement of, and retain, digesta (Christensen, 1991; 

Langer & Takács, 2004).  The effect of these constrictions is to increase the surface area of the 

GIT for both secretion and absorption, and restrict the movement of digesta somewhat (Al-

Hussaini, 1945).  These sacculations may also act as a size filter for the host, with large 

particles and inorganic matter passing through the gut more quickly, and smaller organic 

particles and fluid being retained in the saccular regions of the lumen.  On the other hand, the 

mid-gut of the julidine was similar to the study species in that it had no constrictions along its 

length (Gohar & Latif, 1959).  The lack of constrictions along the GIT in the study species 

suggests that the length of the gut, and the folds and villi present, enable the retention of 

ingesta for a period of time sufficient to obtain their nutritional requirements.  By having a 

longer GIT, a widening in the posterior region of the GIT, an increased surface area due to 

long villi, and the presence of hindgut microflora, the study species appear to be able to 

function as efficiently as those animals with additional sacculations. 

Previous studies looking at endogenous and exogenous (microbial) enzyme activity in 

marine herbivorous fishes demonstrated that endogenous digestion mainly occurs in the 

anterior and exogenous digestion in the posterior GIT (Skea et al., 2005, 2007).  In general, 

villus length decreased from anterior to posterior in the GIT of the study species, as did villus 

surface area.  This was similar to findings from the small intestine of mammals (Barry, 1976), 

and the GIT in other fishes (Al-Hussaini, 1945; Gargiulo et al., 1998; Banan Khojasteh et al., 

2009).  While the villus length and surface area was large in the anterior intestine of the study 

species, we did not find support for all of our hypothesis that the villus length and surface area 

would be greatest in the anterior and posterior GIT, to correspond with the regions where 

endogenous and exogenous digestion occur.  There was an increase in gut diameter in the 

posterior intestine, although it was not great enough to constitute a significant increase in 

surface area.  Consequently, it appears that either the products of endogenous digestion are the 

most important to absorb, that the quantity of products from endogenous digestion are greater 

than that of exogenous digestion, or a combination of the two.  As the products of exogenous 

digestion are likely to be equally important to the host fish, a difference in the quantity of 

products produced may be the reason for there being little increase in the surface area of the 

posterior intestine. 

There was no clear differentiation in GIT surface area between the herbivorous, 

omnivorous and planktivorous species in the present study.  The surface area in the small 

intestine of small carnivorous mammals was found to be much greater than that in herbivores, 
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with omnivores sitting between the two (Barry, 1976).  This suggests that teleosts may differ 

in digestive strategy from mammals.  Two pricklebacks with similar herbivorous diets differed 

in gut size, location of gut contents, digestive enzyme activity patterns and SCFA 

concentrations, suggesting convergent evolution (German et al., 2015).  The different gut 

characteristics suggest that the two prickleback species use different digestive strategies, with 

one species more reliant on endogenous digestion in the anterior of the GIT, and the other 

more reliant on microbial digestion in the posterior intestine (German et al., 2015).  These 

findings reiterate that diet alone does not determine the structure and function of the GIT. 

Villus length and surface area in the present study was generally most similar between 

species that were closely related (see Fig. 1.1 for phylogenetic relationships).  This pattern 

differs from that in stomachless New World silverfishes; populations of the same species 

inhabit different areas and have different diets, one herbivorous and one omnivorous, and also 

have substantial differences in GIT structure and enzyme activities (Horn et al., 2006).  This 

suggests that the gut structure and enzyme activities were related to diet in this species.  

Conversely, the observations in pricklebacks (German et al., 2015) cited above and 

histological gut structure in marine fishes (present study) suggest no relation to diet.  These 

various findings demonstrate that there are differences both between species and families of 

fishes.  An increased surface area in regions of the GIT where the majority of endogenous 

digestion occurs was one trend that was consistent among studies, regardless of diet and 

phylogeny. 

Villus length was shorter in section III of the GIT than in the sections immediately 

anterior and posterior to this section in several study species.  It is possible that species 

conserve energy by reducing the surface area in the middle of the GIT and increasing it in the 

regions with the greatest endogenous and exogenous digestion occurring.  However, if section 

III of the GIT is not as active in terms of absorption due to fewer products of digestion being 

available for assimilation, it would be more beneficial for bacteria to be more populous in 

section III than has been observed (for more detail on bacterial density see Chapter 4), and for 

the surface area to be equally large in this central region of the GIT.  The lower bacterial 

density in section III than section IV is possibly due to bacteria being washed down the GIT 

along with ingesta.  This hypothesis requires further investigation that determines the location 

of bacteria in the GIT immediately prior to digesta moving through this region of the GIT.  

These findings can assist with the understanding of the shorter villi in section III of several 

study species. 
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High levels of microbial enzyme activity were reported from the midgut of Ap. 

etheridgii, rather than mainly in the hindgut as in other herbivorous fishes (Skea et al., 2007).  

In the present study, section III of Ap. etheridgii was unlike other species in that it had long 

villi in comparison with the rest of its GIT.  This supports the idea that there is an increase in 

surface area in regions where absorption of SCFA occurs.  In most species the longest villi 

were in the anterior GIT, in the pyloric caeca and section II, and in the posterior GIT, in 

section IV, consistent with the regions where endogenous and exogenous digestion occur.  

Naso tonganus was the only species to have decreasing villus length from the pyloric caeca to 

section V.  This species in general had much longer villi than the other study species, and as 

such still had a very large surface area in the posterior GIT.  This finding suggests that N. 

tonganus gains most of its nutrition via endogenous digestion, which may be plausible 

considering the moderate SCFA profiles in the hindgut of this species (Clements & Choat, 

1995).  However, the highest concentration of total SCFA was recorded in section V of N. 

tonganus (Clements & Choat, 1995), suggesting that section V may still be important for 

assimilation.  The villus length recorded in section V was significantly shorter than the rest of 

the main GIT in this species.  While there was a large increase in the diameter of the GIT in 

section V of N. tonganus, similar increases in GIT diameter were also recorded in other study 

species.  As such, it appears that the quantity of SCFA absorbed in the hindgut of N. tonganus 

may not be as important as the nutrition obtained via endogenous digestion in the anterior 

intestine. 

Individuals in the present study were collected at times that ensured their guts would 

be full; however, differences caused by changes in their diet at different times of year were not 

analysed.  Changes in the type of food consumed, or the amount consumed, can cause changes 

in villus surface area (Karasov & Hume, 1997).  Vertebrates can regulate gut characteristics 

such as size, enzyme activity and metabolic rate in response to a low quality diet (Liu & 

Wang, 2007; Zhao & Wang, 2009).  It appears that species that regularly undergo periods of 

starvation, such as snakes (Secor & Diamond, 1995; Secor et al., 2002; Secor, 2003; Lignot et 

al., 2005; Ott & Secor, 2007), anurans (Secor, 2005) and some fishes (Buddington & Hilton, 

1987; German et al., 2010; Day et al., 2014), have greater ability to regulate their gut features 

to conserve energy during periods of starvation.  On the other hand, species that feed 

frequently are less able to regulate their GIT functions due to there being no need to regulate 

their GIT under normal conditions (Day et al., 2014).  It would also be energetically expensive 

to up- and down-regulate the gut with each meal consumed (Secor, 2005), suggesting that the 

study species would have less ability to regulate their GIT compared with species that 

regularly undergo periods of starvation. 
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The species of algae consumed by marine herbivorous fishes can vary depending on 

algal availability, suggesting that these fishes may be able to adjust their GIT morphology 

slightly to adapt to the different nutritional content of the different diets.  The study species 

would not be expected to require changes as drastic as those for species that regularly undergo 

periods of starvation (e.g. German et al., 2010; Day et al., 2014).  However, small differences 

observed between individuals that have consumed different diets and different types of algae 

may be clarified.  Unfortunately samples collected for the present study were not well 

preserved enough to get an indication of any seasonal differences, particularly between those 

collected in May 2013 and those collected earlier in the year in 2011 and 2012.  Further 

analysis of GIT morphology in herbivorous fishes at different times of year may demonstrate 

small differences dependent on the nutritional composition of the diet. 

Epithelial cell height was generally very similar between different regions of the main 

GIT, with only Ap. etheridgii, Ac. lineatus and S. vulpinus showing significant differences 

between sections.  These significant differences were seen in the pyloric caeca for the first two 

species and section II for S. vulpinus.  In Ap. etheridgii the cell height in the pyloric caeca was 

significantly less than that in the other sections of the GIT, whereas in the other two species 

the more anterior sections of the GIT had significantly greater cell height than the posterior 

GIT.  In the avian caeca, the short cell height in quail allowed more efficient water recovery 

since the thickness of the epithelial layer is inversely proportional to the rate of diffusion into 

the blood stream (Strong et al., 1989).  In the study species this would suggest that in the main 

GIT, the efficiency of nutrient diffusion varies between species and sections of the GIT.  Most 

study species had shorter epithelial cell height in the posterior regions of the GIT, similar to 

the parrotfish Chlorurus sordidus, in which the cell height in the ileum was shorter than in the 

anterior GIT (Al-Hussaini, 1945).  This suggests that transport of nutrients from the lumen to 

the blood stream is more efficient in the posterior GIT.  In Ap. etheridgii, the length of the 

intestine posterior to the pyloric sphincter generally had tall epithelial cells.  This would 

suggest that the movement of nutrients from the lumen to the bloodstream would potentially 

take longer than in the other study species. 

Kyphosus vaigiensis had a large increase in epithelial cell height in section V, its 

hindgut chamber.  While it is known that fermentation occurs in this hindmost gut section 

(Clements & Choat, 1997), the reason for this increased cell height is not clear.  Epithelial cell 

height in section V of the related K. sydneyanus, which also has a hindgut chamber, was 

slightly shorter than the rest of the main GIT (Johnson, 2010).  This means that the transport of 

nutrients would be faster in section V than in the rest of the GIT in K. sydneyanus, enabling 
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the products of fermentation to be rapidly absorbed before being excreted from the GIT.  

Consequently, it is unclear why there was not a similarly short cell height in K. vaigiensis.  

However, it is possible that material in the hindgut chamber of K. vaigiensis is retained for a 

longer period of time than that in section V of the other study species, providing more time 

over which to assimilate nutrients.  Taller cells would also enable a greater number of 

organelles to be present, implying that more substrates could be synthesised as well as 

processed.  As such, we can hypothesise why a taller cell height may be advantageous, but we 

cannot fully explain the difference in cell height in the hindgut chamber of K. vaigiensis 

compared with K. sydneyanus. 

There was an obvious change in the colour and pattern visible on the external surface 

of the GIT in both S. doliatus and S. vulpinus, although more pronounced in the latter.  The 

abrupt start to the textured region suggested a feature similar to that of a hindgut chamber, 

although no hindgut sphincter was observed in either species.  This change in texture appeared 

to signal a change in the internal folding pattern of the GIT wall; however, villus length in 

section V of both species did not significantly differ from that in the previous section of the 

GIT.  Muscularis propria in S. vulpinus was thinner in section V than IV, and villi were 

irregularly spaced in section V of both species.  It therefore seems possible that the 

combination of thinner musculature combined with irregularly spaced villi could cause the 

apparent change in texture simply due to the gut wall being more transparent in section V.  

While this may explain the general texture observed in the middle of section V, it does not 

explain the abrupt change in texture.  More detailed analysis from the point at which this 

change in texture occurs would elucidate what aspect of the morphology of the gut causes this 

change.  This feature in the GIT wall was not apparent in any other study species, suggesting 

that this feature may be common to the family Siganidae.  It was not reported in Siganus 

spinus (Bryan, 1975), although that does not demonstrate absence.  Further analysis of this 

family is required to determine whether this is a trait shared by siganids or whether this is an 

unusual feature only present in the two species included in the present study. 

There was an increase in the thickness of the GIT wall at the posterior end of the GIT 

in Ap. etheridgii and N. unicornis.  A thickening of musculature at the posterior end of the GIT 

appears to be a common feature among several teleosts (Al-Hussaini, 1945; Burnstock, 1959; 

Gohar & Latif, 1959, 1961).  This feature may be required in species whose faeces are less 

liquefied, and as such need additional musculature to assist with the excretion process, or in 

species that retain their ingesta for a longer period, with the hindgut sphincter preventing 

material from being excreted too early.  From the diets of these two species, i.e. mainly 
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rhodophytes in Ap. etheridgii (Clements & Zemke-White, 2008) and phaeophytes in N. 

unicornis (Choat et al., 2002), there does not appear to be a common dietary factor 

determining which species have a hindgut sphincter and more muscular rectum.  Retaining 

less readily digestible phaeophytes would be beneficial to N. unicornis, allowing more time for 

microbial fermentation.  However, the diet of Ap. etheridgii should be more readily digestible 

than that in N. unicornis (Skea et al., 2007) due to the lower proportion of cell wall 

carbohydrates in rhodophytes (Kloareg & Quatrano, 1988), so the function of the rectum is 

less clear in this species. 

The hindgut sphincter in Ap. etheridgii may simply act to slow the movement of 

digesta and help to retain bacteria in the hindgut.  However, this does not explain why hindgut 

sphincters and muscular rectum-like regions were not seen in the other study species, with the 

exception of the kyphosids as detailed previously.  It seems plausible that the presence of a 

rectum is related to phylogeny rather than diet in Ap. etheridgii, as the related Aplodactylus 

arctidens had a similar hindgut sphincter and rectum-like morphology (Johnson, 2010).  This 

was not the case in the surgeonfishes included in the present study, excluding N. unicornis.  It 

is possible that the other surgeonfishes may have lost this trait due to less need for a hindgut 

sphincter when not consuming macroscopic phaeophytes, although no vestigial sphincters 

were observed in these surgeonfishes.  Therefore, Ap. etheridgii and N. unicornis may display 

convergent evolution, with N. unicornis having acquired a hindgut sphincter and muscular 

rectum in order to retain ingesta for a longer period of time.  This hypothesis requires further 

investigation within Naso to determine whether this is a plausible hypothesis. 

Rodlet cells were either absent or not abundant in the stomach of the study species, 

unlike in lizardfishes (Fishelson et al., 2011).  The distribution of rodlet cells varied by 

species, with some regions of the GIT in some species having a greater abundance than other 

regions.  Naso brevirostris had a higher density of rodlet cells than other study species.  If 

rodlet cells are in fact inflammatory cells, their abundance in N. brevirostris suggests that this 

species needs greater protection from their ingesta than the other study species.  This species 

changes from an algivorous diet to a planktivorous diet as it matures (Jones, 1968; Clements & 

Choat, 1995; Choat et al., 2002), suggesting that N. brevirostris is more likely to ingest 

material that could potentially harm the fish.  Considering a diet of algae alongside a diet of 

plankton, it seems plausible that consuming plankton would result in a greater exposure to 

foreign objects, possibly through accidental ingestion.  Therefore, our results support the idea 

of rodlet cells being inflammatory cells that are involved in the protection of the GIT. 
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Analysis of all the histological parameters using PCA illustrated that there was a 

negative correlation between circular muscle and villus length and width.  This suggests that in 

regions where the villi were larger, i.e. in the anterior and posterior of the GIT, the muscularis 

propria was thinner.  In terms of digestion, this suggests that digesta spend a longer period of 

time in regions that have a high absorptive capacity, as the lack of musculature would mean 

that the ingesta would be moved along that length of the GIT at a slower pace.  Observing the 

movement of digesta is possible with the use of radiographic beads (e.g. Baker, 2011); 

however, this method requires the fish to be in captivity and as such cannot be confirmed as 

being a true representation of wild individuals.  Therefore, examination of the speed with 

which digesta move through different regions of the GIT is difficult to confirm. 

 

2.4.3  Chemical reactor theory and absorption 

Chemical reactor theory has been used to describe the GIT of several marine 

herbivorous fishes (Horn & Messer, 1992; Johnson, 2010; Day et al., 2011a,b).  Identifying 

differences in the structure of the GIT both within and between species can assist with 

understanding the metabolic and absorptive capabilities of different species.  We will discuss 

how the GIT of study species can be modelled as a succession of chemical reactors.  The 

models will also be discussed in the context of absorption in the GIT. 

The morphology of the alimentary tract of an animal often reflects their specific 

requirements.  Penry and Jumars (1987) used chemical reactor theory to develop three 

theoretical models to help explain digestion: batch reactors, plug-flow reactors (PFRs) and 

continuous-flow, stir-tank reactors (CSTRs).  Batch reactors have a single opening used for 

both input and output of material (Hume, 1989), so are not of interest in the case of the GITs 

of the study fish species.  Plug-flow reactors, with continuous movement of material through a 

tubular region (Hume, 1989), and CSTRs, with continuous throughput and constant mixing of 

old and new material (Hume, 1989), could provide models for the study species.  In all species 

in the present study, the stomach could be modelled by a CSTR due to retention of ingesta in 

this region, and mixing between new and old material.  In all species other than K. vaigiensis 

the remaining length of the GIT could be modelled by a PFR due to the continual movement 

along the length of the GIT.  In K. vaigiensis, sections II-IV of the GIT could be modelled by a 

PFR in the same way as in the other study species, with section V being modelled by a second 

CSTR due to the homogenous state of the gut contents in this section.  The material in the 

hindgut chamber of K. vaigiensis was uniform in consistency, suggesting that new and old 

material are constantly mixed. 
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There are clear differences in the gross morphology of section I between species, 

suggesting that some species such as K. cinerascens and K. vaigiensis retain material in the 

large bulb of their stomach for longer than the other study species.  On the other hand, the 

length of section I in the other species is much greater than that of the kyphosids described.  

The stomachs of all species except the two kyphosids are more elongate, suggesting that the 

material in these regions may have less continuous mixing than in the kyphosids.  However, 

compared with the main length of the GIT, the elongated stomachs retain material for longer 

periods, justifying the CSTR label.  Therefore, while the stomach of all species are considered 

as a CSTR, there are clear differences between species suggesting that the theoretical model 

may fit K. cinerascens and K. vaigiensis more accurately than it fits other study species. 

The PFR model has been found to be a reasonably accurate model in fishes with an 

undifferentiated intestine, based on histology and ultrastructure in marine herbivorous fishes 

(Johnson, 2010), enzyme activities, and protein, lipid and short chain fatty acid concentrations 

in herbivorous freshwater minnows (German, 2009a), and enzyme activities in herbivorous 

halfbeaks (Day et al., 2011b).  In perfect PFR models there is no mixing along the length of 

the GIT, such that there is a perfect gradient with material entering and exiting the GIT in the 

same order (Penry & Jumars, 1986; 1987).  However, selective retention due to the intestinal 

folds and hindgut sphincters is likely in the study species.  This would enable new and old 

material to mix, meaning that a perfect gradient is not maintained.  Therefore, although the 

main length of the intestine in the study species generally fits the PFR model, as it does in 

some other fishes (German, 2009a; Johnson, 2010; Day et al., 2011b), it may not be a perfect 

fit. 

The continuous flow of material from anterior to posterior in the PFR model would be 

advantageous in terms of absorption.  The generally continuous flow of material is consistent 

with the enzymatic activities demonstrating that endogenous and exogenous digestion occur in 

the anterior and posterior GIT respectively (Skea et al., 2005, 2007).  Therefore, PFR models 

are consistent with material being endogenously digested and absorbed in the anterior GIT, 

with material that is not endogenously digested moving further down the GIT to be 

exogenously digested and absorbed in the hindgut. 

The CSTR in section V of K. vaigiensis is consistent with the same combination of 

chemical reactor models given to the related K. sydneyanus by Horn and Messer (1992) and 

confirmed by Johnson (2010).  The continuous mixing of new and old material in this hindgut 

chamber would be beneficial in terms of absorption.  The material appears to be retained in 

this chamber while mixing occurs, enabling a longer period of time over which products of 
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fermentation could be absorbed.  Complete mixing of material within the hindgut chamber 

would be advantageous for hindgut-fermenting fish in that products of fermentation in the 

centre of the lumen would be moved within close proximity of the mucosal surface, enabling 

efficient absorption.  These hypotheses are based on theoretical models, and the extent to 

which they match biological reality in terms of the movement of material within a single 

region of the GIT requires further examination. 

 

2.4.4  Mucus distribution and its role in digestion 

Mucus was present in all species, in all regions of the GIT, although the quantity and 

location differed depending on species and GIT section.  The distribution and potential 

functions of the mucus, with a particular focus on its role in digestion, will be discussed for the 

different regions of the GIT.   

Secretory cells in the study species were present in the different regions of section I, 

and goblet cells were observed throughout the main length of the GIT.  This finding supports 

previous research that identified mucous cells in the oesophagus and stomach, and goblet cells 

in the main GIT.  Mucus secreting cells were observed throughout the length of the GIT in 

stomachless scarines (Al-Hussaini, 1945) and labrines (Gohar & Latif, 1961).  It appears that 

mucous or secretory cells are a common feature in the stomach of teleosts.  For more detail on 

the shape and composition of the secretory cells observed in the study species, see Chapter 3 

for the ultrastructural analysis of the GIT. 

Mucus over the villus surface in all regions of the stomach was thick in the present 

study.  The majority of species did not have much mucus in the centre of the lumen of the 

stomach, suggesting that the mucus provides a lubrication and protection of the mucosal 

surface (Clamp, 1977; Hafez, 1977; Tibbetts, 1997).  Mucus in the stomach of teleosts is often 

more acidic in nature than that in the main length of the GIT, although there is variation in the 

proportion of acidic and neutral glycoproteins in the mucus of different species (Domeneghini 

et al., 1998; Gisbert et al., 1999; Díaz et al., 2003, 2008; Takiue & Akiyoshi, 2013; de Melo 

Germano et al., 2014; Leknes, 2015).  The nature of mucus in the stomachs of the study 

species was not analysed in the present study; however, previous research on tropical and 

temperate marine herbivorous fishes, some closely related to the study species, show that the 

stomach is strongly acidic (Lobel, 1981; Zemke-White et al., 1999).  Acidic glycoproteins may 

only be released when there is food in the stomach, as was observed in the white seabream, in 

which a neutral pH was maintained when fasting (Yúfera et al., 2012).  These studies support 

the idea that the mucus in the stomach of the study species is acidic in nature and assists with 
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lysis of algal material to begin the digestion process.  The presence of a stomach in all of the 

study species may reduce the amount of mucus required in the main GIT when compared to a 

stomachless species.  A comparison between the black tetra Gymnocorymbus ternetzi, which 

has a stomach, and the stomachless tiger barb Puntius tetrazona found that the density of 

goblet cells was much greater in the stomachless tiger barb (Leknes, 2014).  This suggests that 

the number of goblet cells in the main GIT of the study species may be fewer than in an 

equivalent stomachless species. 

Goblet cells in different regions of a villus from the main length of the GIT have 

slightly different functions, with their function changing as they migrate from the base of the 

villus to its tip (Al-Hussaini, 1949b).  Therefore, the location of the goblet cells as well as their 

abundance can provide information on the functions occurring in each section of the GIT.  

Goblet cells in cyprinids contained a greater proportion of mucins when at the tips of the villi 

(Al-Hussaini, 1949b), suggesting that the clusters of goblet cells observed at the tips of villi in 

the present study could represent regions that require greater amounts of mucus.  However, 

clusters were present at the tips of villi throughout the length of the GIT in roughly equal 

proportions.  Therefore, while the amount of mucus may vary between regions of the GIT, 

mucus is important in all sections of the GIT. 

There was in increase in the number of goblet cells and the amount of mucus in the 

posterior of the GIT in all study species.  This finding supported our hypothesis that the 

number of goblet cells would increase in the posterior of the GIT.  Bacteria in the posterior 

GIT were present within the mucus layer (see Chapter 4 for details).  A granular substance, 

which is likely mucus, over the surface of caeca in chickens was suggested as a means of 

retaining microbes in the caeca during caecum evacuation events (Dantzer, 1989) which occur 

multiple times a day (Svihus et al., 2013).  The GIT of the study species do not have 

evacuation events similar to the chicken caeca; however, mucus in the posterior GIT may act 

in a similar way in the study species, assisting with the retention of microbes when waste is 

being excreted from the GIT.  This would be particularly important in terms of digestion, as 

retaining bacteria in the hindgut would enable fermentation of algal material that the host fish 

cannot digest endogenously.  The benefits of mucus in relation to the hindgut microflora will 

be discussed further in Chapter 4. 

The general increase in the amount of mucus in the hindgut of the study species 

suggests that mucus could also assist with the excretion of waste material from the alimentary 

tract.  An increase in the density of goblet cells in the rectum was observed in the freshwater 

detritivorous fish Prochilodus scrofa (Nachi et al., 1998), the marine parrotfish Chlorurus 



Chapter 2:  Histology of the gastrointestinal tract 
 

80 

sordidus (Al-Hussaini, 1945) and other scarines and julidines (Gohar & Latif, 1961).  The 

increase in musculature accompanying this increase in mucus suggests that mucus in the 

rectum of P. scrofa, C. sordidus and the scarines and julidines provides lubrication.  These 

results combined suggest that the mucus in the hindgut of the study species has several roles, 

including retention of bacteria and lubrication for waste excretion. 

Mucus has long been associated with lubricating qualities; however, the mucus 

secreted by goblet cells may also consist of enzymes, or cofactors of enzymatic hydrolysis 

(Anderson, 1986).  In the carnivorous pike Esox lucius, mucus is reported to be involved in 

digestion, absorption, lubrication and protection (Bucke, 1971), suggesting that mucus could 

also play an important role in the digestion of algae in the study species.  Studies have found 

indications of an absorptive capacity in the rectum of rainbow trout (Ezeasor & Stokoe, 1981), 

and demonstrated macromolecular protein absorption in the rectum of the Antarctic 

yellowbelly rockcod (Hernandez-Blazquez & da Silva, 1998).  This suggests that it is plausible 

that the increase in the mucus in the posterior intestine of the GIT of the study species could 

assist with digestion and absorption.  Interestingly, in the Chinook salmon there were greater 

amounts of mucus in the proximal region of the posterior intestine than in the distal region 

(Schep et al., 1997), whereas several other studies mentioned above had a larger mucus and 

goblet cell content in the rectum.  This suggests that the Chinook salmon is unusual, and that 

the distribution of goblet cells could be related to diet and/or phylogeny.  Overall, the general 

increase in the number of goblet cells towards the posterior of the GIT in the study species is 

consistent with previous findings of an increase in goblet cell density in the posterior GIT, and 

the mucus from these goblet cells may play a role in the digestion process. 

There was a clear difference in the distribution of mucus in the most posterior section 

of the GIT between K. cinerascens and K. vaigiensis.  The mucus in K. cinerascens, which 

lacks a hindgut chamber, was patchy, whereas there was a homogenous distribution of mucus 

in the hindgut chamber of K. vaigiensis.  The closely related temperate Kyphosus sydneyanus 

had a homogeneous distribution of mucus in its hindgut chamber similar to K. vaigiensis, 

although the density of mucus was not nearly as great as that observed in K. vaigiensis, and 

was more similar to that in K. cinerascens (Johnson, 2010; personal observation from samples 

used for Chapter 4).  This suggests that the quantity of mucus in K. sydneyanus was 

intermediate between the two kyphosids in the present study.  It should be noted that the 

hindgut chamber in K. sydneyanus had a larger diameter than that in K. vaigiensis making it 

more difficult to process intact for the analysis in Chapter 4.  Therefore, it is possible that a 

small amount of contents were lost from some samples due to the gut wall bursting during the 
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dehydration process.  Therefore the mucus levels in the two kyphosids with hindgut chambers 

may be similar. 

Bucke (1971) stated that the amount of mucus in carnivores is greater than in 

herbivores; however, we did not find any significant difference in the amount of mucus in the 

planktivorous N. brevirostris and the omnivorous S. vulpinus compared with the other 

herbivorous study species.  We therefore did not find any support for our hypothesis that the 

amount of mucus would be greater in these two species than in the herbivorous study species.  

This suggests that the ingesta in N. brevirostris and S. vulpinus did not require extra mucus to 

assist with lubrication and digestion.  Mucus levels in N. brevirostris may reflect their juvenile 

algivorous diet rather than their adult planktivorous diet, resulting in mucus levels in N. 

brevirostris being similar to that in the herbivorous study species, rather than having greater 

amounts of mucus as in other carnivorous species.  Siganus vulpinus was expected to have 

greater mucus levels due to the detritus ingested requiring greater lubrication to move along 

the GIT.  However, the fact that there was no difference between this species and the other 

herbivorous study species suggests that phylogeny may explain some of the differences 

observed. 

Mucus secreted by the posterior pharynx provided a significant proportion of the 

nitrogen present in the anterior GIT in the suspension-feeding gizzard shad Dorosoma 

cepedianum (Holley et al., 2015).  Mucus secreted in the pharynx traps ingested microscopic 

organic particles, and consequently plays an important role in the ingestion of food in this 

species (Holley et al., 2015).  The gastric glands in the gizzard of D. cepedianum also produce 

a mucoid secretion that covers the surface of the gut wall (Heinrichs, 1982).  The considerable 

levels of GIT mucus in the algivorous study species may comprise a significant nitrogen 

source for symbiotic bacteria in the hindgut, although mucus secretion in the study species 

does not appear to be involved in food ingestion.  Future examination of this relatively 

unstudied aspect in the nutritional process could provide further insight into the nutritional 

ecology of herbivorous fishes. 

Despite the amount of mucus observed in the lumen, mucus layers were not visible 

over the surface of the GIT in all study species, most likely due to the mucus not being well 

preserved.  Conventional fixation techniques using aldehyde fixatives are not suitable for 

preserving mucus.  Aldehydes cross-link proteins, and the glycoproteins in mucus have a 

protein core covered by carbohydrates, meaning that the aldehyde cannot interact with the 

protein (Shephard, 1994).  Therefore, glycoproteins are often washed away during the 

processing of samples for histological analysis (Shephard, 1994).  To confirm the proportions 
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estimated, for each study species the size and distribution of goblet cells was used as a proxy 

for the amount of mucus present in each section of the GIT in the study species, as the bulk of 

fish mucus is produced by goblet cells (Shephard, 1994).  The general trend of an increase in 

mucus towards the posterior intestine was consistent between the two estimates, although the 

proportions estimated from point counts appeared to show a greater increase in the posterior of 

the GIT than was suggested from the percent of the GIT wall occupied by goblet cells.  It is 

possible that mucus moves along the GIT in the centre of the lumen with the ingesta, meaning 

that there may be a greater amount of mucus in a certain section of the GIT than was produced 

in that section alone.  The amounts of mucus estimated should be interpreted with caution; 

however, it appears that the general trend of an increase in mucus from anterior to posterior is 

true. 

 

2.4.5  Conclusion 

Overall, there were numerous differences between species, at the gross and histological 

level.  The gross morphology and histology of the GIT was generally more similar between 

closely related species, rather than between species with a similar diet.  Therefore we did not 

find any support for our hypothesis that the herbivorous study species would be more similar 

to one another than to the omnivorous and planktivorous species.  The general histology of the 

GIT for all study species appears to correlate well with endogenous digestion occurring in the 

anterior region, and exogenous digestion occurring in the posterior region, due to increased 

surface area and thin musculature in these regions.  The mucus in the stomach was very thick 

compared with the remainder of the GIT, beginning the digestion process via acid lysis 

(Zemke-White et al., 1999, 2000).  There was also more mucus present in the posterior 

intestine than in the anterior intestine.  The mucus appears to provide a niche for the resident 

bacterial population (see Chapter 4).  The mucus could provide an important source of 

nitrogen for the symbiotic bacteria within the host fish, although this possibility requires 

further analysis. 
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Chapter 3:  Ultrastructural anatomy of the gastrointestinal tract 

of marine herbivorous fishes 

 

 

3.1  Introduction 

 

The type of epithelium lining the different parts of the vertebrate gastrointestinal tract 

(GIT) varies depending on the function of that region (Stevens & Hume, 1995).  Studies have 

examined diet-related adaptations to features such as the mouth and jaw in numerous 

vertebrates, but comparatively fewer studies have looked at the fine scale adaptations of the 

GIT in relation to diet (Karasov & Martínez del Rio, 2007; Barboza et al., 2010).  The types 

of cell present in the different regions of the GIT, and their unique characteristics, can provide 

important information about the functions occurring in each region of the GIT.  This in turn 

provides valuable information on the functioning of the GIT as a whole, and on any diet-

related adaptations. 

This chapter addresses the fine scale structure of the GIT in the same 10 species of 

marine herbivorous fishes that were examined in Chapter 2 (i.e. the temperate Aplodactylus 

etheridgii and the tropical Kyphosus cinerascens, K. vaigiensis, Acanthurus lineatus, 

Zebrasoma velifer, Naso tonganus, N. unicornis, N. brevirostris, Siganus doliatus and S. 

vulpinus).  The aim of this chapter is to characterise the structure of the GIT at an 

ultrastructural level, drawing comparisons both within and between species.  The morphology 

and abundance of organelles, including microvilli, secretory granules, vesicles, lysosomes, 

multivesicular bodies (MVB), mitochondria and endoplasmic reticulum (ER), can provide 

information on the processes occurring in each region of the GIT, and as such can contribute 

to our understanding of the nutritional ecology of these herbivorous fishes. 

As outlined in Chapter 2, plastic development of the GIT in vertebrates allows flexible 

adaptive responses to dietary variation.  While vertebrates can alter the size of the GIT at the 

gross level (Karasov, 1996; Pei et al., 2001; Liu & Wang, 2007; Lv et al., 2014), 

ultrastructural changes in the length and morphology of the microvilli have also been 

observed in response to changes in the quality and quantity of food (Goda & Takase, 1994; 
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Núñez et al., 1996; Elbrønd et al., 1998; Secor & Diamond, 1998; Secor et al., 2002; Lignot et 

al., 2005; German et al., 2010).  Differences in the structure of microvilli between study 

species may therefore indicate differences in diet, nutritional status or both. 

Microvilli at the luminal surface of intestinal columnar epithelial cells increase the 

surface area available for absorption (DeSesso & Jacobson, 2001), accounting for more than 

90% of intestinal surface area in some fishes (Friersen & Foltz, 1992).  Microvilli vary in 

terms of length and morphology in different regions of the GIT in fishes (Al-Hussaini, 

1949b).  Microvilli decreased in height and width from anterior to posterior GIT in two 

cichlid species (Friersen & Foltz, 1992), with the largest microvilli in the anterior GIT where 

the majority of endogenous digestion generally occurs.  Increasing microvillus surface area 

(MVSA) over the length of the GIT can create a much larger surface area than increasing the 

size of folds and villi (German et al., 2010).  Therefore, the size of microvilli can indicate 

which regions of the GIT are important for absorption in the study species. 

The cell types lining the stomach region of vertebrates are generally distinct from the 

cells lining the main length of the GIT (Stevens & Hume, 1995).  Secretory granules are 

characteristic of cells involved with a protein-secreting function, and have been identified in 

stomachs of numerous vertebrates including fishes (e.g. Solcia et al., 1967; Anderson, 1986; 

Elbal & Agulleiro, 1986; Karam & Leblond, 1993; Gallego-Huidobro & Pastor, 1996).  

Zymogen granules can be produced simultaneously with mucus in secretory cells (Al-

Hussaini, 1949b).  Zymogens are inactive precursors of enzymes (Lehninger, 1970), and as 

such promote enzymic digestion upon being released from the cell.  It would therefore be 

advantageous to have secretory and zymogen granules in cells that have an important role in 

the digestion of food, through both acid lysis (Zemke-White et al., 1999) and enzyme-

mediated breakdown. 

Regions involved in the absorption of proteins are of particular interest in terms of 

nutrition.  Amorphous vesicles are a defining characteristic of absorptive epithelial cells in the 

posterior GIT of the temperate Girella tricuspidata (Anderson, 1986).  In this species, 

amorphous vesicles were formed from the fusion of invaginations and vesicles in the apical 

region of the cell (Anderson, 1986).  The presence of amorphous vesicles therefore suggests 

that regions of the GIT containing these organelles are involved in absorption.  Invaginations 

between microvilli can indicate pinocytotic activity, and in conjunction with vesicles near the 

apical surface of the cell can indicate the amount of transport that is occurring in a particular 

region of the GIT via this process (Yamamoto, 1966; Gauthier & Landis, 1972; Noaillac-

Depeyre & Gas, 1976; 1979; Watanabe, 1984a,b; Anderson, 1986; Georgopoulou et al., 
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1986a; 1988; Caceci & Hrubec, 1990; Abaurrea et al., 1993; Gargiulo et al., 1998; 

Hernandez-Blazquez & da Silva, 1998; Banan Khojasteh et al., 2009).  While some material 

can be assimilated directly across the apical membrane, transport via pinocytosis is an 

important route for uptake of nutrients. 

Lysosomes and MVB can also be used to determine whether absorption of protein is 

occurring in a particular region of the GIT.  Lysosomes are involved in the degradation of 

proteins (Georgopoulou et al., 1986b; Piper & Katzmann, 2007), and MVB are intermediate 

endocytes containing molecules that have been taken up by endocytosis (Raiborg et al., 2003).  

Regions where lysosomes and MVB are abundant are therefore indicators of protein 

absorption. 

The plasma membrane of epithelial cells is involved in transport, communication and 

protection from foreign substances.  Interdigitating regions in the cell membrane have been 

reported from vertebrates, although fishes generally lack the lateral interdigitations that are 

characteristic of mammals (Wilson & Castro, 2011).  Lamellar structures at the base of cells 

increase absorptive surface area (Wilson & Castro, 2011).  This characteristic would be 

particularly important in regions that transport substantial quantities of nutrients, such as in 

the anterior intestine where the majority of endogenous digestion occurs (Skea et al., 2005; 

2007).  Communication between adjacent cells occurs via gap junctions, whereas cells are 

protected from foreign objects and substances via junctional complexes (Schneeberger & 

Lynch, 1992; 2004).  Differences observed in the number or structure of junctional complexes 

between different regions of the GIT in the study species would suggest that different levels 

of protection or communication are required.  The algivores, omnivore and planktivore in the 

present study may also encounter different stressors, and consequently differences in 

junctional complexes between species may be related to diet. 

The abundance of mitochondria can indicate the level of metabolic activity in different 

regions of the GIT, with increased abundance indicating greater metabolic activity and a high 

respiratory capacity (Lehninger, 1970).  Greater energy provision would increase the capacity 

of cells to carry out processes such as active transport.  The structure of mitochondria in 

mammals changes during different states of digestion, with mitochondria becoming less 

abundant and elongate in shape when digestive and absorptive processes are occurring 

(Champy, 1911-12).  The state of cristae within a mitochondrion can indicate the rate of 

metabolic oxidation occurring within that cell, with well-developed cristae associated with 

higher rates (Lehninger, 1970).  Therefore, the abundance and structure of mitochondria is an 

indicator of metabolic activity in different regions of the GIT. 
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The abundance of smooth ER and rough ER (RER) within an epithelial cell relates to 

its function.  Cells that secrete a large proportion of their synthesised proteins are dominated 

by RER (Baumann & Walz, 2001; Voeltz et al., 2002) due to its involvement in the synthesis 

of secretory and membrane proteins (Baumann & Walz, 2001).  The bound ribosomes of the 

RER are also associated with the translocation and modification of newly synthesised proteins 

(Voeltz et al., 2002).  Therefore, cells dominated by RER indicate cells that have a secretory 

function, whereas cells dominated by smooth ER are likely to have an absorptive function. 

Eight cell types from the GIT of the temperate omnivore Girella tricuspidata have 

previously been characterised (Anderson, 1986).  Three temperate marine herbivores, 

Aplodactylus arctidens, Odax pullus and Kyphosus sydneyanus, did not exhibit such great 

variation in epithelial cell type, with only six different cell types identified (Johnson, 2010).  

The general gut anatomy of G. tricuspidata, Ap. arctidens, O. pullus and K. sydneyanus are 

similar to the present study species.  In addition to goblet and rodlet cells, both Anderson 

(1986) and Johnson (2010) identified secretory, exocrine and absorptive cells, although the 

number of cell types within each general category varied.  Therefore, in the current study we 

expect to observe these same five cell types (secretory, exocrine, absorptive, goblet and rodlet 

cells), although the number of cell types within each category may differ among species.  The 

chemical composition of dietary algal species can vary, and as such we expect species with a 

similar diet to have similar ultrastructure compared with species consuming different diets. 

This chapter will test several specific hypotheses relating to the ultrastructure of the 

GIT to gain a deeper understanding of how the GIT functions at the cellular level in the study 

fish species: (i) microvilli and MVSA are largest in the anterior and posterior intestine, 

corresponding to regions of endogenous and exogenous digestion; (ii) amorphous vesicles are 

present in the absorptive cells of the posterior intestine; (iii) invaginations are abundant in the 

anterior and posterior GIT corresponding to the regions of most active endogenous and 

exogenous assimilation; (iv) pinocytotic vesicles are most abundant in the posterior intestine 

and are more abundant in algivorous than omnivorous or planktivorous study species; (v) 

lysosomes and MVB are abundant in the anterior GIT where endogenous digestion occurs; 

(vi) large lamellar structures are present at the base of cells in the anterior GIT; (vii) 

mitochondria are more abundant in the posterior GIT and are more abundant in algivorous 

than omnivorous or planktivorous study species; and (viii) RER is abundant in the stomach 

and anterior GIT, whereas smooth ER is abundant in the posterior GIT.  The MVSA and 

pinocytotic activity data demonstrate regions of the GIT of greatest importance to the host 

fish for obtaining microbially-derived nutrition, a point of significance as these fishes rely on 
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their endosymbiotic bacteria to ferment ingested algae.  Moreover pinocytosis of microbially-

derived material has not been directly demonstrated in herbivorous fishes previously. 

 

3.2  Materials and methods 

 

3.2.1  Sample collection 

Some of the fish used for histological analysis (Chapter 2) were also used for 

ultrastructural analysis.  Due to the time-consuming nature of transmission electron 

microscopy, a smaller number of individuals were used from each species than were used for 

the histological analysis.  Three individuals were used from three species (Ap. etheridgii, K. 

cinerascens and N. unicornis) to assess the amount of variation between individuals.  While 

there were small differences, the consistency between individuals of a single species was 

high, both in terms of cell types and main characteristics of the cells.  It was therefore decided 

that using two individuals from the other study species was sufficient to characterise 

individual species. 

Three Aplodactylus etheridgii (Ogilby, 1889) (Aplodactylidae) (320-368 mm Standard 

Length (SL)) were collected by spear on snorkel in the Hauraki Gulf in the vicinity of Great 

Barrier Island (36°10′S, 175°25′E) during May 2011 and February 2013 (see Appendix A for 

details of individual fish).  Fish were killed by pithing immediately after being brought onto 

the research vessel RV Hawere.  Fish collection was conducted under University of Auckland 

Animal Ethics Committee approvals R717 and 001009. 

Three Kyphosus cinerascens (Forsskål, 1775) (Kyphosidae) (194-250 mm SL), two K. 

vaigiensis (Quoy & Gaimard, 1825) (Kyphosidae) (232-250 mm SL), two Acanthurus 

lineatus (Linnaeus, 1758) (Acanthuridae) (185 mm SL), two Zebrasoma velifer (Bloch, 1795) 

(Acanthuridae) (155-165 mm SL), two Naso tonganus (Valenciennes, 1835) (Acanthuridae) 

(220-240 mm SL), five N. unicornis (Forsskål, 1775) (Acanthuridae) (255-359 mm SL), two 

Siganus doliatus (Guérin-Méneville, 1829-38) (Siganidae) (175 mm SL) and two S. vulpinus 

(Schlegel & Müller, 1845) (Siganidae) (173-182 mm SL) were collected by spear on snorkel 

and SCUBA in the vicinity of Lizard Island, Great Barrier Reef, Australia (14°40′S, 

145°27′E) during January 2012 and May 2013. Three N. unicornis were used to examine the 

full length of the GIT, while the other two individuals used to analyse the different regions of 

the stomach in greater detail.  Two Naso brevirostris (Cuvier, 1829) (Acanthuridae) (195-205 

mm SL) were also collected in May 2013 to use as a comparison.  Fish collection was 
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conducted under James Cook University of North Queensland Animal Ethics Committee 

approval A1641.  Individuals collected in 2012 were kept on ice until return to the Lizard 

Island Research Station laboratory and dissected as soon as possible after return, generally 

within four hours.  As outlined in Chapter 2, samples collected in 2012 were not well 

preserved.  Therefore, individuals collected in 2013 were processed immediately upon capture 

on board the RV Kirsty K.  These individuals were killed by pithing immediately after being 

brought on board.  Due to the well-preserved nature of the fish collected in 2013, these 

individuals were used for the majority of the ultrastructural analysis of the tropical study 

species.  Fish from both the temperate and tropical locations were collected between 0905 and 

1650 to ensure that their guts would be full. 

For each individual, the SL, fork length, total weight, gutted weight and sex were 

recorded.  The entire GIT of all study species was removed by careful dissection and the GIT 

was divided into five sections, following Clements and Choat (1995, 1997) and Mountfort et 

al. (2002) (see Chapter 2 for full details).  Briefly, the stomach constituted section I, and the 

remaining length of GIT was divided into four equal sections (II-V), with the exception of K. 

vaigiensis.  Kyphosus vaigiensis had a well-defined hindgut chamber at the posterior of the 

GIT, which constituted section V, and the remainder of the intestinal tract was divided into 

three equal sections (II-IV).  Samples were also collected from the small anterior pouch 

(section I-ABulb) in section I of N. unicornis, and from the region between I-ABulb and the 

main stomach bulb (section I-A) so that comparisons could be drawn between these different 

regions.  Pyloric caeca from all species were sampled separately from intestinal section II. 

 

3.2.2  Ultrastructural analysis 

Tissue sections of approximately 10 mm length were obtained from each section of 

the gut and placed in 2.5% v/v glutaraldehyde in PBS, pH 7.4 (Sigma, St Louis, MO, USA) 

for the temperate species or in BupH PBS, pH 7.2 (Thermo Scientific Pierce, Rockford, IL, 

USA) for the tropical species.  Samples were taken from the section of gut tissue immediately 

adjacent to where the samples for histological analysis were taken to ensure that the results 

from each analysis were comparable.  Intact pyloric caeca from each species were fixed as 

above.  After fixation for a minimum of 24 hours, gut tissue samples collected in the vicinity 

of Lizard Island were transferred to 3.7% v/v formaldehyde in PBS (for samples collected in 

2012) for transport to the University of Auckland, New Zealand.  Samples collected in the 

vicinity of Lizard Island in 2013 remained in glutaraldehyde for transport.  Upon receipt of 
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these samples in Auckland, samples from 2012 were transferred back to glutaraldehyde.  

Samples were processed as follows as quickly as possible upon receipt of samples. 

A sample of approximately 1 mm2 on the surface of the gut wall was dissected from 

each fixed tissue sample using a sterile blade. Thicker sections such as the stomach of K. 

cinerascens and K. vaigiensis had the outer muscle trimmed due to the thickness of the gut 

wall being in excess of the size that can be processed, and the inner surface of the gut being 

the region of interest.  The samples were washed three times in 1 ml of 0.1 M phosphate 

buffer, pH 7.2, for 10 minutes in microcentrifuge tubes.  The third phosphate buffer wash was 

removed and replaced with 0.25 ml of osmium tetroxide solution (equal parts of 1% w/v 

osmium tetroxide and 0.1 M phosphate buffer, pH 7.2) per sample for one hour.  The samples 

were put through an ethanol dehydration series with samples left in 1 ml of 30% v/v, 50% v/v, 

70% v/v, 90% v/v, 100% ethanol and 100% dry ethanol for 30 minutes each.  To ensure the 

final ethanol incubations were not diluted by the previous ethanol concentration, when 

replacing 90% v/v ethanol with 100% ethanol, and replacing 100% ethanol with 100% dry 

ethanol, the samples and their tubes were rinsed with 1 ml of the following ethanol 

concentration by gently inverting the tube.  This ethanol was removed and replaced with 1 ml 

of fresh ethanol before being left for the 30 minute duration.  The samples were then 

incubated in 1 ml of 100% acetone for 10 minutes, twice.  Approximately equal amounts of 

812 epoxy resin and 100% acetone were mixed such that the resin became less viscous.  After 

removal of the second 100% acetone wash, samples were left in 1 ml of resin and acetone 

solution for one hour.  The resin and acetone solution was then replaced with 100% 812 

epoxy resin.  To ensure continuous gentle agitation, the microcentrifuge tubes were secured 

on a 2 rpm rotator (TAAB Laboratories Equipment Ltd., Aldermaston, England) and left 

overnight.  The 100% 812 epoxy resin was replaced with fresh resin the following morning, 

and left in the rotator for the remainder of the day so that the samples had been in resin for a 

total of 24 hours.  Samples were placed into standard embedding capsules, size 00 

(ProSciTech Pty Ltd., Townsville, QLD, Australia), taking care to orientate the sample such 

that a transverse section of the gut wall would be obtained when later sectioned, and the 

capsules filled with fresh 812 epoxy resin.  Any air bubbles trapped beneath the sample were 

removed using the tip of a thin wooden skewer.  All embedding capsules were placed into a 

BEEM capsule holder in an Agar Scientific compact embedding oven for 48 hours at 60°C to 

polymerise the resin. 

Blocks were sectioned at 80-100 nm using an EM UC6 ultramicrotome (Leica, 

Nussloch, Germany).  Sections were cut using either a Diatome Histo 45° or Ultra 45° 
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diamond knife (Diatome, Hatfield, PA, USA) and floated out onto the water bath.  Square 

mesh copper grids (GCu200; ProSciTech Pty Ltd., Townsville, QLD, Australia) were made 

hydrophilic, enabling the sections to be collected, by giving the grids a negative charge by 

glow discharge at 500 V for 15 seconds.  Sections were collected onto the charged grids and 

left to air dry. 

Uranyl acetate and lead citrate were used to give sections contrast by making the gut 

tissue electron dense.  Each grid was stained using a series of 40 µl droplets.  Grids were 

inverted onto a droplet of 2% w/v aqueous uranyl acetate for 40 minutes.  The inverted grids 

were then transferred to a droplet of Milli-Q water for 30 seconds.  This was repeated until 

each grid had been washed with Milli-Q water six times.  The grids were blotted on filter 

paper to remove excess water and inverted onto a droplet of lead citrate for two and a half 

minutes.  Each grid was transferred to a droplet of Milli-Q water and immediately transferred 

to a second droplet of Milli-Q water for 30 seconds.  Grids were then moved through four 

more droplets of Milli-Q water for 30 seconds each.  The grids were blotted with filter paper 

and allowed to air dry. 

Grids were analysed using a CM12 transmission electron microscope (Philips, 

Eindhoven, The Netherlands), with a Gatan Model 792 BioScan camera (Gatan Inc., 

Pleasanton, CA, USA) attached.  DigitalMicrograph (Gatan Inc., Pleasanton, CA, USA) was 

used to convert images from Gatan format to a tagged image file format (TIFF) for further 

analysis.  Adobe Photoshop CC (Adobe Systems Inc., San Jose, CA, USA) was used to adjust 

the light levels of the images. 

 

3.2.3  Sample analysis 

3.2.3.1 Morphological measurements 

Electron micrographs were used to analyse the morphological differences between 

different sections of the GIT within a species, as well as the morphological differences 

between species.  Electron micrographs were used to measure microvillus height and width.  

MVSA was calculated from these two measurements following Frierson and Foltz (1992) and 

German et al. (2010), using the surface area of a cylinder to approximate the surface area of a 

single microvillus as shown in Equation (1), where H is microvillus height, W is microvillus 

width, and r = 0.5W: 

  MVSA (μm2) = (HπW) + (πr2)      (1) 
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To obtain a more reliable measurement for each feature, 10 images were measured per 

section per individual and averaged.  These measurements were then averaged over all 

individuals from the same species, in order to obtain the mean and associated standard error 

(SEM) for each gut feature for each section of the gut.  All measurements were made using 

ImageJ 1.48 (National Institutes of Health, Bethesda, MD, USA) image processing and 

analysis software.  Due to the small sample size used for microvillus size estimates (n = 2-3 

per species), statistical analyses were not carried out on the microvillus size and surface area 

data. 

 

3.3  Results 

 

The nucleus was located at the base of the cell in all cells identified in the present 

study.  Therefore the location of the nucleus will not be described for each cell type 

individually.  It should be noted that due to the shorter cell height of secretory cells from the 

stomach, the nucleus in these cells was in closer proximity to the base of the cell than seen in 

the columnar cells of the main GIT. 

Similarly, the basal regions of all cells will not be described separately for each cell 

type.  Interdigitating regions were at the base of the cells lining the GIT in all species (Fig. 

3.1A).  In some cells this was more pronounced, although variability in the level of 

interdigitation was as pronounced between individuals of the same species in the same section 

of the GIT as it was both between sections of the GIT and between species. 

 

3.3.1  Secretory cells of the stomach 

Secretory cells lined section I of all study species, and sections I-ABulb and I-A in N. 

unicornis.  There were two types of secretory cell in different regions of the stomach in some 

species.  The secretory cells covering the villi were slightly taller than those lining the 

secretory glands at the base of the villi.  The structure of the microvilli and the organelles 

present within the two secretory cells also differed, and as such the two secretory cell types 

will be described separately. 
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Figure 3.1.  Transmission electron micrographs showing examples of interdigitating regions 
(arrows) at the base of absorptive epithelial cells from section IV of (A) Zebrasoma velifer 
and (B) Siganus doliatus.  Note the large folding pattern at base of the cells in Z. velifer.  
Interdigitating regions at the base of cells in S. doliatus contained small vesicles (arrowheads) 
budding from both the cell and lamina propria sides of the basement membrane.  
Abbreviations: lp, lamina propria; mt, mitochondria; n, nucleus.  Scale bar for (A) 2 μm; (B) 
0.5 μm. 

 

3.3.1.1  Secretory cells covering the villus 

Small, sparsely distributed microvilli covered the apical surface of secretory cells 

lining the villi (Fig. 3.2).  Microvilli were also much shorter than in the other regions of the 

main GIT (Fig. 3.3), resulting in a smaller MVSA in section I compared with the main GIT 

(Fig. 3.4). 

There was an abundance of secretory granules in the apical region of the cells.  These 

granules were large, roughly circular in shape and were lightly stained in K. cinerascens and 

K. vaigiensis (Fig. 3.5A).  Conversely, granules were smaller, elongate, and densely stained in 

Ap. etheridgii, Ac. lineatus, Z. velifer, N. tonganus, N. brevirostris and S. vulpinus (Fig. 3.5B), 

suggesting that they were extremely electron dense.  Those in N. unicornis and S. doliatus 

were more unusual in that the former had light coloured, small, elongate granules (Fig. 3.5C), 

and the latter had large, circular, dark coloured granules (Fig. 3.5D).  The granules were 

densely packed in the apical half of the cell in Ap. etheridgii, K. vaigiensis, Ac. lineatus, Z. 

velifer and N. brevirostris, although in Ap. etheridgii and N. brevirostris the granules were 

also present further down the cell in small groups.  The granules occupied the apical third of 

the cell in N. tonganus, N. unicornis and S. vulpinus, and were also present further down the 
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cell in small numbers in these three species.  Secretory cells were dominated by granules in K. 

cinerascens and S. doliatus, with the apical two thirds of the cells occupied by them. 

There were clear interdigitating regions in the lateral cell wall in all study species.  

These interdigitations generally started where the dense group of granules ended, and 

extended to the height of the apical surface of the nucleus.  In one K. cinerascens individual 

the interdigitating region started at the height of the apical surface of the nucleus and extended 

to the base of the cell.  There were also clear interdigitating regions at the base of cells from 

all study species.  Small vesicles were seen in the mid region of the cell in one individual of 

Ap. etheridgii, and among the mitochondria and granules in Ac. lineatus.  Larger vesicles 

were observed in close proximity to the nucleus in K. vaigiensis, Z. velifer, N. unicornis and 

N. brevirostris.  There were vesicles and smooth ER at the base of secretory cells in N. 

tonganus, N. unicornis and S. vulpinus.  Vesicles were not observed in the cytoplasm of K. 

cinerascens or S. doliatus.  There were generally few MVB in these cells, observed in just 

four of the study species, Ap. etheridgii, Ac. lineatus, N. unicornis and S. doliatus.  In most of 

these species, only a single MVB was observed in the mid region of the cell. 

Mitochondria were generally distributed among the most basal granules in the mid 

region of the cell, although they were not abundant in these cells in most species.  The three 

Naso species were the exception to this pattern, and contained numerous mitochondria, both 

among the more basal granules and around the nucleus.  Lysosomes were observed between 

mitochondria in some species.  Single lysosomes were observed in N. tonganus and N. 

brevirostris, and several were observed in the cells from N. unicornis, S. doliatus and S. 

vulpinus.  A large, lighter coloured organelle was present in the cytoplasm in Naso 

brevirostris, possibly a peroxisome or zymogen granule.  A single Golgi body was located in 

close proximity to the nucleus in secretory cells from all species. 

There was RER in all species, generally concentrated around the nucleus.  The RER 

was concentrated on the apical side of the nucleus in cells from Ap. etheridgii, K. vaigiensis, 

Ac. lineatus, Z. velifer, N. tonganus and S. doliatus.  The RER was distributed among the 

mitochondria and most basal granules in Z. velifer and S. doliatus.  It was evenly distributed 

around the nucleus, with dense regions to the apical and basal sides of the nucleus, in K. 

cinerascens, N. unicornis, N. brevirostris and S. vulpinus. 
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Figure 3.2.  Transmission electron micrographs of microvilli from the epithelial cells lining the gastrointestinal tract of the 10 study species.  Sections of the 
gastrointestinal tract are indicated at the top of each column, and each row represents a different species as indicated to the left.  Scale bars for Aplodactylus 
etheridgii PC, II, III; Kyphosus cinerascens PC, II, III; K. vaigiensis PC, II, III; Acanthurus lineatus PC are 1 μm; all other scale bars are 0.5 μm. 
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Figure 3.3.  Mean microvillus length ± SEM from each section of the gastrointestinal tract 
from the 10 study species (see Table C1 for numerical data and sample sizes).  Where no error 
bar is present, length was calculated from one individual.  Statistical analysis was not used to 
compare sections within a species due to small sample sizes. 
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Figure 3.4.  Microvillus surface area from each section of the gastrointestinal tract from the 
10 study species (see Table C1 for the numerical data and sample sizes).  Mean surface area ± 
SEM is presented.  Where no error bar is present, the surface area was calculated from a 
single individual.  Statistical analysis was not used to compare sections within a species due 
to the small sample sizes. 
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Figure 3.5.  Transmission electron micrographs of the apical region of secretory epithelial 
cells from the stomach of the study species demonstrating the various secretory granules 
(indicated by *) observed.  Examples from (A) Kyphosus cinerascens with light coloured, 
more spherical granules, (B) Acanthurus lineatus with dark, more elongate granules, (C) Naso 
unicornis with lighter coloured, elongate granules and (D) Siganus doliatus with dark, more 
spherical granules.  Abbreviations: jc, junctional complex; m, mucus covering the apical 
surface of the cell.  All scale bars 0.5 μm. 

 

3.3.1.2  Cuboidal secretory cells lining glands 

Cuboidal secretory cells were not observed in every species, only in Ap. etheridgii, K. 

vaigiensis, N. unicornis, N. brevirostris and S. doliatus, although this may be simply due to 

the region of the mucosa sectioned from the resin block.  Microvilli over the apical surface of 

the cell were lattice-like.  In some cells the lattice-like structure was composed of short 
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microvilli, but in others the lattice-like structure extended further into the lumen (Fig. 3.6A).  

The apical region of the cell was filled with a dense layer of vesicles in K. vaigiensis and N. 

brevirostris, and there were numerous vesicles throughout the cytoplasm in Ap. etheridgii.  

There were large tubules just below the vesicles in K. vaigiensis, whereas MVB and vesicles 

with electron dense centres were present in this region in N. brevirostris.  There was also a 

small number of MVB in the apical region of the cell in N. unicornis. 

Few secretory granules were present in the apical region of these cells, and there was 

an abundance of large mitochondria distributed from near the apical surface to the base of the 

cell (Fig. 3.6B).  Mitochondria had well-developed cristae compared with those in the other 

cells of the GIT.  There were slightly more granules present in N. brevirostris and S. doliatus 

than in the other species.  Lysosomes were observed among the mitochondria in these cells in 

Ap. etheridgii and N. unicornis.  There was also dense RER around the nucleus and at the 

base of these cells in K. vaigiensis and S. doliatus.  The base of the cell was filled with small 

tubules in N. brevirostris. 

 

 

 

Figure 3.6.  Transmission electron micrographs of secretory cells from the glands of the 
stomach in Naso unicornis.  (A) An example from the anterior bulb (I-ABulb) of N. unicornis 
of the more extreme lattice-like surface of some cells from the glands. (B) Secretory cell from 
a gland in section I with numerous mitochondria surrounding the nucleus.  Note the very few 
secretory granules (*).  Abbreviations: lp, lamina propria; mt, mitochondrion; mv, 
microvillus; n, nucleus.  Scale bar for (A) 1 μm, for (B) 2 μm. 
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3.3.2  Columnar epithelial cells 

Columnar epithelial cells were present in all regions of the main GIT, i.e. in the 

pyloric caeca and in sections II to V.  There were clear differences between cells from 

different regions of the GIT, and as such the four types of columnar cells will be described 

separately: exocrine cells from the pyloric caeca, exocrine cells from the anterior intestine, 

absorptive cells from the posterior intestine, and absorptive cells from the distal intestine.  

The basal regions of the columnar epithelial cells in all species had lamellar structures and 

mitochondria (Fig. 3.7).  The mitochondria at the base of the cell were elongated in some 

species.  This region of the cell will not be described separately for the various columnar cells 

present. 

 

3.3.2.1  Exocrine columnar cells of the pyloric caeca 

Exocrine columnar epithelial cells were present in the pyloric caeca of all study 

species.  The microvilli covering the apical surface of these cells were generally long (Fig. 

3.2).  Microvilli were much longer in the pyloric caeca of Ac. lineatus and Z. velifer than in 

 

 

Figure 3.7.  Transmission electron micrograph of the basal cytoplasm of the exocrine 
columnar cells from the pyloric caeca of Kyphosus vaigiensis, showing lamellar structures 
(arrow) and elongated mitochondria (mt).  Scale bar 0.5 μm. 
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the other regions of the GIT (Fig. 3.3).  The MVSA was generally greater in the anterior of 

the GIT than the posterior (Fig. 3.4), and was greatest in the pyloric caeca of Ac. lineatus and 

Z. velifer.  There were a small number of invaginations between microvilli (Fig. 3.8A).  These 

invaginations were not as common or as prominent as those seen in the cells from the 

posterior GIT. 

 

 

Figure 3.8.  Transmission electron micrographs demonstrating an example of invaginations 
(arrows) between microvilli from the different cells along the length of the gastrointestinal 
tract in Zebrasoma velifer.  Invaginations were rare in the exocrine columnar cells of (A) the 
pyloric caeca and (B) the anterior intestine, section II.  Invaginations had an electron dense 
membrane and were common in the absorptive cells of (C) the posterior intestine, section IV 
and (D) the distal intestine, section V.  Abbreviations: jc, junctional complex; l, lumen; mv, 
microvilli.  Scale bars all 0.5 μm. 
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There were generally numerous vesicles in the apical region of the cells.  The vesicles 

were very numerous in the apical region of the cells in Ap. etheridgii, K. cinerascens, K. 

vaigiensis, Ac. lineatus and Z. velifer, and were in very close proximity to the apical surface 

of the cell in Ap. etheridgii, K. cinerascens and K. vaigiensis.  The vesicles in the cells lining 

the pyloric caeca were slightly larger than those in section II. 

There were low numbers of MVB in the apical region of cells from all species except 

Ap. etheridgii, from which they were absent.  The MVB were very large in N. tonganus and 

N. brevirostris.  They were also present in the mid region of the cell in K. vaigiensis and N. 

unicornis, the latter of which also had a small number in very close proximity to the apical 

surface of the nucleus. 

Mitochondria were distributed from the apical region to the base of the cell in all study 

species.  The mitochondria were not very densely distributed throughout the cell.  There was a 

large area without organelles in the apical region of the cells from the pyloric caeca of N. 

unicornis, such that mitochondria first occurred further from the apical surface in this species.  

Lysosomes were predominantly distributed close to the apical surface and were not abundant.  

However, there were a small number of lysosomes present from the apical to basal region of 

the cells in Naso brevirostris.  A single Golgi body was present towards the base of the cell in 

all species, on the apical side of the nucleus. 

ER was distributed from the apical region of the cell down to around the nucleus.  

There were short lengths of ER between mitochondria in the apical region of the cell in Ac. 

lineatus and N. unicornis, and in the mid region of the cell in K. vaigiensis and S. doliatus.  

The RER was generally quite abundant, with numerous dense regions.  The majority of these 

dense regions were to the apical side of the nucleus, although dense RER was observed on the 

basal side of the nucleus in K. vaigiensis, Ac. lineatus, Z. velifer, N. brevirostris, S. doliatus 

and S. vulpinus.  There were short strands of RER in the apical cytoplasm in Ap. etheridgii, K. 

cinerascens and N. unicornis, in the cytoplasm of the mid region of the cell in K. vaigiensis, 

Z. velifer and N. brevirostris, and throughout the whole of the cell in S. doliatus.  Small 

amounts of free polyribosomes were also present on the apical side of the nucleus in Ap. 

etheridgii. 

The cytoplasm of most cells was filled with small tubules.  These tubules were thin 

and branched (Fig. 3.9A).  By contrast, the exocrine columnar cells in the pyloric caeca of N. 

unicornis had the same tubule morphology as in the absorptive cells in the posterior and distal 

GIT, being much wider, with less branching.  There appeared to be two different cell 

morphologies present in the pyloric caeca of K. cinerascens.  In one type the cytoplasm was  
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Figure 3.9.  Transmission electron micrographs of the different tubule types present within 
cells, demonstrated in (A) exocrine cells of the anterior intestine, section II, and (B) absorptive 
cells of the posterior intestine, section IV, of Siganus doliatus.  Generally, the exocrine cells of 
the anterior gastrointestinal tract (GIT) in all study species contained the thin, branching 
tubules (arrowhead) in (A), whereas the absorptive cells of the posterior and distal GIT had the 
wider, non-branching tubules in (B).  Note that several of the vesicles in (A) had electron 
dense centres (arrow) whereas those in (B) did not.  Abbreviations: er, smooth endoplasmic 
reticulum; mt, mitochondrion; n, nucleus.  Scale bars 0.5 μm. 
 

filled with small vesicles and tubules, often with electron dense centres, and in the other the 

cytoplasm appeared to be filled with polyribosomes and had more RER present than in the 

cells filled with tubules (Fig. 3.10).  There was no difference in the other cell organelles 

present, or in their distribution, between the two cell morphologies. 

 

3.3.2.2  Exocrine columnar cells of the anterior intestine 

These exocrine cells were present in section II of all study species, and section III of 

all species except Ac. lineatus and Z. velifer.  Therefore, when referring to section III of ‘all 

study species’, this refers to all study species except Ac. lineatus and Z. velifer for this cell 

type. 

The microvilli over the luminal surface of the cell were similar in morphology to those 

of the pyloric caeca, being long and thin (Fig. 3.2), and having a large MVSA (Fig. 3.4).  The 

length and MVSA was on average slightly greater in sections II and III than in the exocrine 

cells of the pyloric caeca (Fig. 3.3).  There were small invaginations between the microvilli in 

half of the study species in section II (K. cinerascens, Ac. lineatus, Z. velifer, N. unicornis and 

N. brevirostris), and in all species except Ap. etheridgii, N. brevirostris and S. vulpinus in  
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Figure 3.10.  Transmission electron micrographs of the exocrine cells from the pyloric caeca 
of Kyphosus cinerascens which had two different cytoplasm structures.  (A) Some cells had 
small tubules and vesicles in the cytoplasm, whereas others (B) had free polyribosomes and 
more abundant rough endoplasmic reticulum.  Several of the vesicles in cells of type (A) had 
electron dense contents (arrow).  Abbreviations: er, smooth endoplasmic reticulum; mt, 
mitochondrion; rer, rough endoplasmic reticulum; t, tubules in the cytoplasm.  Scale bars 0.5 
μm. 
 

section III.  These invaginations were similar in structure to those in the pyloric caeca in that 

they were small, were scarce and lacked an electron dense membrane (Fig. 3.8B). 

There were small vesicles in the apical region of the exocrine cells from the anterior 

GIT.  Those in section II were generally further from the apical surface of the cell than those 

in section III.  However, there were numerous vesicles near the apical surface of the cell in 

section II of K. vaigiensis, and the vesicles were further from the apical surface in section III 

of N. tonganus and S. vulpinus.  There were few vesicles in section II of Ac. lineatus and Z. 

velifer.  Vesicles had well-defined, electron dense membranes in section III of Ap. etheridgii 

and N. unicornis.  Vesicles were small and much closer to the apical surface of the cell in 

section III of S. doliatus than in the other species.  There were some elongate vesicles in 

sections II and III of N. brevirostris and S. vulpinus, and section III of Ap. etheridgii, K. 

vaigiensis, N. tonganus and N. unicornis.  The elongate vesicles were often orientated with 

their long axis perpendicular to the apical surface of the cell.  Vesicles with contents were 

present in the apical region of these cells in most species.  Vesicles were also observed 

budding from or joining to the apicolateral membrane in section III of K. cinerascens (Fig. 

3.11A) and N. tonganus (Fig. 3.11B). 
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Figure 3.11.  Transmission electron micrographs of vesicles budding from the lateral cell 
membrane in the exocrine cells of the anterior intestine, section III, of (A) Kyphosus 
cinerascens and (B) Naso tonganus.  (C) A multivesicular body in the exocrine cells of the 
anterior intestine, section II, in N. unicornis adjoins the lateral cell membrane (arrow).  (D) 
Vesicles were observed budding from the absorptive cells of the distal intestine, section V, in 
K. vaigiensis.  Vesicles adjoined to the cell membrane are indicated by arrows.  
Abbreviations: d, densely stained structure; jc, junctional complex; l, lumen; mt, 
mitochondrion; mv, microvilli; mvb, multivesicular body; v, vesicle.  Scale bars all 0.5 μm. 

 

MVB were present in all study species; however they were not seen in section III of 

Ap. etheridgii, N. brevirostris or S. vulpinus.  The majority of MVB were in the apical region 

of the cell, with some in the mid region of cells in section II of K. cinerascens, K. vaigiensis, 

N. unicornis and S. doliatus.  In section II of S. vulpinus, MVB were only observed near the 

nucleus.  The MVB were very large in section II of N. tonganus and N. brevirostris, similar to 
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those in the exocrine columnar cells in the pyloric caeca of these two species.  One MVB was 

observed in contact with the lateral cell membrane, in the apical region of the cell in section II 

of N. unicornis (Fig. 3.11C). 

Mitochondria were sparsely distributed throughout section II of all study species and 

section III of all species except Ap. etheridgii, K. cinerascens and N. unicornis.  Mitochondria 

were often more numerous in the apical region of the cells, but were densely distributed 

throughout section III of Ap. etheridgii, K. cinerascens and N. unicornis.  Mitochondria were 

not present in the more apical region in section II of N. unicornis, first occurring more basally 

in the cell than those in other species, similar to the epithelial cells in the pyloric caeca.  

Lysosomes were present in small numbers in these cells, with most lysosomes nearer the 

apical surface of the cell in section II.  Small vesicles were observed being released from a 

lysosome in one N. brevirostris individual (Fig. 3.12).  Lysosomes were distributed 

throughout the cell in section III, generally with the most basal lysosomes on the apical side 

of the nucleus.  In most species a single Golgi body was present near the nucleus in all 

exocrine cells from the anterior intestine.  There were two Golgi bodies present near the 

nucleus in section III of N. brevirostris (Fig. 3.13A). 

The ER was mainly located near the cell wall and was sparse.  The ER was distributed 

from the mid region of the cell down to the region around the nucleus in most species.  There 

was a smaller distribution of ER in section III of N. unicornis than in most other species, with 

ER only present around the nucleus, whereas there was a larger distribution of ER in sections 

II and III of Ap. etheridgii and K. vaigiensis than in the majority of species, with ER reaching 

from the apical region to below the nucleus.  Not all of the study species contained RER in 

section II; RER was not evident in K. cinerascens, K. vaigiensis and N. tonganus.  There was 

generally a small amount of RER immediately adjacent to the nucleus in the exocrine cells of 

the anterior GIT.  There were short lengths of RER in the cytoplasm of the mid-region of the 

cell in both sections of Ap. etheridgii, in section II of N. unicornis, and in section III of S. 

vulpinus.  There were dense regions of RER in some species.  The dense regions were in the 

mid region of the cell in section II and were located closer to the nucleus in section III.  Dense 

RER was less common on the basal side of the nucleus, only observed in section III of N. 

unicornis and both sections of S. vulpinus.  Polyribosomes were observed near the nucleus in 

section II of Ap. etheridgii and section III of K. vaigiensis and S. doliatus.  There was a small 

number of rings of polyribosomes in the cytoplasm in the mid region of the cells in section III 

of K. cinerascens. 
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Figure 3.12.  Transmission electron micrograph of a lysosome in an exocrine cell from the 
anterior intestine, section II, of Naso brevirostris which appeared to have small vesicles being 
released from one side (arrow).  Abbreviations: m, cell membrane; mt, mitochondrion.  Scale 
bar 0.5 μm. 

 

The cytoplasm of these exocrine cells was filled with small tubules.  These tubules 

were of the same morphology as those in the pyloric caeca, being thin and branching (Fig. 

3.9A).  The cytoplasm in section III of S. doliatus had wider tubules like those in the posterior 

and distal GIT, which did not tend to branch as much. 

 

3.3.2.3  Absorptive columnar cells of the posterior intestine 

The absorptive cells described here were present in section III of Ac. lineatus and Z. 

velifer, and section IV of all study species. 

Microvillus length (Fig. 3.3) and MVSA (Fig. 3.4) was smaller in these absorptive 

cells than in the exocrine cells of the pyloric caeca and anterior GIT (Fig. 3.2).  There was 

some variation in the length of microvilli within an individual, with small regions having 

slightly shorter and wider microvilli than the rest of the epithelial cells.  This was not 

observed in all individuals, but was observed in at least one individual from all species.  The 

MVSA was greatest in section IV in N. brevirostris (Fig. 3.4), although it should be noted that 

N. brevirostris had less variation in microvillus length, width and consequently MVSA  
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Figure 3.13.  Transmission electron micrographs of multiple Golgi bodies in (A) exocrine 
columnar cells from the anterior intestine, section III, of Naso brevirostris, and in absorptive 
cells from the posterior intestine, section IV, of (B) N. tonganus, (C,E) Siganus doliatus and 
(D) S. vulpinus.  Some cells had two Golgi bodies (*) near the nucleus of the cell (A-D), and 
one cell had three Golgi bodies present (E).  Abbreviations: ly, lysosome; mt, mitochondrion; 
n, nucleus; rer, rough endoplasmic reticulum; v, vesicle.  Scale bars for (A)-(D) 0.5 μm; (E) 1 
μm. 
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between sections of the GIT than did the other study species (see Table C1 for microvillus 

width results).  Invaginations between microvilli were quite large and well-defined in these 

absorptive cells (Fig. 3.8C).  Some invaginations between microvilli connected to tubules 

extending into the cytoplasm in section IV of S. doliatus (Fig. 3.14).  Invaginations were less 

abundant in section IV of K. cinerascens, K. vaigiensis and N. unicornis. 

Vesicles were generally large, with an electron dense membrane, in the apical region 

of the absorptive cells.  There were more vesicles in close proximity to the apical surface than 

in the anterior sections of the GIT.  There was a small number of large vesicles close to the 

apical surface and more numerous small vesicles in the lower apical region in K. vaigiensis, 

whereas the opposite was true for N. unicornis and N. brevirostris, with few small vesicles 

close to the apical surface, and more numerous larger vesicles in the lower apical region.  

Many vesicles were elongated in shape, and were closer to the apical surface of the cell in K. 

cinerascens and S. doliatus than in the other study species.  Several vesicles in this apical 

region included contents. 

 

 

Figure 3.14.  Transmission electron micrograph of an invagination between microvilli in the 
absorptive epithelial cells from the posterior intestine, section IV, of Siganus doliatus.  The 
invagination (arrow) is connected to a long tubule (arrowhead) protruding into the apical 
cytoplasm of the cell.  Abbreviations: jc, junctional complex; l, lumen; mv, microvilli.  Scale 
bar 0.5 μm. 
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Organelles were not present in the most apical region of cells in section IV of Ap. 

etheridgii, K. cinerascens, K. vaigiensis, Z. velifer and S. doliatus.  MVB were uncommon in 

these absorptive cells, with only a small number seen in six of the study species.  They were 

observed in the apical region of the cell in section III of Z. velifer and section IV of K. 

cinerascens, K. vaigiensis, N. tonganus, N. unicornis and N. brevirostris.  The MVB were 

further from the apical surface in section IV of the two kyphosids than in the other species 

due to all organelles beginning further from the apical surface.  There was a small number of 

MVB in the mid region of the cell and on the apical side of the nucleus in K. cinerascens. 

Mitochondria were densely distributed throughout the absorptive columnar cells of the 

posterior GIT in all study species except S. doliatus and S. vulpinus.  Lysosomes were 

generally distributed throughout the whole cell, with slightly more lysosomes in the apical 

region than near the nucleus.  There were few lysosomes present in section IV of Ap. 

etheridgii, Ac. lineatus and N. brevirostris.  There were some amorphous vesicles in the apical 

region of some cells in section IV of Ac. lineatus, and throughout the cells in section IV of Z. 

velifer, N. tonganus, S. doliatus and S. vulpinus (Fig. 3.15).  Golgi bodies were present in 

every species towards the base of the cell, on the apical side of the nucleus.  There appeared 

to be two Golgi bodies present in some cells from section IV of N. tonganus (Fig. 3.13B), S. 

doliatus (Fig. 3.13C) and S. vulpinus (Fig. 3.13D), and in one S. doliatus individual there 

appeared to be three Golgi bodies present in this section of the GIT (Fig. 3.13E). 

The ER in the absorptive cells of the posterior GIT was typically located near the cell 

wall.  Whilst not abundant in relation to the cell size, it occupied a greater proportion of the 

cell than in the exocrine cells of the anterior GIT.  The ER was distributed from the apical 

region of the cell to below the nucleus in section III of Ac. lineatus and section IV of Ap. 

etheridgii, K. cinerascens and S. doliatus.  The remaining species had a more compact 

distribution of ER from the mid region of the cell down to the region near the nucleus.  The 

ER was only around the nucleus in section IV of K. vaigiensis and Ac. lineatus.  There were 

also short lengths of ER in the apical cytoplasm in section IV of Z. velifer.  The RER was 

distributed around the nucleus in these cells, although it was not very dense.  There was 

slightly more RER on the apical side of the nucleus than the basal side.  There were also 

regions of dense RER in the mid region of the cell and near the base of the cell in section IV 

of Z. velifer, S. doliatus and S. vulpinus.  There were short lengths of RER in the apical 

cytoplasm in S. doliatus and S. vulpinus, and in the cytoplasm of the mid region of the cell in 

Ap. etheridgii, K. cinerascens, K. vaigiensis, N. tonganus and N. unicornis.  Free 

polyribosomes were present in the cytoplasm in the apical region of the cell in section IV of  
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Figure 3.15.  Transmission electron micrographs of amorphous vesicles in the mid region of 
the absorptive epithelial cells from the posterior intestine, section IV, in (A) Acanthurus 
lineatus and (B) Zebrasoma velifer.  Abbreviations: av, amorphous vesicle; mt, 
mitochondrion; t, tubules in the cytoplasm.  Scale bars 0.5 μm. 

 

K. cinerascens, in the mid region of the cell in N. tonganus, and near the nucleus in Ac. 

lineatus.  Rings of polyribosomes were also present in the mid region of the cells in K. 

vaigiensis. 

The cytoplasm was filled with small tubules and vesicles in most absorptive cells from 

the posterior GIT.  These tubules were much wider than those of the exocrine cells in the 

anterior of the GIT, and did not have a distinct branching pattern (Fig. 3.9B).  Although 

vesicles were present, the cytoplasm of the cell had a granulated appearance in section IV of 

K. cinerascens and N. brevirostris.  Small vesicles were observed budding from the cells to 

the basement membrane at the base of cells in one S. doliatus individual, and small vesicles 

were observed budding off the basement membrane into the lamina propria (Fig. 3.1B). 

 

3.3.2.4  Absorptive columnar cells of the distal intestine 

These absorptive cells were present in section V of all study species.  It should be 

noted that section V is generally included in the term ‘posterior intestine’, and has only been 

labelled the ‘distal intestine’ here to delineate cells in this region from those described above 

under ‘posterior intestine’. 
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The microvilli covering the apical surface of the absorptive columnar epithelial cells 

were generally shorter (Fig. 3.2; Fig. 3.3) and had a smaller MVSA (Fig. 3.4) than those of 

the more anterior regions of the GIT.  Microvillus width was similar to the more anterior 

sections of the GIT.  Invaginations between microvilli were present in all species, although 

those in N. brevirostris were sparse.  The invaginations generally had an electron dense 

membrane (Fig. 3.8D). 

Vesicles were not numerous in the apical region of the cells, unlike the more anterior 

regions of the GIT.  There were contents within some vesicles in the apical region.  The 

vesicles were distributed closer to the apical surface of the cell in Ap. etheridgii and Ac. 

lineatus than in the previous sections of the main GIT.  Vesicles were not close to the apical 

surface of the cell in K. cinerascens, K. vaigiensis and N. brevirostris.  Several vesicles were 

elongated in shape in the apical region of the cell in all study species.  Vesicles were observed 

budding from the apicolateral membrane in K. vaigiensis (Fig. 3.11D). 

Organelles were located further from the apical surface in cells from Ap. etheridgii, 

Ac. lineatus, N. brevirostris, K. cinerascens, K. vaigiensis, S. doliatus and S. vulpinus, when 

compared with absorptive cells from the posterior GIT.  There were MVB in the apical 

cytoplasm of all study species, although they were not numerous.  Those in K. cinerascens 

and K. vaigiensis were very large.  There was also a small number of MVB in the mid region 

of the cell in K. cinerascens and N. unicornis.  A single small MVB was observed on the 

basal side of the nucleus in N. unicornis, the only MVB to be observed at the base of the cell 

in any region the GIT from any species. 

Mitochondria were densely distributed throughout section V of all study species.  

Lysosomes were generally distributed throughout the whole cell, with slightly more 

lysosomes in the apical region of the cell than near to the nucleus.  Few lysosomes were 

present in Ap. etheridgii, K. cinerascens, Ac. lineatus and S. doliatus.  A single Golgi body 

was present in every species on the apical side of the nucleus. 

The ER was mainly located near the cell wall and was more abundant than in the 

exocrine columnar cells.  In general the ER was distributed from the mid region to the base of 

the cell.  There was a small amount of RER around the nucleus of all study species except N. 

tonganus, which had a large amount of RER around its nucleus.  There were short lengths of 

RER in the cytoplasm of section V in most species; short lengths of RER were in the apical 

cytoplasm in Ac. lineatus, in the apical cytoplasm and on the apical side of the nucleus in N. 

tonganus, in the mid region of the cell in N. unicornis and N. brevirostris, in the mid region of 

the cell and on the apical side of the nucleus in K. vaigiensis, and throughout the whole cell in 
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Ap. etheridgii and S. doliatus.  Some species had free polyribosomes in the region around the 

nucleus; the polyribosomes were mainly beside the nucleus in Z. velifer, below the nucleus in 

Ap. etheridgii and both above and below the nucleus in S. doliatus.  Polyribosomes were also 

found among mitochondria in the mid region of these absorptive cells in K. vaigiensis and S. 

doliatus. 

Small tubules filled the cytoplasm of most cells.  These tubules appeared the same as 

those in the absorptive cells of the posterior GIT, being wider and less branching than those in 

the anterior intestine (Fig. 3.9B).  There was a granulated appearance in the cytoplasm of the 

absorptive cells in K. cinerascens and K. vaigiensis, although vesicles were still present. 

Overall, these absorptive cells were quite similar in composition to those described for 

the posterior intestine.  The main differences were far fewer vesicles in the apical cytoplasm, 

no amorphous vesicles present, and a much reduced RER content. 

 

3.3.3  Goblet cells 

Goblet cells were seen throughout the main length of the GIT in all of the study 

species.  The apical region of the goblet shape contained large mucus-filled granules (Fig. 

3.16).  These granules were generally lightly stained, although they were electron dense in 

some goblet cells from section V of S. vulpinus.  At the neck of the cell, there was a large 

amount of RER.  Below the RER, there were a small number of mucous granules and a few 

lysosomes.  There was smooth ER near the cell wall in the same region as the lysosomes.  A 

small Golgi body was positioned near the nucleus.  There was RER surrounding the nucleus 

at the base of the cell, and a few small vesicles were observed in this region.  No 

mitochondria were observed in the goblet cells. 

 

3.3.4  Rodlet cells 

Rodlet cells were observed in several species at the ultrastructural level, largely near 

the base of the epithelial cells flanking them.  Rodlet cells were observed releasing their 

rodlets into the lumen in section IV of Ap. etheridgii and N. unicornis (Fig. 3.17).  The cell 

wall was a thick fibrillar structure.  The space between the rodlets was filled with many small 

tubules (Fig. 3.18), and there was a small number of mitochondria alongside the rodlets.  The 

function of rodlet cells is not thought to be related to digestion, and as such they will not be 

discussed further. 
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Figure 3.16.  Transmission electron micrograph of a goblet cell from section IV of Siganus 
doliatus.  The apical surface of the cells is to the upper right corner of the image.  Note the 
narrowing of the cell in the ‘neck’ region (arrow), directly below the large accumulation of 
mucus granules.  Abbreviations: mg, mucus granules; n, nucleus; rer, rough endoplasmic 
reticulum.  Scale bar 2 μm. 

 

3.4  Discussion 

 

The results of this study show that there is variation in the ultrastructure of the GIT 

along its length, both within and between species.  Two types of secretory cell were observed 

in section I, two types of exocrine columnar epithelial cell were observed in the anterior of the 

GIT, and two types of absorptive columnar cell were observed in the posterior of the GIT.  

Goblet cells were observed in all sections of the main GIT, and rodlet cells were observed in 

several species at the ultrastructural level.  The trends observed in the different features of the 

GIT will be discussed below in terms of (i) the cell types observed in the GIT, (ii) MVSA and 

absorption, and (iii) organelles present and the function of the GIT. 

Absorptive cells from the posterior and distal GIT will collectively be referred to as 

the posterior intestine in the discussion due to the many similarities in these regions.  Where 

distinctions are drawn between the cells from two posterior regions, this will be clearly stated. 
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Figure 3.17.  Transmission electron micrographs showing rodlets (*) being released from 
their cell (indicated by arrow) in section IV of (A) Aplodactylus etheridgii and (B) Naso 
unicornis.  Abbreviations: ec, epithelial cell; l, lumen; mv, microvillus; r, rodlets within rodlet 
cell.  Scale bars 2 μm. 

 

 

 

Figure 3.18.  Transmission electron micrograph of the small tubules filling the cytoplasm of 
the rodlet cells.  This example was from a rodlet cell in section IV of Naso unicornis.  
Abbreviation: r, rodlet in cell. Scale bar 0.5 μm. 
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3.4.1  Cell types of the gastrointestinal tract 

Different cell types were observed in the different regions of the GIT of the study 

species.  These cell types will be discussed in terms of their general function and comparisons 

with previous studies on fishes will be made, highlighting the difference in cell type 

identification criteria used between the present study and previous studies. 

A total of eight different cell types were observed in the present study.  Similarly, in 

the temperate omnivorous parore Girella tricuspidata (Anderson, 1986) and the carnivorous 

gilt head sea bream Sparus auratus (Elbal &Agulleiro, 1986) eight different cell types were 

identified along the length of the GIT, whereas in three temperate marine herbivorous fishes 

only six cell types were identified (Johnson, 2010).  However, the majority of cell types 

identified in S. auratus differed considerably from those identified in G. tricuspidata 

(Anderson, 1986), in the three temperate marine herbivorous fishes (Johnson, 2010), and in 

the species in the present study.  All eight cell types in S. auratus contained secretory 

granules, and half of the cell types were located in the stomach and gastric glands (Elbal & 

Agulleiro, 1986).  Cells from the three cell groups (secretory, exocrine and absorptive) were 

identified as expected in the present study; however, only two different types of cells were 

identified in the stomach and gastric glands.  It seems unlikely that diet alone could explain 

these large differences in cell types between S. auratus and the study species, suggesting that 

phylogeny may contribute to these differences. 

In the present study the differences between types of columnar epithelial cells were 

not as straightforward as in G. tricuspidata.  The two types of secretory cells described from 

the oesophagus, stomach and pyloric caeca of G. tricuspidata were observed in the study 

species, although these cells were only observed in the stomach and were not observed in the 

pyloric caeca of any study species.  Moreover, no secretory granules were present in the 

columnar epithelial cells from any other region of the GIT in the present study.  There were 

also some differences at the organelle level between the cells observed in the different regions 

of the GIT in the present study and those observed by Anderson (1986), as will be discussed 

below. 

Two different exocrine cell types were described from the pyloric caeca of G. 

tricuspidata, based on the different structures in the cytoplasm (Anderson, 1986).  This 

pattern was only observed in one individual of K. cinerascens in the present study.  Due to the 

arrangement of organelles being extremely similar between the two different cells in K. 

cinerascens, these were classified as two morphotypes of the same cell, rather than as two 

different cell types.  Interestingly, Girellidae and Kyphosidae are closely related families 
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(Near et al., 2013), suggesting that this may be a feature that is present in these fishes with 

large numbers of small pyloric caeca.  However, the fact that this was only observed in one 

individual from one species in the present study, and was not observed in Kyphosus 

sydneyanus (Johnson, 2010), argues against this proposal.  A greater range of species from 

both families and a larger sample size than in the present study would help to elucidate 

interspecific differences in the cells of the pyloric caeca.  A possible reason for the differences 

observed between G. tricuspidata and the two kyphosids from the present study is that G. 

tricuspidata is an omnivore (Raubenheimer et al., 2005), rather than an herbivore as originally 

classified.  However, the present study included one omnivore, S. vulpinus, and one 

planktivore, N. brevirostris, and these species were no more similar to G. tricuspidata than 

the herbivorous study species.  Therefore our results provide little evidence that interspecific 

differences in diet are reflected in ultrastructural differences in cells of the pyloric caeca. 

Amorphous vesicles were a defining feature of the absorptive cells in the posterior 

two-thirds of the GIT in G. tricuspidata (Anderson, 1986).  These vesicles were observed in 

section IV in some species in the present study, but were never observed in section V.  This is 

consistent with the amorphous vesicles indicating a region of absorption; however, these 

structures do not appear to be the sole indicator for absorption, as these vesicles were absent 

in half of the study species.  This only partially supports our hypothesis that amorphous 

vesicles are present in absorptive cells of the posterior GIT, because although amorphous 

vesicles were present in some sections of the posterior GIT in some species, they were absent 

in others. 

Anderson (1986) also used MVB and a lack of invaginations between microvilli to 

characterise the absorptive cells of the pyloric caeca and the anterior intestine.  However, 

MVB and invaginations between microvilli were seen in almost all regions of the GIT in our 

study species.  There was a difference in the electron density of the membrane of the 

invaginations between the anterior and posterior regions of the GIT, so this rather than simply 

the presence or absence of the invaginations was used to discriminate between exocrine and 

absorptive cells in the current study.  MVB were present in all sections of the GIT except for 

the exocrine cells of the pyloric caeca, and as such were not used in determining cell types in 

the present study. 

At the ultrastructural level, two different secretory cells were observed in I-ABulb of 

N. unicornis, namely taller secretory cells over the surface of villi and cuboidal secretory cells 

lining the gastric glands at the base of villi.  There were no observable differences in the 

structure of the cells between I-ABulb and either I-A or I that suggested any functional 
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difference between these regions of section I.  The intestinal bulb or bulbs from the very 

anterior of the intestinal tract in stomachless scarines are composed of columnar and goblet 

cells, similar to the anterior intestine of these scarines (Al-Hussaini, 1945; Gohar & Latif, 

1961) and the anterior GIT of our study species.  The intestinal bulb is situated at the anterior 

end of the intestine in scarines, posterior to the pyloric valve.  It therefore appears that the 

intestinal bulb in scarines is more similar to the intestine of the species in the present study.  

These results support the histological results from Chapter 2, suggesting that the anterior bulb 

in N. unicornis functions differently from those observed in scarines.  Due to the similarity in 

cell types between I-ABulb and the other regions of the stomach in N. unicornis, the function 

of this small pouch appears to be similar to the main stomach bulb.  Further analysis of other 

characteristics of I-ABulb, drawing comparisons with the surrounding regions of the 

oesophagus and stomach, may provide further information on the function of this region. 

The pinfish Lagodon rhomboides had two types of cells present in the stomach, 

secretory cells and mucous cells (Gallagher et al., 2001).  The secretory cells had some 

similarities to those identified in the study species, with short microvilli and numerous 

secretory granules in the apical region of the cells, but separate mucous cells were not 

identified in section I of any of the study species.  The lattice-like microvilli reported from the 

glands in section I of some study species were present at varying levels of lattice complexity 

in the gastric glands of the rainbow trout Oncorhynchus mykiss, the Atlantic cod Gadus 

morhua (Bomgren et al., 1998), the pinfish L. rhomboides (Gallagher et al., 2001), and the 

catfish Hemisorubim platyrhynchos (Faccioli et al., 2014).  Mitochondria from cells lining the 

gastric glands were generally large, numerous, and had well-developed cristae in the present 

study.  Well-developed cristae are associated with higher rates of oxidative metabolism 

(Lehninger, 1970).  Large vesicles and tubules in the apical region of the cell, and numerous 

mitochondria, suggests that these cells are involved in acid production.  The acidic nature of 

the stomach has been reported in several other fishes, including herbivorous fishes, such that 

it was the defining characteristic of one of the digestion types in herbivorous fishes proposed 

by Lobel (1981) and refined by Horn (1989, 1992).  The perch Perca fluviatilis also had 

gastric cells containing granules and a tubulovesicular system in the apical cytoplasm 

(Noaillac-Depeyre & Gas, 1978), similar to the parietal cells of mammals and chloride cells in 

fishes (Gallagher et al., 2001).  This suggests that cells lining the gastric glands are similar 

among teleost species, likely due to their key role in producing an acidic environment to begin 

the digestive process regardless of diet. 
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There was a clear difference in the epithelial surface of the stomach and intestine in 

the study species, mainly due to the difference in the size and type of cells present.  Nile 

tilapia had a similar difference, with a change from mucous cells in the tubular glands of the 

oesophagus and stomach to columnar epithelium in the main GIT (Morrison & Wright, 1999).  

The mucous cells appeared to provide protection from acidic stomach contents, rather than 

being directly involved in digestion.  Pyramidal gastric gland cells were described from the 

stomach of carnivorous lizardfish, resembling cells that produce pepsin and hydrochloric acid 

(oxynticopeptic cells) in other fishes (Fishelson et al., 2012).  Tubular glands and pyramidal 

gland cells were not seen in any of the study species, suggesting that while gastric glands 

generally function similarly in teleosts, different species and fishes with different diets may 

require specific adaptations.  The differences observed between studies may be related to the 

digestion of lipids, as the algal diet of the herbivorous study species is low in lipid 

(Montgomery & Gerking, 1980; Crossman et al., 2005).  Although gastric lipases are not 

quantitatively significant to lipid digestion (Tocher, 2003), their presence in the stomach may 

be crucial to begin the lipid digestion process.  This would be particularly important for 

enabling absorption of lipids in the anterior GIT.  The additional lipase digestion required by 

carnivorous and omnivorous fishes may result in the ultrastructural differences observed in 

the stomach between studies, although this hypothesis requires further examination. 

 

3.4.2  Microvillus surface area and absorption 

The GIT of vertebrates displays plasticity at the gross, histological and ultrastructural 

levels.  Differences in the morphology of microvilli can have major implications in terms of 

absorption and digestion (Mayhew, 1990; Frierson & Foltz, 1992).  Differences in microvillus 

length and MVSA in the study species will be outlined in the light of previous work, and 

implications for absorption and consequently nutrition of the study species will be discussed. 

The morphology of the GIT, especially in terms of the appearance of villi and 

microvilli, can be affected by the expansion and compression of the gut during processing of 

food (Al-Hussaini, 1949b).  This may explain why both slightly shorter and wider microvilli 

and slightly taller and thinner microvilli were seen in some absorptive cells in the same 

individual.  In other words, some of the differences in the appearance of the brush border 

membrane may be related to absorption processes that were occurring in the posterior GIT at 

the time of fixation itself. 

Different regions of the GIT can display various specialisations in the mucosa that 

enable optimal absorption efficiency (Ezeasor & Stokoe, 1981).  Increasing microvillus length 
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and consequently MVSA is one of the major ways in which animals increase GIT surface area 

(Friersen & Foltz, 1992).  The microvilli in some teleost species are quite simple and appear 

as intertwined fibres, whereas those in other species are well-developed (Al-Hussaini, 1949b).  

All microvilli observed in the study fish species were well-developed, thus enabling efficient 

absorption of the products of digestion. 

It was hypothesised that microvilli and MVSA would be largest in the anterior and 

posterior GIT, thus corresponding with the major regions of endogenous and exogenous 

(microbial) digestion (Skea et al., 2005, 2007).  However, microvillus length generally 

decreased from anterior to posterior along the GIT of the study species, as did MVSA.  

Therefore we only found support for increased surface area in regions of endogenous 

digestion, and not in regions of exogenous digestion.  There was no increase in microvillus 

length or MVSA in most species in the posterior GIT.  As outlined in Chapter 2, most species 

displayed a slight increase in villus length in the posterior GIT.  However, the surface area in 

the posterior GIT is not as large as that in the anterior due to the smaller MVSA.  Therefore, 

the anterior GIT has the greatest potential for absorption.  This is consistent with the 

histological results presented in Chapter 2.  Similar to the pattern evident in the histological 

results, the smaller MVSA in the posterior GIT could be due to the anterior GIT being more 

important for absorption than the posterior GIT due to higher levels of assimilable nutrients in 

the former.  Regardless of the dietary differences among the study species, there is a general 

trend of increased surface area of the GIT in regions where the majority of endogenous 

digestion occurs. 

The general decrease in MVSA in the posterior GIT of all study fish species suggests 

that absorptive capacities in the different regions of the GIT may be similar among species.  

MVSA can change when the type or amount of food changes, as with villus surface area 

(Karasov & Hume, 1997), e.g. MVSA per μm intestine length was much greater in 

herbivorous silverfishes than omnivorous or carnivorous silverfishes (Horn et al., 2006).  

Alternatively, MVSA may be influenced by phylogeny, i.e. some families of fishes may have 

a greater ability to regulate MVSA than others.  The relationship between dietary algal 

composition (particularly phaeophytes versus rhodophytes and chlorophytes) and hindgut 

SCFA concentration seen in the study species (Clements & Choat, 1995; Crossman et al., 

2005; Skea et al., 2005, 2007) suggests that we may expect to see a difference in the surface 

area of the GIT between species consuming different algal diets.  However, the trends in 

MVSA along the GIT were extremely similar between closely related species in the present 
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study regardless of diet (see Fig. 1.1 for phylogenetic relationships), suggesting that GIT 

surface area in the study fish species is more influenced by phylogeny than by diet. 

Similarities in microvillus length and MVSA between closely related species may be 

due to similar GIT regulatory abilities, similar to that for histological gut features (Chapter 2).  

In anurans, the GIT was regulated at the villus level but there was little difference in 

microvillus length between fed and starved states, suggesting that it may be energetically 

inefficient for a species that feeds frequently to constantly up- and down-regulate microvillus 

length (Secor, 2005).  However, microvillus length did increase after feeding in the 

herbivorous grass carp Ctenopharyngodon idella (Day et al., 2014).  A similar, but more 

exaggerated, response to feeding is seen in pythons, with a large increase in microvillus 

length after feeding, and microvilli becoming very short after the completion of digestion 

(Secor & Diamond, 1998; Lignot et al., 2005).  Microvillus length was also affected by diet 

quality in wood-eating catfishes, which reduce microvillus length on a low quality diet, and 

almost lose microvilli altogether when starved (German et al., 2010).  Wood-eating catfishes 

experience periods of starvation in the wild, whereas the study species generally do not.  

Substantial down-regulation of MVSA is unlikely to be metabolically advantageous in species 

such as those in the present study that do not experience periods of starvation, supporting our 

hypothesis based on histological results (Chapter 2). 

 

3.4.3  Organelles and function of the gastrointestinal tract 

The presence, abundance, size and shape of organelles within a cell can provide 

important information on the function of that cell.  When combined over the length of the 

GIT, the variation in cell types and the organelles present within these cells can help us to 

understand the functioning of the GIT as a whole.  In this section the differences in organelles 

observed in the different regions of the GIT will be discussed, and related to the function of 

the GIT. 

All of the columnar cells in the main GIT had clear junctional complexes between 

adjacent cells in the apicolateral region.  Tight junctions on the apical side of these complexes 

regulate the diffusion of ions and small solutes (Schneeberger & Lynch, 1992; 2004; Steed et 

al., 2010) and the transport of antigens (Snoeck et al., 2005).  These junctional complexes did 

not differ greatly between the different regions of the main GIT, and as such appear to 

function in a similar way along the length of the GIT.  This is consistent with cells throughout 

the GIT needing to adhere to one another to maintain the mucosal structure, and the ability to 

communicate between adjacent cells being important in all regions of the main GIT. 
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Invaginations and vesicles have been observed in the apical cytoplasm of epithelial 

cells in the GIT in other vertebrates, such as the chicken (Dantzer, 1989), and in other fishes 

(Noaillac-Depeyre & Gas, 1973, 1976, 1979; Stroband et al., 1979; Stroband & Kroon, 1981; 

Rombout et al., 1985; Georgopoulou et al., 1986a,b, 1988; Abaurrea et al., 1993; Hernandez-

Blazquez & da Silva, 1998; Borges et al., 2010).  Invaginations and vesicles were observed 

throughout the length of the GIT in the study fish species, with many of the vesicles having 

electron dense contents.  This generally supports our hypothesis of invaginations being 

present in regions of endogenous and exogenous digestion, although there was greater 

abundance and greater electron density of invaginations in the posterior GIT.  In the chicken, 

the contents of vesicles stained densely in the mid region, but not at the base of the caeca 

(Dantzer, 1989).  Contents of these vesicles were not identified; however, the structure of the 

vesicles in the different regions of the caeca, being larger and more numerous in the proximal 

region, as well as the different osmium staining, suggests that different regions of the caeca 

have different functions (Dantzer, 1989).  Similarly, the invaginations and vesicles in the 

different regions of the GIT in the study species stained differently, with more electron dense 

invaginations and vesicles in the posterior GIT, suggesting a difference in structure which 

may lead to a difference in function between the anterior and posterior GIT.  If these vesicles 

are the result of pinocytosis, it would indicate that the electron dense contents could consist of 

proteins and nutrients taken up from the lumen. 

Uptake has been demonstrated in the middle intestine (Noaillac-Depeyre & Gas, 1976, 

1979; Stroband & Kroon, 1981), posterior intestine (Noaillac-Depeyre & Gas, 1973; Stroband 

et al., 1979; Rombout et al., 1985; Georgopoulou et al., 1988; Abaurrea et al., 1993), and 

rectum (Hernandez-Blazquez & da Silva, 1998; Borges et al., 2010; Evans et al., 2012) of 

various fishes.  Specific staining to identify absorption processes in these studies 

demonstrates that different regions of the GIT are associated with different processes, with the 

majority of macromolecules taken up via pinocytosis.  These studies were carried out in 

captivity and as such, using labelling in a similar way to demonstrate pinocytosis in the 

present study was not possible.  However the ultrastructure of the epithelial cells in the study 

species closely resembles that seen in other teleost fishes.  Consequently, it appears that the 

study species employ a similar strategy to absorb macromolecules, with greater absorption via 

pinocytosis in the posterior intestine, particularly in section IV.  This supports our hypothesis 

of greater pinocytotic activity in the posterior GIT. 

We did not find support for our hypothesis of a greater abundance of pinocytotic 

vesicles in the algivorous study species.  This suggests that both N. brevirostris and S. 
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vulpinus also use pinocytosis to obtain nutrition from ingesta.  Juvenile N. brevirostris feed on 

algae post-settlement and gradually assume a planktivorous diet as they grow (Jones, 1968; 

Choat et al., 2002).  At maturity N. brevirostris are approximately 250 mm SL (Choat & 

Robertson, 2002), whereas the individuals used in the present study were smaller.  As such, 

although their diet was dominated by plankton, a small proportion of algae was still ingested 

(personal observation of stomach contents).  This finding may explain the presence of 

vesicles, likely of pinocytotic origin, in the apical cytoplasm of this species.  On the other 

hand, S. vulpinus consumes a reasonably large proportion of algae, as well as animal material 

and cyanobacteria (Hoey et al., 2013).  The total SCFA concentration was similar between 

section V of S. vulpinus and hindgut sections in algivorous species (Clements & Choat, 1995), 

showing that a substantial amount of hindgut fermentation occurs in this species.  Therefore, 

obtaining nutrition from algae by pinocytosis via their hindgut microbiota would be 

advantageous.  

It is generally accepted that fish absorb lipids in the anterior intestine (Sire & Vernier, 

1992), as has been documented from numerous fishes (e.g. Noaillac-Depeyre & Gas, 1976; 

Stroband et al., 1979; Ezeasor & Stokoe, 1981; Stroband & Kroon, 1981; Rombout et al., 

1985; Gallagher et al., 2001).  The histological structure and histochemistry of the GIT in the 

granulated catfish was consistent with lipid absorption occurring in the anterior GIT, 

absorption of macromolecules occurring in the mid region, and osmoregulation occurring in 

the posterior GIT (de Melo Germano et al., 2014), as has been described for many teleosts 

(Dabrowski & Portella, 2006).  It has been suggested that the uptake of protein occurs via 

pinocytosis in the GIT of Tilapia spp., followed by digestion within the cell, whereas the 

uptake of lipid occurs after digestion in the lumen has already occurred, and the lipid 

metabolites released can be absorbed (Gargiulo et al., 1998).  Small vesicles were present in 

the exocrine cells from the pyloric caeca and anterior intestine in the study species.  These 

vesicles did not have electron dense membranes, suggesting paucity of lipid.  However, lipid 

droplets observed in numerous other species are large, whereas the vesicles observed in the 

study species were small, suggesting that different fishes have quite different gut 

functionality.  This may be due to differences in diet, as the algal diet of the study species is 

low in lipid (Montgomery & Gerking, 1980; Crossman et al., 2005).  If the small vesicles in 

the apical region of epithelial cells from the anterior GIT do contain lipid, there appear to be 

two main forms of lipid absorption: via small vesicles, and via large lipid droplets. 

The fact that lipids are taken up in such large quantities in carnivorous species 

suggests that there is a large amount of lipid in their diet.  The diet of the pinfish Lagodon 
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rhomboides changes from carnivorous as larvae, to planktivorous as a juvenile, to herbivorous 

as an adult (Gallagher et al., 2001).  The cells from the GIT of the planktivorous N. 

brevirostris would be expected to be the most similar to the cells of juvenile L. rhomboides 

with large lipid vacuoles (Gallagher et al., 2001).  While some of the vesicles in the apical 

cytoplasm of the planktivorous N. brevirostris were larger than in the other study species, 

they were still more similar to the herbivorous study species than to L. rhomboides.  The N. 

brevirostris in the present study had a diet dominated by plankton, although a small 

proportion of algae was still ingested (personal observation of stomach contents).  However, 

the large amount of plankton observed in the stomach and GIT would indicate a greater lipid 

intake than in the strictly herbivorous study species, but no large lipid droplets were observed 

in this species.  Large vacuoles, possibly containing lipid, were also present in the posterior 

GIT in the omnivorous Tilapia spp. (Gargiulo et al., 1998).  No lipid droplets were observed 

in the posterior GIT in any of the present study species.  These results suggest that lipid 

uptake may be influenced by phylogeny and previous diet in species that undergo an 

ontogenetic dietary shift, rather than being purely determined by current diet.  The 

morphology of lipid droplets in different families of fishes requires further analysis. 

Zymogen-like inclusions were reported from the stomachs of adult omnivorous 

Lagodon rhomboides (Gallagher et al., 2001), similar to that observed in a secretory cell from 

the stomach of N. brevirostris.  It seems possible that the presence of zymogen granules is 

more common in species with an omnivorous and carnivorous diet than in species that are 

true herbivores.  Since zymogens are inactive precursors of enzymes (Lehninger, 1970), they 

could be more important in omnivorous species than herbivorous species due to the greater 

variation in the diet of omnivores.  Zymogen granules may not be abundant in N. brevirostris 

due to the ontogenetic shift from an herbivorous to planktivorous diet.  However, no zymogen 

granules were identified in the secretory cells of the omnivorous S. vulpinus in the present 

study.  The diet of S. vulpinus still contains a substantial amount of algae (Hoey et al., 2013), 

and as such zymogen granules may be of greater importance in the stomach cells of N. 

brevirostris due to the greater amount of animal material in their diet. 

Mitochondria in the anterior GIT were less dense than in the posterior GIT, providing 

support for our hypothesis of greater mitochondrial abundance in the posterior GIT.  

However, there was no support for our hypothesis that there would be a greater density of 

mitochondria in the posterior GIT of algivorous study species, as the density was quite similar 

between all study species.  Work on cyprinids and roach demonstrated that mitochondria were 

less abundant when lipid absorption was occurring (Al-Hussaini, 1949b).  This is consistent 
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with the studies mentioned above that suggest that the anterior GIT is associated with lipid 

absorption.  The ultrastructural results for the pyloric caeca of the study species is consistent 

with this region being involved in lipid absorption.  This was unlike that seen in the temperate 

Girella tricuspidata, in which the pyloric caeca were mainly covered by secretory cells 

(Anderson, 1986).  Albrecht et al. (2001) reported that the pyloric caeca in two freshwater 

neotropical omnivores was similar to that of the main intestine, suggesting that the pyloric 

caeca act mainly to increase the surface area for absorption.  There were small differences 

between the epithelial cells in the pyloric caeca and anterior GIT of the present study species, 

but their structures imply that these two regions have a similar function. 

The density of mitochondria within a cell can provide information on its metabolic 

activity.  Mitochondria in quail and fowl caeca were at similar densities in different regions of 

the caeca, suggesting a similar level of active transport throughout (Strong et al., 1989), 

whereas density of mitochondria in the study fish species varied between regions of the GIT.  

Mitochondrial density was generally much greater in absorptive cells of the posterior GIT 

than in exocrine cells of the pyloric caeca and anterior GIT.  The uptake of amino acids 

resulting from protein hydrolysis occurs via active transport (Sire & Vernier, 1992).  The 

large number of mitochondria in the posterior GIT of the study species suggests that active 

transport, possibly of amino acids, is greater in the posterior than anterior GIT, although 

mitochondria were closer to the apical surface of the cell in the latter.  This suggests that in 

the anterior GIT, at least some of the nutrients are transported passively such that there is less 

need for such a large number of mitochondria. 

The distribution of lysosomes and MVB varied between regions of the GIT in the 

study species.  There were fewer lysosomes in the exocrine cells of the anterior GIT than in 

the absorptive cells of the posterior GIT.  This is the opposite of what we hypothesised.  

Lysosomes degrade proteins (Georgopoulou et al., 1986b; Piper & Katzmann, 2007), and 

therefore their abundance in the posterior GIT indicates greater protein catabolism in this 

region.  However, the distribution of MVB supported our hypothesis of greater abundance in 

the region of endogenous digestion, the anterior GIT.  This suggests that protein processing 

pathways may differ between the anterior and posterior GIT. 

Dantzer (1989) found that MVB were distributed from the apical region down to the 

Golgi complex in epithelial cells at the base of the caecum in chickens (the region closest to 

the ileorectal valve), whereas MVB were only present in the apical region of cells in the 

middle of the caeca (corpus caeca).  Dantzer (1989) gave no explanation for this difference in 

distribution, although it seems likely that regions of the GIT function differently in terms of 
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the movement and distribution of proteins enclosed in vesicles.  The uptake of 

macromolecules in the GIT in Cyprinus carpio was hypothesised to involve the fusion of 

invaginations into the cytoplasm, with MVB creating secondary lysosomes (Rombout et al., 

1985).  If such a pathway occurs in the study species it would explain the distribution of MVB 

being predominantly in the apical region of the cell.  However, the MVB observed near the 

nucleus did not appear to be secondary lysosomes, suggesting that these MVB may be 

transporting proteins to a different part of the cell.  MVB can also receive material from the 

trans-Golgi network (Raiborg et al., 2003), and as such the MVB further down the cell may 

be receiving material from the Golgi body. 

The large number of MVB observed in the apical region of exocrine cells from the 

anterior GIT suggests that a substantial amount of absorption and protein processing occurs in 

the anterior GIT.  This is consistent with previous findings that suggest that a substantial 

amount of endogenous digestion occurs in the anterior intestine (Skea et al., 2005; 2007), and 

subsequently there is likely to be a substantial amount of protein taken up in the anterior 

intestine.  However, due to the weakly staining invaginations and vesicles in this region of the 

GIT, we did not find clear evidence of pinocytosis occurring in the anterior GIT.  The MVB 

seen attached to the apicolateral membrane of an epithelial cell in the anterior GIT of N. 

unicornis is indicative of the MVB transporting material to the intercellular space.  However 

it is not possible to determine the origin of the material enclosed in the vesicles within this 

MVB, but it seems likely that it originated from the lumen due to the MVB being in the 

apicolateral region of the cell.  Although the specific role of the MVB cannot be determined 

in the present study, previous work on MVB suggests that proteins are processed in different 

regions of the GIT.  The greater abundance of MVB in the anterior GIT suggests that protein 

processing is greater in this region of the GIT, consistent with the region of the GIT with the 

highest rates of endogenous digestion (Skea et al., 2005, 2007). 

The abundance of ER and RER varied between cell types.  The abundance of the 

different types of ER relates to the function of the cell, with secretory cells characterised by 

more RER (Baumann & Walz, 2001; Voeltz et al., 2002), and absorptive cells characterised 

by more smooth ER.  This is consistent with large amount of RER in the secretory cells of the 

stomach.  The exocrine cells of the pyloric caeca and anterior GIT tended to have greater RER 

abundance than the posterior GIT.  Having said this, RER was not observed in the exocrine 

cells of section II of K. cinerascens, K. vaigiensis and N. tonganus, suggesting that these 

species may have less secretion occurring in the anterior GIT than the other study species.  

These species consume thallate phaeophytes, rhodophytes and chlorophytes (Choat et al., 
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2002), which are not all readily assimilable, so the reason for the lack of RER is not clear.  In 

general, these findings support our hypothesis of greater RER content in secretory cells of the 

anterior GIT, although there are clearly a few exceptions to this trend in section II of the GIT. 

Smooth ER was more abundant in both types of absorptive cells than in the exocrine 

cells of the anterior GIT, suggesting greater absorptive function in the posterior GIT.  This is 

consistent with our hypothesis of greater ER content in absorptive cells in the posterior GIT.  

However, there was a clear difference in the RER between the two absorptive cells in the 

posterior GIT.  The cells in section V had less RER than the cells in sections III and IV, 

suggesting that section V has greater absorption.  This was unexpected since exogenous 

digestion also occurs in section IV of the study species, and MVSA were smaller in section V 

than in the more anterior GIT.  However this pattern is consistent with SCFA concentration 

being highest in section V of numerous study species (Clements & Choat, 1995), and with the 

finding that absorption occurs in the posterior GIT and rectum in numerous other fishes 

(Noaillac-Depeyre & Gas, 1976; Watanabe, 1984a; Sire & Vernier, 1992; Abaurrea et al., 

1993; Murray et al., 1996; Hernandez-Blazquez & da Silva, 1998; Borges et al., 2010).  

Therefore, section V may be more important for absorption than the MVSA suggests.  

Overall, these results emphasise that the posterior GIT of the study species is important for 

nutrient absorption. 

The lamellar structures observed at the base of epithelial cells have previously been 

reported in rainbow trout (Ezeasor & Stokoe, 1981), perch (Noaillac-Depeyre & Gas, 1979), 

and the seawater eel (Simonneaux et al., 1988).  These infoldings at the base of the cell act to 

increase the surface area (Wilson & Castro, 2011), and with the numerous mitochondria 

present in this basal region this suggests that they are involved in energy-dependent processes 

such as the transport of water and ions (Ezeasor & Stokoe, 1981) and the active recycling of 

ions through the basement membrane (Simonneaux et al., 1988).  It was hypothesised that the 

lamellar structures would be larger in the anterior GIT where endogenous digestion occurs.  

However, we did not find support for our hypothesis as the lamellar structures were large 

throughout the length of the main GIT.  This suggests that nutrients are taken up along the 

length of the GIT, and consequently the basal region of cells from the whole length of the GIT 

play an important role in the active transport of nutrients from the lumen to the lamina propria 

and the bloodstream. 

Comparing the ultrastructure of the GIT between study species, the main differences 

were between species from different families (see Fig. 1.1 for phylogenetic relationships) 

rather than between species with different diets.  This pattern is similar to the histological 
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results presented in Chapter 2 and consistent with the suggestion in Al-Hussaini (1949a) that 

the phylogeny of a species can have an effect on the structure of the GIT.  Cellular structure is 

likely labile, as cell turnover is high and thus the GIT can adjust rapidly to changes in 

conditions.  However, a change in diet may also require adaptations to the mouth.  The 

dentition and gill rakers of a fish often reflect its diet (Eastman, 1977; Liem & Greenwood, 

1981; Lauder, 1982; Liem & Sanderson, 1986; Livingston, 1987; Clements & Bellwood, 

1988; Guinea & Fernandez, 1992; Delariva & Agostinho, 2001; Davis et al., 2016).  

Therefore, differences between species consuming different diets may be more apparent in the 

gross adaptations of these mechanisms for physical processing of ingesta.  Hindgut 

microbiota ferment ingesta in all of the study fish species (Rimmer & Wiebe, 1987; Clements 

& Choat, 1995; Mountfort et al., 2002), suggesting that mechanisms for digestion and 

assimilation of macronutrients would be broadly similar between species.  Therefore, the 

small ultrastructural differences observed between species could be sufficient to account for 

interspecies dietary variations. 

 

3.4.4  Conclusion 

Eight different cell types were observed in the study fish species.  These cell types 

differed slightly from those reported in other studies on teleosts, although the main types of 

cells observed in the previous studies, i.e. secretory, exocrine and absorptive cells, were also 

identified in all study species.  The structure of cells in the pyloric caeca and anterior GIT 

support the hypothesis that lipid absorption occurs in this region, while the absorption of 

macromolecular protein occurs in the posterior GIT.  Therefore, despite the minor 

interspecific differences observed, at the ultrastructural level the different regions of the GIT 

have a similar general function in the study species.  The main differences at the 

ultrastructural level appear to be between species from different families, rather than between 

species with different diets.  Adaptation to diet at the ultrastructural level appears less obvious 

than that manifested in trophic morphology. 
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Chapter 4:  Location of endosymbiotic microbiota in the hindgut 

of temperate and tropical marine herbivorous fishes 

 

 

4.1  Introduction 

 

Gastrointestinal symbiotic microbial communities from terrestrial herbivorous 

vertebrates have been well documented, with both foregut- and hindgut-fermenters identified 

(Karasov & Hume, 1997; Stevens & Hume, 1998; Karasov & Martínez del Rio, 2007).  

However, most studies on the symbiotic microbial communities in the gastrointestinal tract 

(GIT) of fishes have focused on carnivorous and freshwater species that lack hindgut 

fermentation (Cahill, 1990; Onarheim et al., 1994; Blanch et al., 1997).  As a result, the 

functional significance of hindgut microbial communities in marine herbivorous fishes is 

poorly understood compared to those in terrestrial vertebrates (Clements et al., 2014). 

This chapter examines endosymbiotic microbiota in the hindgut of the same 10 marine 

herbivorous fish species studied in Chapters 2 and 3 (i.e. the temperate Aplodactylus etheridgii 

and the tropical Kyphosus cinerascens, K. vaigiensis, Acanthurus lineatus, Zebrasoma velifer, 

Naso tonganus, N. unicornis, N. brevirostris, Siganus doliatus and S. vulpinus), as well as 

three temperate marine herbivorous fishes (Ap. arctidens, Odax pullus and K. sydneyanus) 

whose GIT histology and ultrastructure has been described previously (Johnson, 2010).  The 

omnivorous S. vulpinus and the planktivorous N. brevirostris were examined to provide a 

dietary comparison to the remaining, algivorous study species.  These species all have 

relatively high hindgut short-chain fatty acid (SCFA) concentrations (Rimmer & Wiebe, 1987; 

Clements & Choat, 1995; Mountfort et al., 2002).  While the axial GIT distribution of these 

communities has been determined, the radial distribution of organisms in the lumen remains 

unclear, i.e. the extent to which microorganisms are associated with the gut wall, ingesta, or 

both.  The main aim of this chapter is to provide a detailed account of the radial distribution of 

endosymbiotic hindgut microbiota in relation to both the gut wall and ingesta particles in these 

host fish species. 
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Bacteria are present throughout the GIT of herbivorous fishes, although bacterial 

density and diversity are much higher in the posterior GIT than the anterior GIT (Clements, 

1991; Moran et al., 2005).  Hindgut endosymbionts are generally located close to the mucosal 

surface in O. pullus, Ap. arctidens and K. sydneyanus (Johnson, 2010), although the radial 

distribution of microbes were not examined in detail.  The radial distribution of microbiota is 

of interest as bacteria within the hindgut are known to ferment ingesta (Mountfort et al., 2002), 

providing the host fish with additional nutrition that would otherwise have been unavailable 

for absorption.  The importance of microbial colonisation of the mucosal surface has been 

demonstrated in numerous mammals, as these microbes assist with digestion and consequently 

provide nutrition to their host (Hooper et al., 2002).  This would be extremely important in our 

herbivorous study fish species as attachment to the mucosal surface would imply that any 

products of microbial digestion would be in close proximity to the absorptive gut wall.  The 

closer microbes are to the mucosal surface, the greater the potential for efficient transfer of 

nutrients.  Similarly, the proximity of microbes to algae in the lumen is important as it 

indicates the amount of algae that could be broken down by bacteria, i.e. if few bacteria are in 

close proximity to algae in the lumen then microbial breakdown of algal particles would be 

limited.  Bacterial colonisation of ingesta is known to be important in ruminants, optimising 

the digestion of plant material that otherwise could not be digested by the host (Costerton et 

al., 1985).  The relationships between symbiotic microbes and the mucosal surface, and 

attachment of microbes to ingesta in the hindgut, have not been examined in detail in 

herbivorous fishes. 

Bacteria colonise the mucosal lining of the GIT of various vertebrates (e.g. Davis et al., 

1972; Davis & Savage, 1974; Cheng et al., 1979; Hamir et al., 2001; Del-Pozo et al., 2010).  

While direct attachment to the mucosal surface occurs, attachment to the mucosal surface is 

sometimes mediated by the glycocalyx (e.g. Cheng et al., 1979; Fidopiastis et al., 2006), a 

layer of branched mucin glycoconjugates that attach to the tips of microvilli (Lentle & 

Janssen, 2011).  Attachment of bacteria to the mucosal surface has been reported in some fish 

species (Ringø et al., 2003; Izvekova, 2005; Fidopiastis et al., 2006; Dhanasiri et al., 2011), 

although most of these are carnivores.  It is thus of interest to determine whether bacteria are 

similarly attached to the mucosal surface of the GIT in the herbivorous study species, as 

occurs in the hindgut caecum of the herbivorous Kyphosus (formerly Hermosilla) azurea 

(family Kyphosidae) (Fidopiastis et al., 2006).  Bacteria in foregut- and hindgut-fermenting 

vertebrates are also often closely associated with ingested plant material (Akin et al., 1974b; 

Akin & Amos, 1975; Cheng et al., 1977; Latham et al., 1978b; Akin, 1980; Mackie et al., 
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2004).  The close association between bacteria and substrate would suggest that fermentation 

of the plant material is more efficient than if bacteria were simply in the gut lumen. 

The hindgut microbiota of some surgeonfishes includes giant Epulopiscium spp. 

bacteria, known as epulos (Fishelson et al., 1985; Montgomery & Pollak, 1988a; Clements et 

al., 1989).  A variety of epulo morphotypes are known, varying in size, shape and number of 

daughter cells (Clements et al., 1989).  These epulo morphotypes correspond to different 

operational taxonomic units (Flint et al., 2005; Miyake et al., 2015).  The function of these 

giant bacteria may not be directly related to the breakdown of ingested algae.  However, the 

relative distributions of epulos and other microbiota components are of interest.  Epulos 

(referred to as protists by the authors) from the Red Sea surgeonfish Acanthurus nigrofuscus 

were most abundant mid-way between the mucosal surface and the centre of the lumen, and no 

epulos were identified in the centre of the lumen (Fishelson et al., 1985).  Therefore, we 

expect to observe a similar distribution of epulos in the surgeonfishes in the present study. 

This chapter will examine the location of bacteria in the hindgut of study fish species 

using both histology and electron microscopy, enabling detailed description of the relationship 

between microbiota and both the mucosa and algal fragments.  The following hypotheses will 

be tested: (i) microbiota are most dense close to the mucosal surface; (ii) highest density of 

epulos occurs mid-way between the mucosal surface and the centre of the lumen; (iii) total 

microbial density is greatest in the anterior hindgut, section IV; (iv) microbes are in close 

proximity to the mucosal surface, and attached to it via the glycocalyx layer; and (v) bacteria 

are in close proximity to, but not necessarily attached to, algal fragments in the lumen. As 

such, this chapter forms the first comprehensive analysis of the relationship between bacteria 

and both the mucosal surface and algal ingesta in marine herbivorous fishes. 

 

4.2  Materials and Methods 

 

4.2.1  Sample collection 

Eight Aplodactylus arctidens (Richardson, 1839) (Aplodactylidae) (370-430 SL), six 

Ap. etheridgii (Ogilby, 1889) (Aplodactylidae) (320-420 mm SL), nine Odax pullus (Forster in 

Bloch & Schneider, 1801) (Labridae) (295-405 SL), and nine Kyphosus sydneyanus (Günther, 

1886) (Kyphosidae) (345-495 SL) were collected by spear on snorkel in the Hauraki Gulf in 

the vicinity of Great Barrier Island (36°10′S, 175°25′E) during February, May and November 

2011, and February 2013 (see Appendix 1 for details of individual fish specimens).  Fish were 
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killed by pithing immediately after being brought onto the RV Hawere, and were processed 

immediately.  Fish collection was conducted under University of Auckland Animal Ethics 

Committee approvals R717 and 001009. 

Eight Kyphosus cinerascens (Forsskål, 1775) (Kyphosidae) (194-332 mm SL), six K. 

vaigiensis (Quoy & Gaimard, 1825) (Kyphosidae) (230-360 mm SL), four Acanthurus lineatus 

(Linnaeus, 1758) (Acanthuridae) (185-205 mm SL), six Zebrasoma velifer (Bloch, 1795) 

(Acanthuridae) (125-198 mm SL), six Naso tonganus (Valenciennes, 1835) (Acanthuridae) 

(220-475 mm SL), 10 N. unicornis (Forsskål, 1775) (Acanthuridae) (255-445 mm SL), seven 

Siganus doliatus (Guérin-Méneville, 1829-38) (Siganidae) (150-185 mm SL) and four S. 

vulpinus (Schlegel & Müller, 1845) (Siganidae) (173-185 mm SL) were collected by spear on 

snorkel and SCUBA in the vicinity of Lizard Island, Great Barrier Reef, Australia (14°40′S, 

145°27′E) during March 2011, January-February 2012 and May 2013.  Two Naso brevirostris 

(Cuvier, 1829) (Acanthuridae) (195-205 mm SL) were also collected in May 2013 to use as a 

comparison.  Fish collection was conducted under James Cook University of North 

Queensland Animal Ethics Committee approval A1641. 

Individuals collected in 2011 and 2012 were kept on ice until return to the Lizard 

Island Research Station laboratory and dissected as soon as possible after return, generally 

within four hours.  Due to the degradation of samples kept on ice as outlined previously (see 

section 2.2.1), fish collected in 2013 were processed immediately upon capture on board the 

RV Kirsty K.  Fish from both locations were collected between 0905 and 1735 to ensure their 

guts would be full. 

For each individual, SL, fork length, total weight, gutted weight and sex were 

recorded.  The entire GIT of all study species was removed by careful dissection.  The gut was 

then carefully unravelled and divided into five sections following Clements and Choat (1997) 

and Mountfort et al. (2002), as outlined previously (see section 2.2.1).  Briefly, in the 

stomachless O. pullus the GIT was divided into five sections of equal length.  In the remaining 

species, the stomach constituted section I.  In all species except K. sydneyanus and K. 

vaigiensis the remaining length of GIT was divided into four equal sections (II-V).  Kyphosus 

sydneyanus and K. vaigiensis had a well-defined hindgut chamber at the posterior of the GIT 

which constituted section V, with the remaining GIT divided equally into the three remaining 

sections, II-IV.  
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4.2.2  Histological analysis 

Samples taken from the GIT for histological examination of the gut morphology 

(Chapter 2) were also used for analysing the location of microbiota (see section 2.2.2 for 

detailed procedure).  To summarise, portions of the GIT from the centre of each gut section 

were constrained using cable ties before being dissected from the main GIT and immersed in 

3.7% v/v formaldehyde in in PBS pH 7.4 (Sigma, St Louis, MO, USA) for the temperate 

species or in BupH PBS pH 7.2 (Thermo Scientific Pierce, Rockford, IL, USA) for the tropical 

species. 

Samples were processed using a different technique for the temperate and tropical 

samples collected in 2013, as outlined previously.  Briefly, transverse sections were taken 

from samples collected prior to 2013 before starting the dehydration process.  Samples were 

dehydrated through an ethanol series and embedded in paraffin wax moulds.  Samples 

collected in 2013 were dehydrated with constraints still in place, and were sectioned prior to 

embedding in paraffin wax.  Transverse sections were made of each gut section at 5-20 µm 

and mounted on poly-L-lysine (Sigma-Aldrich, St Louis, MO, USA) coated glass slides.  

Slides were dewaxed and stained with Gill’s haematoxylin (Gill et al., 1974) and eosin.  This 

stain was used to analyse the bacterial location at a histological level.  Stained slides were 

analysed and photographed using a DMRE light microscope (Leica, Nussloch, Germany) with 

a DC500 digital camera (Leica, Nussloch, Germany) attached.  Images were taken at several 

magnifications to enable a range of detail to be captured for analysis. 

 

4.2.3  Ultrastructural analysis 

Of the individuals used for histological analysis of microbial location, gut contents 

from sections II-V were collected from three Ap. arctidens, four Ap. etheridgii, two O. pullus 

and two K. sydneyanus and used for ultrastructural analysis of microbial location.  Sections 

III-V, where microbial fermentation is known to occur (Mountfort et al., 2002), were of main 

interest, and section II was used to determine density of microbes attached to ingested algae.  

Gut tissue was also collected from three Ap. etheridgii.  This tissue was not collected from the 

other three temperate species as the relationship between microbes and gut wall was 

previously examined at the ultrastructural level in these species by Johnson (2010). 

Of the tropical species used for ultrastructural analysis of the GIT (Chapter 3), gut 

tissue and gut contents were fixed and used to analyse microbial location.  Gut tissue was 

collected from three K. cinerascens and N. unicornis, and two K. vaigiensis, Ac. lineatus, Z. 

velifer, N. tonganus, S. doliatus and S. vulpinus.  Gut contents were collected from three K. 
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vaigiensis, and two of each of K. cinerascens, Ac. lineatus, Z. velifer, N. tonganus, N. 

unicornis, S. doliatus and S. vulpinus.  The two N. brevirostris species used for histological 

analysis were also used to examine microbial location with respect to the gut wall, however 

due to a very small volume of algae being present in their hindgut, gut contents were not 

analysed at the ultrastructural level in N. brevirostris.  As previously mentioned in Chapter 3, 

due to the time-consuming nature of electron microscopy, a small number of samples were 

used from each species.  Initially, three individuals were analysed from each species indicated 

above with three or four individuals collected.  Little variation was observed between 

individuals of the same species.  It was therefore decided that the small sample size of two 

individuals was sufficient to characterise relationships between bacteria and the mucosal 

surface in the remaining species. 

The ultrastructural samples used for the analysis of the cell types in Chapter 2 were 

also used for the analysis of the relationship between microbiota and the mucosal surface (see 

section 2.2.3 for detailed procedure).  In short, small unrinsed GIT tissue sections were 

obtained from the middle of each section of the gut and placed in 2.5% v/v glutaraldehyde in 

PBS, pH 7.4 (Sigma, St Louis, MO, USA) for the temperate species or in BupH PBS pH 7.2 

(Thermo Scientific Pierce, Rockford, IL, USA) for the tropical species.  After fixation for a 

minimum of 24 hours, gut tissue samples collected in the vicinity of Lizard Island were 

transferred to 3.7% v/v formaldehyde in PBS (for samples collected in 2012) for transport to 

the University of Auckland, New Zealand.  Samples collected in the vicinity of Lizard Island 

in 2013 remained in glutaraldehyde for transport.  Upon receipt of these samples in Auckland, 

samples from 2012 were transferred back to glutaraldehyde. 

To collect the gut contents from sections II through V from each species, the intestine 

was gently squeezed such that a small amount of gut contents could be collected into a vial 

containing 2.5% v/v glutaraldehyde (Scharlau, Spain) in PBS pH 7.4 (Sigma, St Louis, MO, 

USA) for the temperate species or in BupH PBS pH 7.2 (Thermo Scientific Pierce, Rockford, 

IL, USA) for the tropical species.  Gut content samples from the tropical study species 

remained in glutaraldehyde during transport to the University of Auckland. 

Samples collected in the Hauraki Gulf were processed within a few days of sample 

collection, and samples from in the vicinity of Lizard Island were processed as quickly as 

possible upon receipt of samples from Australia.  A tissue sample of approximately 1 mm2 on 

the surface of the gut wall was dissected from each fixed sample and placed in a 

microcentrifuge tube.  For gut content samples, a piece of alga was randomly selected from the 

fixed material and placed in a microcentrifuge tube.  Algal fragments were left as intact as 
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possible to ensure accurate analysis; however, if a fragment was too large to be processed, the 

alga was sectioned to meet the dimensions for embedding.  All samples were washed in 0.1 M 

phosphate buffer and stained in equal parts of 1% w/v osmium tetroxide and 0.1 M phosphate 

buffer.  The samples were put through an ethanol dehydration series and incubated in 100% 

Epoxy resin at room temperature overnight.  Samples were placed in embedding capsules with 

fresh Epoxy 812 resin and polymerised for 48 hours at 60°C.  For algal samples that were 

sectioned prior to embedding, the sectioned end of the fragment was orientated towards the 

open end of the capsule.  This ensured that when sectioned the untrimmed end of the alga 

would be the region analysed. 

Blocks were sectioned at 80-100 nm with an EM UC6 ultramicrotome (Leica, 

Nussloch, Germany), using a Diatome Histo 45° diamond knife (Diatome, Hatfield, PA, 

USA).  Square mesh copper grids (GCu200; ProSciTech Pty Ltd., Townsville, QLD, 

Australia) were used to collect sections and left to dry.  Sections were stained with 2% w/v 

uranyl acetate and lead citrate. 

Grids were analysed using a CM12 transmission electron microscope (TEM) (Philips, 

Eindhoven, The Netherlands), with a Gatan Model 792 BioScan camera (Gatan Inc., 

Pleasanton, CA, USA) attached.  DigitalMicrograph (Gatan Inc., Pleasanton, CA, USA) was 

used to convert images from Gatan format to a tagged image file format (TIFF) for further 

analysis.  Adobe Photoshop CC (Adobe Systems Inc., San Jose, CA, USA) was used to adjust 

the light levels of the images. 

 

4.2.4  Sample analysis 

4.2.4.1 Microbial counts 

The radial distribution of microbiota was analysed using histological images.  A 

transect was made from the mucosal surface to the centre of the lumen.  Two perpendicular 

diameters were used for each transverse section analysed, such that four transects (radii) were 

counted per section.  Two slides were examined per section per individual such that eight 

counts were made per fish per section of the GIT, and averaged to obtain a more representative 

count.  Each transect was divided into four radial locations.  The first extended from the 

mucosal surface to the tips of villi, and this region was named ‘between villi’ (BV).  The 

remaining distance from the tips of villi to the centre of the lumen was divided into three equal 

lengths, with locations named the ‘outer lumen’ (OL), ‘inner lumen’ (IL) and ‘lumen centre’ 

(LC) respectively.  The reason for having varying length in BV was due to the observation that 

microbiota were generally more densely packed between villi when compared to the lumen.  
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Therefore it was decided that using villus length as the length of region one would give a more 

representative indication of the radial distribution of microbes with respect to the mucosa.  

Microbes were counted from a 1000x magnification light micrograph (an area of 

approximately 14, 000 μm2), and only clearly defined organisms were counted.  As such, the 

counts obtained were conservative as it was difficult to determine precise counts when 

microbes were tightly packed or overlaid one another. 

The five surgeonfishes in the study species, i.e. Ac. lineatus, Z. velifer, N. brevirostris, 

N. tonganus and N. unicornis, harbour large bacteria, Epulopiscium spp., and it was of interest 

to determine whether the large bacteria had a similar radial distribution pattern to the 

microbiota overall.  The same technique as was used for total microbiota counts was used to 

count epulos in the different radial locations.  J-morphotypes were not included in these counts 

as it was not possible to distinguish between Epulopiscium spp. and epulo-like rods.  

Therefore, this analysis focused on the larger A, B and C epulo morphotypes. 

 

4.2.4.2  Statistical analysis 

Comparisons between microbial counts in the different radial locations were tested 

within each gut section for each species using ANOVA.  Data were first checked for normality 

and equal variance using lattice plots of raw data and Normal Q-Q plots.  Data were (logn + 1) 

transformed to correct skew and avoid values of zero.  Transformed data satisfied the 

assumptions for analysis of variance (ANOVA).  Where a significant ANOVA result was 

returned, Tukey’s HSD was used to check for pairwise differences between the different radial 

locations per gut section, to account for making multiple comparisons. 

Microbial counts were summed per section of the GIT, per species, and comparisons of 

the total number of microbiota between the different sections of the GIT were made using 

ANOVA on (logn + 1) transformed counts in each species, followed by Tukey’s HSD. 

The same statistical comparisons were carried out on the Epulopiscium spp. data from 

the five surgeonfish species.  These comparisons all used (logn + 1) transformed counts due to 

initial assumption checks showing skewed data, and the transformed data satisfying the 

assumptions for ANOVA.  All statistical analyses was performed using R software 

(http://www.r-project.org/). 
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4.3  Results 

 

4.3.1  Distribution of microbiota 

Microbiota were observed in sections III, IV and V in all study species, including the 

non-herbivores N. brevirostris and S. vulpinus.  Low abundances of bacteria were observed by 

histology in the stomach of some individuals of K. cinerascens, Ac. lineatus, Z. velifer, N. 

unicornis, S. doliatus and S. vulpinus.  There were slightly more bacteria in I-ABulb than 

section I of N. unicornis.  From histological observation bacteria were all small and rod-

shaped, approximately 5 µm in length and 0.5 µm in diameter (Fig. 4.1A), and were within 

what appeared to be a matrix of mucus and small algal particles.  Bacteria were only observed 

by TEM in section I of Z. velifer (Fig. 4.1B), and these bacteria were further from the mucosal 

surface. 

Histological examination of section II showed that a small number of bacteria were 

present in one N. unicornis (Fig. 4.2A) individual, and there was a dense bacterial population 

in section II of one Z. velifer individual (Fig. 4.2B).  Those in section II of N. unicornis were 

in small clusters, generally further from the mucosal surface, whereas those in Z. velifer were 

in very close proximity to the mucosal surface, similar to bacteria in the three posterior gut  

 

 

Figure 4.1.  Bacteria present within the stomach region of the study species.  (A) Light 
micrograph of small rod-shaped bacteria in I-ABulb of Naso unicornis (arrowheads); (B) 
transmission electron micrograph of small bacteria present in the lumen of section I of 
Zebrasoma velifer, among strands of mucus (arrow).  Light micrograph stained with H&E. 
Abbreviations: b, bacterium; l, lumen; m, mucosa; mu, mucus.  Scale bar for (A) 20 μm; (B) 
0.5 μm.  
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Figure 4.2.  Bacteria present in section II of (A) Naso unicornis and (B-D) Zebrasoma velifer.  
Light micrographs showed that the bacteria in N. unicornis were not as closely associated with 
the mucosal surface as those in Z. velifer, which were very closely associated (arrow).  
Transmission electron micrographs (C) confirmed the dense population of bacteria in Z. 
velifer, with (D) bacteria attached to the glycocalyx layer over the microvilli (arrowheads).  
Light micrographs stained with H&E. Abbreviations: b, bacterium; e, epithelial cells; g, goblet 
cell; gl, glycocalyx; l, lumen; m, mucosa; mv, microvilli.  Scale bars for (A-B) 20 μm; (C) 2 
μm; (D) 0.5 μm. 

 

sections.  Ultrastructural examination of the same Z. velifer individual revealed that there were 

a variety of bacterial morphotypes present in close proximity to the mucosal surface (Fig. 

4.2C), confirming the histological results.  Some bacteria were attached to the glycocalyx 

covering the epithelial cell surface (Fig. 4.2D). 

Bacteria within one Ap. arctidens individual were arranged in unusual formations in 

section IV, apparently attached to the surface of particles of ingested material or mucus (Fig. 
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4.3).  Unfortunately, it could not be determined from the histological images whether they 

were attached to mucus, degraded algal fragments or other material. 

Flagellates and ciliates were also present in the posterior three gut sections of all study 

species.  Flagellates were observed in section III of Z. velifer, sections III and IV of K. 

vaigiensis, sections IV and V of Ap. etheridgii and S. doliatus, and section V of K. 

cinerascens, Ac. lineatus, N. brevirostris and S. vulpinus.  The density of flagellates in section 

V of Ac. lineatus was much greater than was observed in any other fish species, with 

flagellates tightly packed in the lumen (Fig. 4.4A).  Bacteria were in very close proximity to 

the flagellates, with some possibly in the process of becoming engulfed (Fig. 4.4B).  A single 

flagellate was also present in section I of N. brevirostris (Fig. 4.4C).  Flagellates from section 

V of S. doliatus contained several bacteria within food vacuoles (Fig. 4.4D).  Ciliates were 

observed in N. tonganus and N. unicornis, although the size of those in N. tonganus was far 

greater than those in N. unicornis (Fig. 4.4E-F). 

 

 

 

Figure 4.3.  Light micrograph of bacteria near the mucosal surface in section IV of 
Aplodactylus arctidens.  Note the lines of bacteria apparently attached to material in the lumen 
(arrows).  Stained with H&E.  Abbreviations: b, bacteria; l, lumen; m, mucosa.  Scale bar 20 
μm. 
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Figure 4.4.  Transmission electron micrographs of flagellates and ciliates observed in the 
gastrointestinal tract of the study fish species. (A) Tightly packed flagellates in section IV of 
Acanthurus lineatus.  (B) A bacterium from section IV of Ac. lineatus possibly in the process 
of becoming engulfed by a flagellate.  (C) A flagellate from section I of Naso brevirostris.  (D) 
A flagellate in section IV of Siganus doliatus with bacteria (*) within food vacuoles.  (E) Part 
of a ciliate in section IV of Naso tonganus, with rows of cilia in cross-section.  (F) A large 
ciliate in section IV of N. tonganus with several small bacteria (*) within its food vacuoles 
(inset).  Abbreviations: b, bacterium; c, cilia; e, epithelial cells; f, flagellum/flagella; l, lumen; 
mn, macronucleus; mv, microvilli; v, vacuole.  Scale bar for (A, C-E, F: inset) 1 μm; (B) 0.5 
μm; (F) 10 μm. 
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4.3.1.1  Radial distribution of all microbiota 

In general, microbial counts decreased from BV to LC in all study fish species (Fig. 

4.5; see Table D1 for numerical values and statistical outputs).  Most species had significantly 

greater microbial density in BV than in LC in section III, with only Ac. lineatus, N. tonganus 

and S. vulpinus showing no significant differences between radial locations.  The counts in Ac. 

lineatus and S. vulpinus were very low compared to other species, while in N. tonganus the 

counts were not as low but were more evenly distributed radially.  In K. sydneyanus there was 

approximately ten-fold more microbiota in BV than in OL in section III, and this was the 

highest density of microbes recorded from any gut section or fish species.  There was no 

significant difference between IL and LC for any study species in section III. 

No rabbitfishes and surgeonfishes except N. unicornis displayed significant differences 

in microbial density between the different radial locations in section IV, despite large variation 

in density in some species.  Significant differences were generally between the regions BV and 

OL, or between these two regions and both IL and LC in section IV of the other study species. 

There were generally fewer differences between the different radial locations in section 

V.  Microbiota were generally still more abundant in BV than in LC.  There was a more even 

distribution from the mucosal surface to the centre of the lumen in section V, the hindgut 

chamber, of K. sydneyanus and K. vaigiensis.  There were slightly more microbes in OL and 

IL than in either BV or LC in K. cinerascens.  However, there was no significant difference 

between densities in the different radial locations in section V of these three kyphosid species.  

As with section III, densities did not differ between IL and LC for any species. 

Microbial density was highly variable between the three posterior gut sections when 

the total number of microbes within a section of the GIT was summed (Fig. 4.6).  However, 

only six study species displayed significant differences in microbial density between these 

three gut sections.  Half of the study species, Ap. arctidens, Ap. etheridgii, O. pullus, K. 

cinerascens, K. vaigiensis and Z. velifer, had highest microbial densities in section IV of the 

GIT.  All other species had higher densities in section V of the GIT, with the exception of K. 

sydneyanus which had a very large microbial population in section III.  There was an 

unusually large increase in the number of microbes between sections IV and V in S. vulpinus. 

 

4.3.1.2  Radial distribution of Epulopiscium spp. 

The distribution of Epulopiscium spp. was more uniform than the distribution of the 

total microbial community, with few study fish species displaying significant differences  



Chapter 4:  Location of endosymbiotic microbiota in the hindgut 

 

142 

 

 

 

 

 

 

 



 Chapter 4:  Location of endosymbiotic microbiota in the hindgut 
 

143 

 

 

 

Figure 4.5.  Radial distribution of microbes in sections III, IV and V of the study fish species.  
Mean ± SEM microbial counts in radial locations from the mucosal surface to the centre of the 
lumen, based on light micrograph counts.  For each species, ANOVA results between radial 
locations within a gut section are indicated next to the appropriate section in the graph legend: 
*** p < 0.001; ** p < 0.01; * p < 0.05.  See Table D1 for numerical data, sample sizes and full 
ANOVA results.  Abbreviations: BV, between villi; OL, outer lumen; IL, inner lumen; LC, 
lumen centre (see section 4.2.4.1.for full radial location definitions). 

 

between the different radial locations (Fig. 4.7).  Epulo counts were much lower than those for 

total microbial density, due to their abundance being constrained by their large size.   

There were significantly more epulos in BV than in LC in section V of Ac. lineatus.  

Similarly, epulo counts were significantly greater in BV than in IL and LC in section IV of N.  
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Figure 4.6.  Mean ± SEM total microbial counts from sections III, IV and V of study fish 
species. Within a species, gut sections that share a letter did not differ significantly at p < 0.05 
from Tukey’s HSD.  Sample sizes varied; see Table D2 for numerical data, sample sizes and 
full ANOVA results. 



 Chapter 4:  Location of endosymbiotic microbiota in the hindgut 
 

145 

 

Figure 4.7.  Radial distribution of Epulopiscium spp. in sections III, IV and V of the 
surgeonfish study species.  Mean ± SEM in radial locations from the mucosal surface to the 
centre of the lumen, based on light micrograph counts.  For each species, ANOVA results 
between radial locations within a gut section are indicated next to the appropriate section in 
the graph legend: *** p < 0.001; ** p < 0.01; * p < 0.05.  See Table D1 for numerical data, 
sample sizes and full ANOVA results.  Abbreviations: BV, between villi; OL, outer lumen; IL, 
inner lumen; LC, lumen centre (see section 4.2.4.1.for full radial location definitions). 

 

unicornis.  Counts were also significantly greater in OL than in LC in this section of N. 

unicornis (Table D3). 

There were significantly more epulos in section IV than in sections III or V in N. 

unicornis when epulos were summed per gut section (Fig. 4.8).  No epulos were observed in 

sections III or IV of N. brevirostris, resulting in a significantly more epulos in section V 

despite the low counts.  Trends of epulo counts in the three posterior gut sections varied 

between species.  Epulo counts were greatest in section III of Z. velifer, section IV of N. 

tonganus and N. unicornis, and section V of Ac. lineatus and N. brevirostris. 
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Figure 4.8.  Mean ± SEM Epulopiscium spp. from sections III, IV and V of the study fish 
species.  Within a species, gut sections that share a letter do not differ significantly at p < 0.05 
from Tukey’s HSD.  Sample sizes varied; see Table D4 for numerical data, sample sizes and 
full ANOVA results. 

 

4.3.2  Relationship between microbiota and the mucosal surface in the hindgut 

Histological analysis revealed a clear microbial layer covering the mucosal surface in 

many fish species.  Microbes closest to the mucosal surface were generally within a layer of 

mucus.  Ultrastructural analysis showed that the majority of bacteria were either in close 

proximity to, attached to, or within a mucus layer adjacent to the brush border membrane.  

Flagellates and ciliates were generally further from the mucosal surface, with the exception of 

the flagellates in section V of Ac. lineatus, which were densely packed very close to the 

mucosal surface. 

The location of microbiota in Ap. arctidens, O. pullus and K. sydneyanus has 

previously been described (Johnson, 2010), so will only be briefly described here.  Bacteria  
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were densely distributed close to the mucosal surface in sections III and IV of these three 

species, with fewer bacteria close to the mucosal surface in section V (Fig. 4.9).  The distance 

between bacteria and the mucosal surface was generally greatest in section V.  Flagellates 

were also present close to the mucosal surface in section III of Ap. arctidens, and section V of 

O. pullus and K. sydneyanus. 

The three posterior gut sections of Ap. etheridgii had dense microbial populations in 

close proximity to the mucosal surface (Fig. 4.10A-C).  TEM showed that the majority of 

bacteria in sections III and IV were within a layer of mucus over the mucosal surface (Fig. 

4.10D-E).  Only bacteria closest to the mucosal surface were within the mucus layer in section 

V due to it being thinner than in the previous two gut sections (Fig. 4.10F).  Some bacteria 

also had clear zones around them, such that they were attached to mucus via long pili.   

 

 

Figure 4.9.  Light micrographs of the relationship between microbiota and the mucosal 
surface in sections III, IV and V of Aplodactylus arctidens, Odax pullus, and Kyphosus 
sydneyanus.  Note the difference in the size of bacteria between O. pullus and K. sydneyanus, 
with large bacteria in the former and very small bacteria in the latter.  Flagellates were present 
among bacteria in some sections of each species (arrowheads), and diatoms were present in 
section V of Ap. arctidens (arrow).  Stained with H&E.  Abbreviations: b, bacteria; l, lumen; 
m, mucosa.  All scale bars 20 μm. 
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Figure 4.10.  Relationship between microbiota and the mucosal surface in the three posterior 
gut sections of Aplodactylus etheridgii.  (A-C) Light micrographs show high microbial density 
in sections III-V respectively.  Small flagellates were visible in sections IV and V (black 
arrowheads).  (D-F) Transmission electron micrographs (TEM) show bacteria in close 
proximity to the mucosal surface in sections III-V respectively.  Some bacteria attached to the 
glycocalyx in section V had clear zones around them (white arrowhead).  (G-I) TEM show 
bacteria attached to the glycocalyx layer over the microvilli in sections III-V respectively.  A 
small number of bacteria were between microvilli and attached to the surface of the mucosa in 
section V (arrow).  Light micrographs stained with H&E. Abbreviations: b, bacterium; e, 
epithelial cells; fl, flagellate; gl, glycocalyx; l, lumen; m, mucosa; mv, microvilli.  Scale bars 
for (A-C) 20 μm; (D-F) 2 μm; (G-I) 0.5 μm. 

 

Bacteria closest to the mucosal surface were attached to the glycocalyx layer over the surface 

of the microvilli rather than being directly attached to the GIT wall (Fig. 4.10G-H).  One small 

group of bacteria were between microvilli in section V, with small pili, connecting bacteria to 

the mucosal surface (Fig. 4.10I). 
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The distribution of small bacteria in the two kyphosids was generally similar, although 

microbial density was much greater in section III of K. cinerascens than K. vaigiensis (Fig. 

4.11A; Fig. 4.12A).  High densities of microbes were observed in close proximity to the 

mucosal surface in section IV of both species, although microbes were slightly closer to the 

mucosal surface in K. vaigiensis (Fig. 4.12B) than K. cinerascens (Fig. 4.11B).  There was a 

large decrease in microbial density near the mucosal surface in section V of both species (Fig. 

4.11C; Fig. 4.12C).  Bacteria were not attached to the mucosal surface in section III of K. 

cinerascens (Fig. 4.11D), whereas bacteria were attached to the glycocalyx in section III of K. 

vaigiensis (Fig. 4.12D).  The glycocalyx layer was thicker in section IV of K. cinerascens 

(Fig. 4.11E) than K. vaigiensis (Fig. 4.12E).  Bacteria were attached to the glycocalyx and to 

each other in section IV of both species.  Bacteria were more closely associated with the 

mucosal surface in section V of K. vaigiensis (Fig. 4.12F) than K. cinerascens (Fig. 4.11F). 

Microbiota were dense throughout the sections III, IV and V of Ac. lineatus, with 

numerous large epulos present (Fig. 4.13A-C).  Microbes were further from the mucosal 

 

 

Figure 4.11.  Relationship between microbiota and the mucosal surface in the posterior three 
gut sections of Kyphosus cinerascens.  (A-C) Light micrographs of sections III-V respectively.  
Flagellates were present in section V (black arrowhead).  (D-F) Transmission electron 
micrographs of sections III-V respectively show no bacterial attachment in sections III and V.  
Bacteria were attached to the glycocalyx (arrow) and to each other (white arrowheads) in 
section IV.  Light micrographs stained with H&E. Abbreviations: b, bacterium; gl, glycocalyx; 
l, lumen; m, mucosa; mv, microvilli.  Scale bars for (A-C) 20 μm; (D-F) 0.5 μm. 
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Figure 4.12.  Relationship between microbiota and the mucosal surface in the posterior three 
gut sections of Kyphosus vaigiensis.  (A-C) Light micrographs of sections III-V respectively 
show a high density of bacteria in section IV.  (D-F) Transmission electron micrographs of 
sections III-V respectively show few bacteria were attached to the glycocalyx in section III, 
and many bacteria were attached to the glycocalyx in sections IV and V (arrows).  Light 
micrographs stained with H&E. Abbreviations: b, bacterium; gl, glycocalyx; l, lumen; m, 
mucosa; mv, microvilli.  Scale bars for (A-C) 20 μm; (D-F) 0.5 μm. 

 

surface than in the other surgeonfish species in the present study.  There were a small number 

of large epulos in section III.  Epulo size decreased and density increased posteriorly, such that 

section V had numerous small epulos.  The large epulos in section IV were very close to the 

mucosal surface but were not attached to it (Fig. 4.13D).  Numerous flagellates were present 

among bacteria and epulos in section V of Ac. lineatus (Fig. 4.11E).  A small bacterium was 

also attached to the tips of microvilli in section V of Ac. lineatus (Fig. 4.13F). 

Microbial distribution differed in the other surgeonfish species from that in Ac. 

lineatus.  Both total microbiota and epulos were most abundant in section IV of Z. velifer (Fig. 

4.14A-C) and N. unicornis (Fig. 4.15A-C).  Bacteria were attached to the glycocalyx near the 

tips of microvilli in sections III and IV of both fish species (Fig. 4.14D-E; Fig. 4.15D-E), but 

were closer to the mucosal surface in N. unicornis than Z. velifer due to the thicker glycocalyx 

layer in the latter.  Bacteria near the mucosal surface were also attached to each other in 

section IV in N. unicornis.  Bacteria were less dense and dominated by small morphotypes in 

section V of these two species.  There was no attachment of bacteria to the glycocalyx in  
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Figure 4.13.  Relationship between microbiota and the mucosal surface in the three posterior 
gut sections of Acanthurus lineatus.  (A-C) Light micrographs of sections III-V respectively 
show an increase in density and a decrease in size of bacteria closely associated with the 
mucosal surface, from anterior to posterior.  (D) Transmission electron micrograph (TEM) of 
Epulopiscium spp. in close proximity to the mucosal surface in section IV.  (E) TEM of 
Epulopiscium spp. with numerous flagellates surrounding them in section V.  (G) TEM of one 
bacterium in section V attached to the tips of microvilli by pili (arrowhead).  Light 
micrographs stained with H&E. Abbreviations: b, bacterium; e, epithelial cell; ep, 
Epulopiscium spp. bacterium; fl, flagellate; l, lumen; m, mucosa; mv, microvilli.  Scale bars 
for (A-C) 20 μm; (D-E) 2 μm; (F) 0.5 μm. 

 

section V of Z. velifer (Fig. 4.14F) and very few bacteria were attached in N. unicornis (Fig. 

4.15F).  Epulos were most abundant in section IV of these two species, although those in Z. 

velifer (Fig. 4.14G) were much smaller than those in N. unicornis (Fig. 4.15G). 

Microbial density was lower in N. brevirostris and N. tonganus than the other 

surgeonfishes, although microbial distribution differed slightly between these two Naso 

species.  Few microbes were present in section III of either species.  Large epulos that 

occupied a considerable proportion of the luminal space were present in N. tonganus (Fig. 

4.16A), whereas small microbes occupied a small proportion of luminal space in N. 

brevirostris (Fig. 4.17A).  Small microbes increased in density from section III to IV in N. 

tonganus, most of which were very closely associated with the GIT wall (Fig. 4.16B).  

Microbial density was similar between sections III and IV in N. brevirostris (Fig. 4.17B), 

whereas there was an increase in microbial density between sections IV and V (Fig. 4.17C).   
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Figure 4.14.  Relationship between microbiota and the mucosal surface in the three posterior 
gut sections of Zebrasoma velifer.  (A-C) Light micrographs of sections III-V respectively 
show high bacterial density in section IV.  (D-F) Transmission electron micrographs (TEM) of 
sections III-V respectively show bacterial attachment to the glycocalyx in sections III and IV 
(arrows), but not in section V.  (G) TEM of numerous small epulos closely associated with the 
mucosal surface in section IV.  Light micrographs stained with H&E. Abbreviations: b, 
bacterium; e, epithelial cells; ep, Epulopiscium spp. bacterium; gl, glycocalyx; l, lumen; m, 
mucosa; mv, microvilli.  Scale bars for (A-C) 20 μm; (D-F) 0.5 μm; (G) 2 μm. 

 

Microbial density decreased between sections IV and V of N. tonganus, such that fewer 

microbes were present than in N. brevirostris (Fig. 4.16C).  No bacteria were observed 

attached to the mucosal surface in section III of N. tonganus, whereas small bacteria were 

attached to the glycocalyx in very close proximity to the tips of microvilli in this section of N. 

brevirostris (Fig. 4.17D). 
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Figure 4.15.  Relationship between microbiota and the mucosal surface in the three posterior 
gut sections of Naso unicornis.  (A-C) Light micrographs of sections III-V respectively 
showed highest bacterial density in section IV.  (D-E) Transmission electron micrographs 
(TEM) of sections III and IV respectively showed that bacteria were attached to the 
glycocalyx (arrow) in section III, and to the glycocalyx and each other (arrowhead) in section 
IV.  (F) TEM of section V shows few bacteria attached to the mucosal surface, with one 
bacterium surrounded by an exopolymeric substance (arrow).  (G) TEM of a large 
Epulopiscium spp. in section IV, further from the mucosal surface than the small bacteria.  
Light micrographs stained with H&E. Abbreviations: b, bacterium; e, epithelial cells; ep, 
Epulopiscium spp. bacterium; l, lumen; m, mucosa; mv, microvilli.  Scale bars for (A-C) 20 
μm; (D-F) 0.5 μm; (G) 5 μm. 

 

Bacteria were within a layer of mucus and were not attached to the glycocalyx near the 

mucosal surface in section IV of N. brevirostris (Fig. 4.17E), whereas bacteria were in close 

proximity to the mucosal surface, and in some cases attached to the glycocalyx in section IV 

of N. tonganus (Fig. 4.16D,E).  Bacteria were so closely associated with the mucosal surface  
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Figure 4.16.  Relationship between microbiota and the mucosal surface in the three posterior 
gut sections of Naso tonganus.  (A-C) Light micrographs of sections III-V respectively 
showed that bacterial size and density varied between gut sections.  Few small bacteria were 
closely associated with the mucosa in section V (arrow).  (D-E) Transmission electron 
micrographs (TEM) of section IV showed small bacteria closely associated with the mucosal 
surface and attached via the glycocalyx (arrowhead).  (F) TEM of section V shows bacteria 
attached via the glycocalyx (arrowhead).  Light micrographs stained with H&E. 
Abbreviations: b, bacterium; e, epithelial cells; ep, Epulopiscium spp. bacterium; g, goblet 
cell; l, lumen; m, mucosa; mv, microvilli.  Scale bars for (A-C) 20 μm; (D) 2 μm; (E-F) 0.5 
μm. 

 

that the tips of microvilli were slightly indented in N. tonganus.  Bacteria were attached to the 

glycocalyx in section V of both species (Fig. 4.16F; Fig. 4.17F). 

Small bacteria were attached by pili to the flagella of some epulos in section IV of Ac. 

lineatus and N. tonganus (Fig. 4.18).  No attachment of small bacteria to epulos was observed 

in the other surgeonfish study species.  Few epulos had bacteria attached to their surface in Ac. 

lineatus and N. tonganus, and a maximum of three small bacteria were observed attached to a 

single epulo. 

A large number of microorganisms were in very close proximity to the mucosal surface 

in sections III and IV of both S. doliatus (Fig. 4.19A,B) and S. vulpinus (Fig. 4.20A,B).  Fewer 

microbes were closely associated with the mucosal surface in section V of both species than in 

the previous two sections (Fig. 4.19C; Fig. 4.20C).  The only morphotype of bacteria observed  
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Figure 4.17.  Relationship between microbiota and the mucosal surface in the three posterior 
gut sections of Naso brevirostris.  (A-C) Light micrographs from sections III-V respectively 
showed an increase in bacterial density in the posterior GIT.  Flagellates were also present in 
section V (arrowhead).  (D-F) Transmission electron micrographs of sections III-V 
respectively showed bacteria attached to the glycocalyx in section III (arrow), whereas those 
in section IV were within a mucus layer a small distance from the mucosal surface.  Bacterial 
morphology was more diverse in section V.  Light micrographs stained with H&E. 
Abbreviations: b, bacterium; e, epithelial cells; l, lumen; m, mucosa; mv, microvilli.  Scale 
bars for (A-C) 20 μm; (D) 0.5 μm; (E-F) 2 μm. 

 

 

Figure 4.18.  Transmission electron micrographs of small bacteria attached to flagella of 
Epulopiscium spp. bacteria in section IV of (A) Acanthurus lineatus, and (B) Naso tonganus.  
Note the pili attaching the bacteria to the epulos (arrows).  The honeycomb-like structure of 
the epulo cytoplasmic membrane is evident (arrowheads).  Abbreviations: b, bacterium; ep, 
Epulopiscium spp. bacterium; f, flagella; l, lumen.  Scale bars both 0.5 μm. 
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Figure 4.19.  Relationship between microbiota and the mucosal surface in the three posterior 
gut sections of Siganus doliatus.  (A-C) Light micrographs sections III-V respectively show 
bacteria further from the mucosal surface in section V.  Note the similar morphotype in 
sections III and IV (arrowheads) apparently attached to the mucosal surface.  (D-F) 
Transmission electron micrographs of sections III-V respectively show very high density of a 
single bacterial morphotype very close to the mucosal surface of section III.  Attachment of 
bacteria was not observed in section IV.  Bacteria close to the mucosal surface in section V 
were contained within a layer of mucus (arrow).  Light micrographs stained with H&E. 
Abbreviations: b, bacterium; e, epithelial cells; l, lumen; m, mucosa; mv, microvilli.  Scale 
bars for (A-C) 20 μm; (D,F) 2 μm; (E) 0.5 μm. 

 

at the ultrastructural level in section III of S. doliatus resembled those seen attached in S. 

vulpinus (Fig. 4.19D), as detailed below.  Bacteria other than the attached morphotype were 

observed in section IV of both species.  Bacteria were not attached to the mucosal surface in S. 

doliatus (Fig. 4.19E).  Large bacteria attached to microvilli tips in S. vulpinus (Fig. 4.20D), 

although attachment involved few pili and consequently appeared weaker.  Numerous bacteria 

were in close proximity to the mucosal surface in section V of both species.  Microbes were 

mainly within a layer of mucus in S. doliatus (Fig. 4.19F).  Bacteria in both species were 

attached to the glycocalyx in section V, although those in S. vulpinus again did not appear to 

be strongly attached (Fig. 4.20F). 

As briefly mentioned above, S. vulpinus was the only study species observed by TEM 

to have bacteria directly attached to the gut wall (Fig. 4.21A).  This was only observed in 

section IV of one S. vulpinus individual, and attached bacteria were all of a single morphotype.   
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Figure 4.20.  Relationship between microbiota and the mucosal surface in the three posterior 
gut sections of Siganus vulpinus.  (A-C) Light micrographs of sections III-V respectively show 
bacteria most closely associated with the mucosal surface in section IV.  Note the single 
morphotype (arrowhead) close to the mucosal surface in IV and its similarity to that in S. 
doliatus (Fig. 4.19).  (D) Transmission electron micrograph (TEM) of section IV shows large 
bacterial morphotypes closely associated with the mucosal surface and attached to tips of 
microvilli (arrow).  (E-F) TEM of section V show bacteria generally further from the mucosal 
surface, with few bacteria loosely attached to the glycocalyx (arrow).  Light micrographs 
stained with H&E. Abbreviations: b, bacterium; e, epithelial cells; l, lumen; m, mucosa; mv, 
microvilli.  Scale bars for (A-C) 20 μm; (D,F) 0.5 μm; (E) 2 μm. 

 

The long filamentous bacteria had a narrow, slightly curved, conical tip where they attached to 

the epithelial cells (Fig. 4.21B).  Small (possibly sloughed) cells were also present near the 

brush border membrane, with several filamentous bacteria attached to their surfaces.  These 

bacteria also appeared to be visible at the histological level (Fig.4.22A).  If these are indeed 

the same bacteria that were observed attached by TEM, then sections III and IV of S. doliatus 

also had these attached bacteria (Fig. 4.22B-C).  This observation was partially confirmed by 

TEM showing that dense populations of bacteria of the same morphotype were present in 

section IV of S. doliatus, although bacteria were not attached to the surface of the GIT.  This 

morphotype of bacteria was not observed in the other study species at the histological level.  

However, TEM showed that bacteria of this same morphotype were present in smaller 

numbers in section IV of Ap. etheridgii, N. tonganus and N. unicornis and section V of Z.  
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Figure 4.21.  Transmission electron micrographs of bacteria attached to the mucosal surface in 
section IV of Siganus vulpinus.  (A) Large numbers of bacteria of a single morphotype were 
attached via (B) narrow, slightly curved, conical tips (arrow).  Abbreviations: b, bacterium; e, 
epithelial cell; mv, microvilli.  Scale bar for (A) 1 μm; (B) 0.5 μm. 

 

 

Figure 4.22.  Light micrographs of apparently attached bacteria (arrows).  (A) Section IV of 
Siganus vulpinus.  (B) Section III of S. doliatus.  (C) Section IV of S. doliatus.  These bacteria 
resemble the morphotype of bacteria observed attached to section IV of S. vulpinus by TEM 
(Fig. 4.21).  Stained with H&E. Abbreviations: g, goblet cell; l, lumen; m, mucosa; mu, 
mucus.  All scale bars 20 μm. 

 

velifer.  As with S. doliatus, these bacteria were near the mucosal surface but were not 

attached. 

The axial distribution of bacterial morphotypes varied, with no general trends of 

morphotype axial distribution.  Bacterial morphotypes were smaller in section III than IV in K. 

sydneyanus, smaller in sections IV and V than III in Ac. lineatus, and smaller in section V than 

III and IV in K. cinerascens, K. vaigiensis, N. unicornis and N. brevirostris.  Bacterial 

morphotypes were also more diverse in section V than sections III and IV of N. brevirostris. 
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4.3.3  Relationship between microbiota and algal fragments in the hindgut 

Bacteria were observed attached to algal fragments in sections III, IV and V of all 

study species.  The majority of species also had bacteria attached to algal fragments in section 

II of the GIT.  The morphology of bacteria attached to algal fragments was generally less 

diverse than near the mucosal surface. 

Light micrographs showed that microbes were closely associated with algal fragments 

in the lumen of Ap. arctidens and Ap. etheridgii, and were less dense than near the mucosal 

surface (Fig. 4.23).  Bacteria were observed attached to the surface of algae by TEM in 

sections III, IV and V in both species (Fig. 4.24).  Bacteria were not attached to the surface of 

algal fragments in section II of Ap. arctidens, suggesting that few bacteria were attached to 

ingested algae and that bacteria attached to the surface of algae in the three posterior gut 

sections were endosymbiotic.  A small number of bacteria were attached to the surface of algal 

fragments in section II of Ap. etheridgii (Fig. 4.25).  However these bacteria differed in 

morphology to those observed in the posterior three gut sections, suggesting that the majority 

of bacteria attached to the surface of algae in sections III, IV and V are symbiotic. 

Histological preparations revealed bacteria closely associated with the surface of algal 

fragments in the three posterior gut sections of O. pullus (Fig. 4.26).  Bacteria were within 

some partially degraded algal cells in section IV, but did not appear to be attached to the algal 

surface in any of the three posterior gut sections.  However, ultrastructural analysis showed 

that bacteria were in fact attached to algal fragments in sections III, IV and V (Fig. 4.27).  

Bacteria were also attached to algal fragments in section II of O. pullus, but in much lower 

numbers (Fig. 4.28).  The morphology of bacteria in sections III, IV and V differed from that 

in section II.  Numerous bacteria were observed close to algal fragments but not attached in 

sections III, IV and V of O. pullus, and were of the same morphology as those attached.  No 

unattached bacteria were observed in section II of O. pullus.  These factors collectively 

suggest that the majority of bacteria attached to algal fragments in sections III, IV and V of O. 

pullus were symbiotic bacteria. 

Bacteria were closely associated with the surface of algal fragments in light 

micrographs from the sections III, IV and V of K. sydneyanus, K. cinerascens and K. 

vaigiensis (Fig. 4.29).  Some bacteria were within partially degraded algal cells in sections III 

and IV of K. sydneyanus and section IV of K. cinerascens.  TEM showed bacteria attached to 

the surface of algal fragments in sections III, IV and V of all three kyphosid species (Fig. 

4.30).  In section V bacteria were more firmly attached to algal fragments in K. sydneyanus  
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Figure 4.23.  Light micrographs showing the close relationship between microbiota and algal 
fragments in sections III, IV and V of Aplodactylus arctidens and Ap. etheridgii.  Bacteria 
were generally present in groups, with fewer bacteria in small numbers (arrows).  Bacteria 
were not observed attached to algal fragments.  Stained with H&E. Abbreviations: a, algal 
fragment; b, bacteria; l, lumen; mu, mucus.  All scale bars 20 μm. 
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Figure 4.24.  Transmission electron micrographs of bacteria attached to algal fragments in 
sections III, IV and V of Aplodactylus arctidens and Ap. etheridgii.  Note the pili connecting 
bacteria to the surface of the algal fragment in sections III and IV (arrows), and the stronger 
attachment observed in sections IV and V of Ap. arctidens (arrowheads).  Abbreviations: a, 
algal fragment; b, bacterium; l, lumen.  All scale bars 0.5 μm. 
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Figure 4.25.  Transmission electron micrograph of a bacterium attached to the surface of an 
algal fragment in section II of Aplodactylus etheridgii.  Note the pili between the bacterium 
and the algal surface (arrow).  Abbreviations: a, algal fragment; b, bacterium; l, lumen.  Scale 
bar 0.5 μm. 

 

and K. vaigiensis than in K. cinerascens, although bacteria were firmly attached to algae in 

sections III and IV of all three kyphosid species. 

Numerous spirochetes and a small number of bacillus-shaped bacteria were observed 

attached to the surface of algal fragments in section II of K. sydneyanus (Fig. 4.31A).  

Spirochetes were also attached to algal fragments in section III of K. sydneyanus, along with 

numerous other bacterial morphotypes.  Other bacterial morphotypes attached to the surface of 

algal fragments were much more numerous in section III than II, which implies that at least 

some of the bacteria attached to the surface of algal fragments in section III are symbiotic.  

Only a single lysed bacterium was observed attached to the surface of an algal fragment in 

section II of K. cinerascens (Fig. 4.31B).  The large number of bacteria attached to algal 

fragments in sections III, IV and V suggest that these attached bacteria are symbiotic.  Several 

bacteria were observed attached to the surface of algal fragments in section II of K. vaigiensis 

(Fig. 4.31C).  The bacterial morphotypes were somewhat similar between sections II and III, 

but the position of bacteria in relation to the surface of the algae and the increase in the 

number of bacteria attached to the algal surface suggest that some attached bacteria in section 

III were endosymbionts. 
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Figure 4.26.  Light micrographs showing the relationship between microbiota and algal 
fragments in (A-C) sections III-V respectively of Odax pullus.  Bacteria were within partially 
degraded algal cells in sections IV and V (arrows).  Stained with H&E. Abbreviations: a, algal 
fragment; b, bacteria.  All scale bars 20 μm. 
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Figure 4.27.  Transmission electron micrographs of bacteria attached to algal fragments in (A-
C) sections III-V respectively of Odax pullus.  Note the dense connections between bacteria 
and algal surface via flagella in section IV and via pili in section V (arrows).  Abbreviations: a, 
algal fragment; b, bacterium; l, lumen.  All scale bars 0.5 μm. 
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Figure 4.28.  Transmission electron micrograph of a partially degraded bacterium attached to 
the surface of an algal fragment in section II of Odax pullus.  Note the fibrillar coat (arrow) 
around the bacterium.  Abbreviations: a, algal fragment; b, bacterium; l, lumen.  Scale bar 0.5 
μm. 

 

Small bacteria were more closely associated with algal fragments in the lumen than 

large epulos in the surgeonfishes.  Numerous small bacteria were close to the algal surface in 

section III of all surgeonfish species, and some bacteria were within partially degraded algal 

cells in Z. velifer and N. unicornis (Fig. 4.32).  TEM showed bacteria attached to the surface of 

algal fragments in section III of all surgeonfish species (Fig. 4.33).  As mentioned in the 

methods, algal attachment in N. brevirostris was not examined by TEM due to the very small 

amount of algae present within the GIT of this species.  Bacteria were attached to algal 

fragments in section II of Z. velifer and N. unicornis (Fig. 4.34).  Bacteria were attached to the 

algal surface via fewer pili in section II than III in Z. velifer.  Bacterial morphology differed 

slightly in section II than section III in both species, and there were only a small number of 

bacteria attached to algae in section II.  This suggests that most attached bacteria observed in 

section III of both species were symbiotic microbes. 

Histological results revealed small bacteria close to the surface of algae in all five 

surgeonfish species in section IV, and these appeared to be attached to the surface of 

fragments in Ac. lineatus, Z. velifer and N. unicornis (Fig. 4.35).  Bacteria were attached to the 

algal surface in section IV of the four surgeonfishes analysed by TEM (Fig. 4.36).  A large 

number of small bacteria were closely associated with the surface of algal fragments in section 

V of all surgeonfishes (Fig. 4.37).  Ultrastructural results showed that numerous bacteria were 
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Figure 4.29.  Light micrographs showing the relationship between microbiota and algal 
fragments in sections III, IV and V of Kyphosus sydneyanus, K. cinerascens and K. vaigiensis.  
Bacteria were present within partially degraded algal cells in sections III and IV of K. 
sydneyanus and section IV of K. cinerascens (arrows).  Stained with H&E. Abbreviations: a, 
algal fragment; b, bacteria; l, lumen.  All scale bars 20 μm. 

 

closely associated with and attached to the surface of the algal fragments in section V (Fig. 

4.38).  The general histological observation that more numerous small bacteria were closely 

associated with the algal surface in sections IV and V was confirmed by ultrastructural results 

showing that attachment to the surface of algal fragments was more prevalent in sections IV 

and V than in section III in the four surgeonfishes examined.  Epulos were in close proximity 

to the surface of algal fragments although were not attached in section IV of Ac. lineatus and 

section V of both Ac. lineatus and Z. velifer (Fig. 4.39). 

Light micrographs showed that microbiota were in close proximity to algal fragments 

in the posterior three gut sections of both rabbitfish species (Fig. 4.40).  Microbes appeared to 

be attached to the external surface of algal fragments in sections III and IV of S. doliatus, and 

section V of both species.  Microbes were also within partially degraded algal cells in section 

IV of S. doliatus.  These microbes were more closely associated with the cellular contents than  
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Figure 4.30.  Transmission electron micrographs of bacteria attached to algal fragments in 
sections III, IV and V of Kyphosus sydneyanus, K. cinerascens and K. vaigiensis.  There were 
clear fibrillar connections formed by flagella and pili between bacteria and the algal surface in 
sections III and IV of K. sydneyanus and K. vaigiensis (arrows).  Abbreviations: a, algal 
fragment; b, bacterium; l, lumen.  All scale bars 0.5 μm. 

 

the algal cell wall.  Ultrastructural analysis showed that bacteria were attached to the surface 

of algal fragments in the posterior three gut sections of both species (Fig. 4.41), and bacteria 

were also attached to algal fragments in section II of S. vulpinus but not S. doliatus (Fig. 4.42).  

There was a large increase in the number of bacteria attached to algal fragments in sections III, 

IV and V of S. vulpinus compared to in section II.  There were also numerous unattached 

bacteria in close proximity to the algal surface in sections III, IV and V, and these were not 

evident in section II.  Therefore it seems plausible that a large proportion of bacteria attached  
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Figure 4.31.  Transmission electron micrographs of bacteria attached to the surface of algal 
fragments in section II of (A) Kyphosus sydneyanus, (B) K. cinerascens and (C) K. vaigiensis.  
The spirochete in K. sydneyanus had a clear capsule over its surface.  The degrading bacterium 
in K. cinerascens and the bacterium in K. vaigiensis were attached to the algal surface by 
flagella and pili respectively (arrows).  Abbreviations: a, algal fragment; b, bacterium; l, 
lumen.  All scale bars 0.5 μm. 
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Figure 4.32.  Light micrographs showing the relationship between microbiota and algal 
fragments in section III of the surgeonfishes: (A) Acanthurus lineatus, (B) Zebrasoma velifer, 
(C) Naso tonganus, (D) N. unicornis, and (E) N. brevirostris.  Microbes were present within 
partially degraded algal cells in Z. velifer and N. unicornis (arrows).  Stained with H&E. 
Abbreviations: a, algal fragment; b, bacteria; ep, Epulopiscium spp. bacterium; l, lumen.  All 
scale bars 20 μm. 
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Figure 4.33.  Transmission electron micrographs showing the relationship between bacteria 
and algal fragments in section III of the surgeonfishes: (A) Acanthurus lineatus, (B) 
Zebrasoma velifer, (C) Naso tonganus, and (D) N. unicornis.  Bacteria were attached to the 
algal surface via pili of varying densities in Ac. lineatus, Z. velifer and N. unicornis (arrows).  
The bacterium in N. tonganus had an external coat that was more tightly attached to the algal 
surface (arrowhead).  Abbreviations: a, algal fragment; b, bacterium; l, lumen.  All scale bars 
0.5 μm. 

 

to algal fragments in the posterior three gut sections were symbiotic bacteria.  The number of 

bacteria close to and attached to algal fragments increased slightly from anterior to posterior 

along the GIT in S. doliatus. 
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Figure 4.34.  Transmission electron micrographs of bacteria attached to the surface of algal 
fragments in section II of (A) Zebrasoma velifer and (B) Naso unicornis.  Note the pili 
connecting the bacteria to the algal surface in both species (arrows).  Abbreviations: a, algal 
fragment; b, bacterium; l, lumen.  Scale bars 0.5 μm. 
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Figure 4.35.  Light micrographs showing the relationship between microbiota and algal 
fragments in section IV of the surgeonfishes: (A) Acanthurus lineatus, (B) Zebrasoma velifer, 
(C) Naso tonganus, (D) N. unicornis, and (E) N. brevirostris.  Microbes were in close 
proximity to the algal fragments and appeared to be attached in Ac. lineatus, Z. velifer and N. 
unicornis (arrows).  Stained with H&E. Abbreviations: a, algal fragment; b, bacteria; ep, 
Epulopiscium spp. bacterium.  All scale bars 20 μm. 
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Figure 4.36.  Transmission electron micrographs showing the relationship between bacteria 
and algal fragments in section IV of the surgeonfishes: (A) Acanthurus lineatus, (B) 
Zebrasoma velifer, (C) Naso tonganus, and (D) N. unicornis.  Bacteria were tightly attached to 
the surface of the algal fragment in Ac. lineatus and Z. velifer (arrowheads).  Bacteria were 
attached to the algal surface via pili in N. tonganus and N. unicornis (arrows).  Abbreviations: 
a, algal fragment; b, bacterium; l, lumen.  All scale bars 0.5 μm. 

 

4.4 Discussion 

 

Microbiota were observed in the sections III, IV and V of all study species.  They were 

also observed in the stomach of several species, and in section II of one Z. velifer and one N. 

unicornis.  Microbiota were generally more densely packed close to the mucosal surface than 

in the lumen in the posterior three gut sections.  However, microbial density in the lumen  
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Figure 4.37.  Light micrographs showing the relationship between microbiota and algal 
fragments in section V of the surgeonfishes: (A) Acanthurus lineatus, (B) Zebrasoma velifer, 
(C) Naso tonganus, (D) N. unicornis, and (E) N. brevirostris.  Bacteria were closely associated 
with algal fragments in all species.  Stained with H&E. Abbreviations: a, algal fragment; b, 
bacteria; ep, Epulopiscium spp. bacterium.  All scale bars 20 μm. 
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Figure 4.38.  Transmission electron micrographs showing the relationship between bacteria 
and algal fragments in section V of the surgeonfishes: (A) Acanthurus lineatus, (B) 
Zebrasoma velifer, (C) Naso tonganus, and (D) N. unicornis.  Bacteria were attached to the 
surface of the algae via pili in Z. velifer and N. tonganus (arrows).  The bacterium in Ac. 
lineatus had clear pili extending from its surface (arrowhead).  Abbreviations: a, algal 
fragment; b, bacterium; l, lumen.  All scale bars 0.5 μm. 

 

centre increased in the posterior GIT.  Epulopiscium spp. generally followed the same trend 

with greater abundance close to the mucosal surface, although the radial distribution varied 

considerably less than that for other microbiota.  Bacteria were very closely associated with 

the mucosal surface in all study species, often attached to the glycocalyx over the surface of 

microvilli.  TEM revealed that bacteria were also directly attached to the mucosal surface in 

section IV of S. vulpinus.  Bacteria were attached to algal fragments in the posterior three 

intestinal sections in all study species, although N. brevirostris was not examined due to its 
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Figure 4.39.  Transmission electron micrographs showing the relationship between 
Epulopiscium spp. and algal fragments.  (A) Section IV of Acanthurus lineatus.  (B) Section V 
of Ac. lineatus.  (C) Section V of Zebrasoma velifer.  Epulopiscium spp. were never observed 
in contact with the fragments.  Abbreviations: a, algal fragment; ep, Epulopiscium spp. 
bacterium; l, lumen.  Scale bars for (A,B) 1 μm; (C) 2 μm. 
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Figure 4.40.  Light micrographs showing the relationship between microbiota and algal 
fragments in sections III, IV and V of Siganus doliatus and S. vulpinus.  Microbes were 
attached to the external surface of algal fragments in all sections of S. doliatus and section V 
of S. vulpinus (arrows).  Microbes were present within partially degraded algal cells in 
sections IV of S. doliatus (arrowhead).  Stained with H&E. Abbreviations: a, algal fragment; 
b, bacteria.  All scale bars 20 μm. 
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Figure 4.41.  Transmission electron micrographs of bacteria attached to algal fragments in 
sections III, IV and V of Siganus doliatus and S. vulpinus.  There were clear connections via 
flagella and pili between bacteria and the algal surface in sections IV and V of S. doliatus and 
sections III and V of S. vulpinus (arrows).  Abbreviations: a, algal fragment; b, bacterium; l, 
lumen.  All scale bars 0.5 μm. 
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Figure 4.42.  Transmission electron micrograph of a bacterium tightly attached (arrow) to the 
surface of an algal fragment in section II of Siganus vulpinus. Abbreviations: a, algal 
fragment; b, bacterium; eb, possible endophytic bacterium; l, lumen.  Scale bar 0.5 μm. 

 

planktivorous diet.  These findings will be discussed in terms of (i) axial distribution of 

microbiota along the GIT, (ii) radial distribution of microbiota in the hindgut, (iii) the 

relationship between microbiota and the mucosal surface in the hindgut, and (iv) the 

relationship between microbiota and algal fragments in the hindgut.  The implications for 

digestion and nutrition will also be discussed. 

 

4.4.1  Axial distribution of microbiota along the gastrointestinal tract 

The presence of microbes in the hindgut of the study fish species is consistent with 

previous studies (Fishelson et al., 1985; Rimmer & Wiebe, 1987; Clements et al., 1989; 

Clements, 1991; Gleeson, 1992; Clements & Choat, 1995; Mountfort et al., 2002; Johnson, 

2010).  In the present study microbes were also observed in the anterior GIT of several fish 

species, similar to microbial distribution in labrids (Clements, 1991).  The origin and potential 

function of these bacteria will be discussed. 

Small microbes were among food particles and mucus, and were not closely associated 

with the mucosal surface in the stomach of K. cinerascens, Ac. lineatus, Z. velifer, N. 

unicornis, S. doliatus and S. vulpinus.  Microbiota are abundant in the marine environment, 

including in the water column (Munn, 2011), and have been reported to colonise many 
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different algal species (Hollants et al., 2013).  It is therefore likely that these microbes were 

ingested with algae.  Microbes were not observed attached to ingesta, which may be due to the 

combination of maceration during ingestion and acid lysis in the stomach (Zemke-White et al., 

1999) separating microbes from algae. 

The dense microbial population throughout the GIT in one Z. velifer was unusual.  

There was no obvious cause for this distribution; the individual was of a very similar size, 

weight and sex to other Z. velifer individuals analysed, all of which only had microbes in the 

hindgut region.  The time of collection also appeared to have little effect as other individuals 

collected at similar times of day, and consequently with similar distributions of algae along 

their GIT, did not have microbes in section II.  The microbes in section II were predominantly 

close to the mucosal surface, suggesting that they were derived from the hindgut microbiota 

rather than originating from ingesta.  Therefore, it seems that the difference observed was due 

to an unusual individual whose microbiota were distributed further anteriorly than in other 

individuals. 

Although microbes were not commonly observed in section II, the similarity in 

microbial populations between sections II and III in N. unicornis and Z. velifer indicates that 

there is a large migratory potential for symbiotic microbiota, assuming that these microbes 

originated from the hindgut.  Microbes are able to move against the direction of a flow by 

various means, including swimming upstream and using pili to move along a surface (Rusconi 

& Stocker, 2015).  If microbes are washed down the GIT with ingesta, the ability to migrate 

anteriorly between feeding bouts would be advantageous to both the microbes and host fish, 

since bacterial population growth would be enhanced by longer retention within the GIT 

(Stevens & Hume, 1995).  Reference points for migration are not clear, but bacteria may use 

nutrient and chemical gradients similar to those along the length of the human intestine 

(Donaldson et al., 2016) to determine which direction to move in. 

Trends of general microbial abundance in sections III, IV and V varied, although these 

were more similar between closely related species (see Fig. 1.1 for phylogenetic relationships).  

Microbial counts peaked in section IV in six species, V in six species, and III in only one 

species, K. sydneyanus, giving no support to our hypothesis of section IV having the largest 

microbial density.  The large microbial abundance in section III of K. sydneyanus differed 

from that reported from the same species collected in Western Australia, which had a much 

larger microbial abundance in the hindgut caecum than in the previous gut sections (Rimmer 

& Wiebe, 1987).  However, the K. sydneyanus examined by Rimmer and Wiebe (1987) 

appears to be the recently described K. gladius (Knudsen & Clements, 2013a) based on the 
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gross morphology and gut structure presented, which may explain the difference in microbial 

distribution. 

The largest difference between closely related species in the present study was between 

the temperate K. sydneyanus and the two tropical kyphosids.  It is possible that the temperate 

habitat of K. sydneyanus results in a difference in endosymbiotic microbial community 

composition, which may consequently reside in different regions of the GIT.  The relative 

abundance of major bacterial phyla varies among these three kyphosids (Bojarski, 2014), 

although these abundance estimates may only reflect luminal bacterial phyla and may exclude 

bacteria tightly associated with the mucosal surface due to collection methods.  The abundance 

of different bacterial phyla differed the most between K. sydneyanus and K. cinerascens, 

although there were generally similar phyla present in all three species (Bojarski, 2014).  

Based on histological images, bacteria were smaller in K. sydneyanus, suggestive of a 

difference in microflora composition.  The difference in microbial abundance in the different 

regions of the posterior GIT requires further examination, with a more thorough examination 

of any differences between species covering the mucosal surface and those in the lumen. 

Research suggests that diet has the greatest impact on community structure of 

microbiota (Donaldson et al., 2016).  However, there are several other factors that can 

influence the presence or absence of microbial taxa and whether bacteria adhere to the 

mucosal surface, including nutrient availability, pH of the GIT, secretion of mucin or 

glycoprotein, peristalsis, redox potential, level of antimicrobials, bacterial adhesion and 

cooperation, and whether bacterial species can coexist (Hao & Lee, 2004; Donaldson et al., 

2016).  Decreased peristaltic movements and reduced acidity enable the posterior small 

intestine in humans to have greater bacterial density than the anterior intestine, and the colon 

exhibits slow movement of ingesta and very low oxidation-reduction potentials, making it the 

primary site of bacterial colonisation (Hao & Lee, 2004).  Symbiotic microbial communities 

occur over a wide pH range in fishes (Clements, 1997), suggesting pH is less important in 

determining bacterial location in our study species.  Histological analysis revealed thin 

musculature and long villi in the posterior intestine in the study species, particularly in section 

IV for numerous species (see Chapter 2), suggesting that there would be decreased peristalsis 

and slower movement of ingesta in the posterior GIT, making it a suitable environment for 

microbiota in terms of gut movement. 

Villus length was greater and musculature thinner in section IV than V in most study 

species (Chapter 2).  Therefore, these traits do not explain the large microbial density observed 

in section V of both rabbitfishes and all surgeonfishes except Z. velifer.  It is possible that 
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microbes are moved along the GIT with ingesta, resulting in a greater abundance in section V 

in these species.  Interestingly, only one of the study species with a hindgut sphincter, N. 

unicornis, had the largest microbial population in section V, suggesting that many microbes 

may be lost from the GIT of the other species when waste is excreted.  However, a major loss 

of microbes is potentially avoided in these species lacking a hindgut sphincter due to the radial 

distribution of bacteria, as will be further discussed below.  There were also greater levels of 

mucus in section V than IV for most species (Chapter 2), suggesting that mucus may aid with 

microbial retention in this region. 

The food vacuoles of flagellates and ciliates in sections III, IV and V of study species 

often contained bacteria.  These protozoans have previously been documented from numerous 

fish species (Grim, 1988; Clements, 1991; Grim, 1992; Grim et al., 2002; Grim, 2006; 

Johnson, 2010).  Although they consume bacteria within the posterior three gut sections of the 

fish, their presence does not seem detrimental to host fish (Grim, 1988; Grim, 1992; Grim, 

2006).  Egestion by flagellates and ciliates that had consumed bacteria would release bacterial 

peptides and protein which could potentially be assimilated by host fish (Clements et al., 

2009), suggesting that the flagellates or ciliates and host fish could have a mutualistic 

relationship.  The single flagellate observed in the stomach of N. brevirostris was not closely 

associated with the mucosal surface.  Although not specifically identified in the present study, 

numerous flagellates are known to exist as free-living forms (Anderson, 1988).  It seems that 

this flagellate was unintentionally ingested, either directly with the planktivorous diet of N. 

brevirostris or due to the flagellate’s being ingested by the zooplankton prey. 

 

4.4.2  Radial distribution of microbiota in the hindgut 

Microbiota were generally more abundant close to the mucosal surface in the three 

posterior gut sections of the study species, supporting our hypothesis.  Trends from the gut 

wall to the centre of the lumen differed slightly depending on whether all microbiota or only 

epulos were considered.  The radial distribution of total microbiota and epulos will be 

discussed, with results interpreted in the light of gut function and nutrition. 

Microbiota were generally densely packed between villi in sections III, IV and V of the 

study species, and were less dense in the lumen.  Similar results were observed in the rat 

caecum, with bacteria more densely located in the caecum crypts than in the lumen (Davis et 

al., 1972).  Conversely, bacterial counts were greater in gut contents than adjacent to the 

mucosal wall in Atlantic cod (Dhanasiri et al., 2011).  This suggests that microbial location 

may differ between fishes that rely on hindgut microbes for exogenous digestion, and those 
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that do not.  The region between villi is generally filled with mucus in vertebrates, potentially 

providing bacteria with a nutrient source (Donaldson et al., 2016).  Villi could also protect 

microbes from being swept along the GIT with ingesta.  This is consistent with models of the 

movement of ingesta and microbes in small hindgut-fermenting mammals, in which bacteria 

near the mucosa, often within a layer of mucus, are retained, whereas ingesta in the central 

lumen moves posteriorly (Sakaguchi, 2003).  The combination of mucus and the protection 

provided by villi appear to result in a dense microbial population close to the mucosal surface 

in the study species.  Study species with the largest microbial density in section V generally 

had the greatest microbial density between villi.  Therefore, protection provided by villi may 

also assist with the retention of microbes in section V in study species lacking a hindgut 

sphincter. 

The types of bacteria between villi differ from those in the lumen in several vertebrates 

(Donaldson et al., 2016).  Only certain species of bacteria are able to degrade mucus and 

inhabit the mucus layer over the mucosal surface (Donaldson et al., 2016).  For example, few 

bacteria were directly attached to the mucosal surface in beagle dogs, but many bacteria were 

present within a layer of mucus over the mucosal surface (Davis et al., 1977).  Similarly, a 

dense microbial community of bacillus and coccoidal cells was located within mucus 

overlying the mucosal surface in the wood-eating catfish Panaque nigrolineatus, although 

these bacteria are not involved in digestion of ingested wood (Watts et al., 2013).  Therefore, it 

is likely that bacterial community compositions differ in the regions between villi and in the 

centre of the lumen in the study species.  Further research analysing any differences in radial 

distribution of different bacterial taxa is required to confirm whether this is the case for the 

study fish species. 

The radial distribution of epulos generally showed a similar trend to all microbiota, 

decreasing from the mucosal surface to the centre of the lumen.  The trend was more 

pronounced in species with smaller epulo morphotypes.  This distribution differed from that 

reported from the GIT of the Red Sea surgeonfish Acanthurus nigrofuscus, in which the 

distribution peaked in the radial location that we termed OL (Fishelson et al., 1985).  

Consequently, we did not find support for our hypothesis of a similar trend of epulos to that 

reported by Fishelson et al. (1985).  However, the results from the present study agreed with 

the finding of Fishelson et al. (1985) that the largest epulos were more anteriorly located 

(section III in the present study), whereas smaller morphotypes were most abundant in the 

posterior GIT.  This difference in distribution may be due to the ability of large epulo 

morphotypes to retain their location simply due to their size, whereas smaller morphotypes 
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would have to expend comparatively more energy to remain where they are and not get swept 

posteriorly with ingesta.  This potential movement of smaller epulos with ingesta requires 

further clarification. 

Epulopiscium were the dominant genus in the microbiota of two surgeonfishes from 

the Red Sea, N. unicornis and Zebrasoma desjardini (Miyake et al., 2015).  The latter is a 

close relative of Z. velifer.  Epulopiscium spp. were abundant but not necessarily dominant in 

Acanthurus sohal, a close relative of Ac. lineatus (Miyake et al., 2015).  Our results from large 

epulo morphotype counts generally agree with these findings, with high proportions of epulos 

in the posterior three gut sections of Ac. lineatus, Z. velifer and N. unicornis, but small 

proportions of epulos were present in N. tonganus and N. brevirostris.  Epulos were much 

larger in N. tonganus than in the other species, resulting in much lower counts.  As a result, 

epulos were the dominant bacterial genus in terms of luminal space occupied in this host fish 

species, but not in terms of bacterial counts.  The J epulo morphotype was not included in 

counts in the present study due to difficulty distinguishing between epulo-like bacteria and 

true J morphotypes, particularly when bacteria were tightly packed.  Histological analysis 

showed that many bacteria that appeared to be J morphotypes were present in sections III and 

IV of Z. velifer and N. unicornis, which further supports the finding of Miyake et al. (2015) 

that Epulopiscium was the dominant genus in these species. 

The large bacterial population that occurs either between villi or in close proximity to 

the mucosal surface may be important to host fishes in terms of nitrogen recycling.  In 

humans, other non-ruminants (Hendriks et al., 2012), ruminants (Cheng et al., 1979) and the 

plainfin midshipman Porichthys notatus (Bucking et al., 2013), ureolytic bacteria play a role 

in nitrogen metabolism in the GIT (Singer, 2003).  Urea recycling and the absorption of 

microbial protein has also been demonstrated in human infants, equids, and non-ruminant 

herbivores (Slade, 1971; Hintz & Schryver, 1972; Wootton & Argenzio, 1975; Hintz et al., 

1978; Heine et al., 1987; Singer, 2003; Belenguer et al., 2005; Woodward et al., 2010).  

Adherent bacteria in ruminants digest urea that diffuses through the rumen wall or enters the 

rumen with food and saliva (Cheng et al., 1979), whereas ammonia is cycled back to urea by 

enterocytes to avoid localised toxicity in P. notatus (Bucking et al., 2013).  Herbivorous fishes 

are more nitrogen-limited than carnivorous fishes, so nitrogen recycling by GIT symbionts 

would be beneficial to the study species.  If similar cycling is occurring in our study species it 

is likely to be localised adjacent to the mucosal surface, as in ruminants. 

The gene involved in nitrogen fixation, nifH, has been identified in bacteria from the 

lumen of the hindgut of the study species (Bojarski, 2014).  Therefore, there may be a 



 Chapter 4:  Location of endosymbiotic microbiota in the hindgut 
 

185 

transition from nitrogen recycling to nitrogen fixation along a radial gradient from the mucosal 

surface to the centre of the lumen.  Epulos were observed close to the mucosal wall and in the 

centre of the lumen, which is important in terms of nitrogen cycling as their genome includes a 

sequence coding for urease, which could be involved in urea recycling pathways (E. R. 

Angert, pers. comm.).  These findings suggest that bacteria in the study species are involved in 

nitrogen recycling and fixation in the GIT, and that symbiotic bacteria have the potential to 

provide a significant amount of protein to their host fish, a pathway which has previously been 

given little attention. 

 

4.4.3  Relationship between microbiota and the mucosal surface in the hindgut 

Bacteria were observed closely associated with or attached to the glycocalyx over the 

brush border membrane in all study fish species, but not in all GIT sections of all species.  The 

close proximity of bacteria to the mucosal surface, and attachment via the glycocalyx, 

provided support for our hypothesis.  Epulos were not as closely associated with the mucosal 

surface as small bacteria, and were not observed attached to the mucosal surface in any of the 

surgeonfish species.  Bacteria were only observed directly attached to the mucosal surface in 

S. vulpinus, although it appears that S. doliatus may also have had bacteria directly attached to 

the mucosal surface in sections III and IV of the GIT.  These findings will be discussed in 

terms of nutrition and gut function. 

Bacteria attach to mucosal surfaces and mucus via outer-membrane proteins, capsules, 

lectins, adhesins and fimbriae known as attachment pili (Donaldson et al., 2016).  Bacterial 

attachment was evident in all study species, although the tightness of attachment varied 

between sections and species, suggesting different attachment mechanisms.  Bacterial 

attachment generally involves adhesion-receptor interactions and nonspecific interactions such 

as hydrophobic bonding (Hao & Lee, 2004).  Attachment of bacteria in the hindgut of the 

study fish species appears to be possible due to the apparently slower movement of ingesta and 

more alkaline conditions compared to the stomach and anterior GIT, with the mucus layer over 

the mucosal surface providing additional substrates for bacterial attachment. 

The general increase in the quantity of mucus from the anterior to posterior intestine 

(Chapter 2) may be mutually beneficial to the host fish and symbiotic bacteria.  As mentioned 

above, the increased mucus in the hindgut may enable localised retention of bacteria 

(Donaldson et al., 2016), and the nitrogen in mucus (Holley et al., 2015) may be utilised by 

endosymbionts.  These suggestions were supported by TEM analysis in the present study, 
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which demonstrated that bacteria close to the mucosal surface were often within a mucus 

layer, and were attached to the mucus via pili in most fish species. 

Bacteria were observed within a mucus layer over the mucosa, and attached to the 

mucosal surface via the glycocalyx layer.  This further suggests that different species of 

bacteria may occupy different niches with respect to the mucosal surface.  Differences have 

been observed between gut wall-associated and gut content-associated bacterial communities 

in the Atlantic cod Gadus morhua (Ringø et al., 2006a; Dhanasiri et al., 2011).  Atlantic cod 

do not rely on microbial digestion in the same way as the herbivorous study fish species, 

suggesting that bacterial location depends on their function.  For example, amylolytic bacteria 

attached to the mucosal surface in the carnivorous pike Esox lucius L. (Izvekova, 2005).  

Studies on mice suggested that bacterial morphology was also responsible for determining 

bacterial distribution, due to bacterial shape impacting on the ability of a bacterium to 

penetrate the mucus layer over the mucosa (Swidsinski et al., 2007).  Interestingly, Swidsinski 

et al. (2007) found that the mucosal surface was covered by an ‘impenetrable’ layer of mucus 

in mice, whereas the mucus around intestinal contents was loose and could be penetrated more 

easily.  These findings differ from the findings of the present study, in which a range of 

bacterial morphologies were both attached to the glycocalyx and within the mucus layer 

covering the mucosal surface.  There was thus not a clear morphological distinction based on 

ultrastructure between bacteria within the thick mucus layer and those near the mucosal 

surface but not within mucus. 

Bacteria were not attached to the glycocalyx layer in some individuals.  Anaerobes 

were observed within a mucus layer in the posterior GIT of mice (Davis et al., 1973).  Many 

bacteria remained within this mucus layer throughout the life of the mouse (Davis et al., 

1973), with mucus oxygen levels sufficiently low enough to enable anaerobic microbes to 

survive (Albenberg et al., 2014).  Mucus can also assist microbes with maintaining their 

location in the GIT (Donaldson et al., 2016), meaning that bacteria can be in close proximity 

to the mucosal surface without being directly attached.  Bacteria were near but not attached to 

microvilli in quail caeca, which the authors suggested may indicate that substances derived 

from the urine, which is frequently refluxed into the caeca in avian species (Svihus et al., 

2013), may be broken down by these bacteria in order for greater reabsorption of nutrients 

(Strong et al., 1989).  This further supports the idea that bacteria near the mucosal surface, 

even when unattached, are involved in nitrogen recycling. 

Small bacteria were observed attached to flagella of large epulo morphotypes in some 

surgeonfishes.  Bacteria have been observed attached to the flagella of epulos previously 
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(Robinow & Angert, 1998; Angert, 2006), although the reasons for attachment are not clear.  

There do not appear to be any benefits to either bacterium in terms of nutrition.  Large epulos 

may retain their position in the GIT better than small bacteria, and therefore the attachment of 

small bacteria may prevent the small bacteria from being swept posteriorly.  However, 

attachment may impact on the movement of epulos due to flagella being obstructed.  Bacteria 

were not commonly observed attached to epulos, suggesting that bacteria may attach 

temporarily during periods of ingesta movement.  This movement may be detected by changes 

in nutrient or chemical gradients as bacteria move along the GIT (Donaldson et al., 2016).  

These hypotheses of bacterial movement during periods of digestion require further 

investigation. 

Bacteria in ruminants can attach to the mucosa via the glycocalyx fibres overlying the 

mucosal surface (Cheng et al., 1979).  In fishes, similar bacterial attachment to the epithelial 

surface of the hindgut caecum has been reported from the herbivorous zebraperch Kyphosus 

(formerly Hermosilla) azurea (Fidopiastis et al., 2006).  Bacterial attachment in ruminants and 

H. azurea was extremely similar to that observed in the study fish species, where the 

glycocalyx layer created an attachment site for bacteria.  A small number of bacteria were 

observed between the microvilli of epithelial cells in the hindgut of Ap. etheridgii.  A similar 

close association with bacteria between microvilli has been observed in the hindgut of fishes, 

although mainly in carnivorous species (Ringø et al., 2001, 2006b, 2007; Seppola et al., 2006).  

These bacteria were often phagocytosed into epithelial cells, a phenomenon not observed in 

Ap. etheridgii.  Studies on herbivorous fishes have demonstrated bacterial attachment via the 

glycocalyx (Fidopiastis et al., 2006; Johnson, 2010), so it seems that such a close association 

between bacteria and the microvilli may be unusual in herbivorous fishes.  Bacteria were 

attached to the glycocalyx in the closely related Ap. arctidens, but were not observed between 

microvilli (Johnson, 2010).  Therefore, it is not entirely clear why a small number of bacteria 

were observed between microvilli, and consequently more closely associated with the mucosal 

surface, in a section V of Ap. etheridgii, and not in any other gut sections or species. 

A variety of bacterial morphologies, suggestive of a variety of bacterial taxa, were 

visible by TEM close to the mucosal surface.  This is consistent with the wide range of 

bacteria reported from other studies on herbivorous fishes (Rimmer & Wiebe, 1987; 

Fidopiastis et al., 2006).  Different bacterial types could not be quantified in the present study, 

as sectioning for histology and TEM means that it is not possible to accurately identify 

bacterial taxa.  Therefore bacterial types cannot be compared to types identified in previous 

studies.  The general diversity observed is consistent with the diverse bacterial communities 
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identified from herbivorous fishes using techniques such as genetic sequencing (Clements, 

1991; Moran et al., 2005; Fidopiastis et al., 2006; Clements et al., 2007; Wu et al., 2012; 

Bojarski, 2014).  However, these studies did not all include detailed analysis of gut wall-

associated communities, suggesting that some bacteria may have been omitted from these 

analyses. 

Long, filamentous bacteria were attached to the mucosal surface of S. vulpinus, and 

potentially S. doliatus, although the latter could not be confirmed at the ultrastructural level.  

Spirochetes were in close proximity to the mucosal surface, particularly in crypts, in the rat 

caecum (Davis et al., 1972) and raccoon colon (Hamir et al., 2001).  Those in the rat were 

attached to the mucosal surface (Davis et al., 1972), whereas those in the raccoon were not 

(Hamir et al., 2001).  Bacteria near the mucosal surface of the rat were morphologically 

different from those in the lumen (Davis et al., 1972).  This is consistent with the bacteria 

attached to the mucosal surface in S. vulpinus, which were present in large numbers and had a 

distinct morphology from those in the lumen.  The spirochetes in the rats did not appear to 

affect the normal functioning of the rat despite displacing microvilli (Davis et al., 1972). 

Segmented, filamentous microbes colonise the GIT of various vertebrates with a 

patchy distribution (Davis & Savage, 1974; Yamauchi & Snel, 2000; Inamoto et al., 2008; 

Del-Pozo et al., 2010).  Attachment of these bacteria to the mucosal surface generally involves 

a modified electron-dense epithelial membrane and a ‘nipple-like’ appendage at its tip (Davis 

& Savage, 1974; Erlandsen & Chase, 1974; Yamauchi & Snel, 2000; Inamoto et al., 2008; 

Del-Pozo et al., 2010).  Davis and Savage (1976) confirmed that these bacteria could be 

attached to exfoliating epithelial cells, similar to the bacteria attached to the possibly sloughed 

cells in S. vulpinus.  The ‘nipple-like’ appendage described from other vertebrates was similar 

to the curved, conical tip observed in S. vulpinus.  The overall morphology of these bacteria 

was similar between S. vulpinus and other vertebrates, although there were no clear 

segmentations in the bacteria in S. vulpinus.  Bacteria attached to the mucosa in rainbow trout 

were associated with gastroenteritis, and caused substantial damage to epithelial cells (Del-

Pozo et al., 2010).  However, there was no clear degradation or alterations to cells and 

organelles at the attachment site in S. vulpinus, suggesting that the bacteria in S. vulpinus may 

have a different function from those in rainbow trout. 

Attachment of segmented, filamentous bacteria in rats caused alterations to the brush 

border membrane, including movement of subsurface fibrillar layers around the site of 

attachment, and disruption or removal of microvilli from regions of the mucosal surface 

(Erlandsen & Chase, 1974).  Only microvilli which were not visible around the dense bacterial 
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population were disrupted in S. vulpinus.  This suggests that these epithelial cells could not 

function normally, as their ability to transport nutrients from the lumen would be 

compromised.  Similar bacteria have been reported from numerous healthy rat individuals, 

suggesting that while the relationship between host and bacteria may not be mutually 

beneficial, there is a mutual tolerance (Davis et al., 1972; Erlandsen & Chase, 1974).  This 

explains why the distribution of these bacteria is often patchy, with regions of the mucosa left 

clear so that transport across the mucosal surface can be maintained at a sufficient level to 

maintain the health of the host animal.  Segmented, filamentous bacteria have no reported 

involvement in host nutrition, and likely do not contribute to the fermentation of ingesta in S. 

vulpinus.  Therefore, these attached bacteria are most likely parasitic, although they may not 

impact on the normal functioning of the host fish. 

 

4.4.4  Relationship between microbiota and algal fragments in the hindgut 

Bacteria ferment algal material in the hindgut of herbivorous fishes (Rimmer & Wiebe, 

1987; Kandel et al., 1994; Clements & Choat, 1995; Clements, 1997; Mountfort et al., 2002), 

so bacteria were hypothesised to be in close proximity to algal fragments in the hindgut of the 

study species, but the number of bacteria attached to algal fragments was much greater than 

that expected.  Bacteria in sections III, IV and V of the study fish species were observed 

within algal cells in light micrographs, but were only observed attached to the external surface 

of algal fragments by TEM.  Rumen bacteria attached rapidly to the epidermis of leaf blades 

within the rumen, and only attached to the mesophyll after a period of incubation (Latham et 

al., 1978b).  However rumen bacteria did not attach to the cuticle which became dissociated 

from the epidermis during initial digestion (Akin et al., 1974b).  Damaged or cut edges of 

plant material were the major sites of adhesion for rumen bacteria (Latham et al., 1978a,b).  

The cuticle appeared to be intact in most algal fragments observed ultrastructurally in the 

present study, and as such it appears that rumen bacteria and the symbiotic bacteria in our 

study fish species may target different structures of the plant and algal fragments.  The greater 

attachment to external surfaces of algae in the study species is likely due to structural 

differences between marine and terrestrial plants, suggesting that marine plants are more 

readily digestible (Hay, 1991; Choat & Clements, 1998). 

The morphology of bacteria attached to algal fragments in the study fish species was 

diverse.  While some bacteria may be attached to algae prior to ingestion, many more bacteria 

were attached to algal fragments in sections III, IV and V than in section II.  Rumen bacteria 

attached to leaf blades are diverse in morphology, suggesting that numerous bacterial taxa are 
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involved in plant digestion (Akin & Amos, 1975; Akin, 1980).  There was no clear 

relationship between bacterial morphology and type of algae being digested (determined from 

ultrastructural differences) in the present study.  Certain bacterial species break down certain 

parts of leaf blades in ruminants (Akin, 1980).  Cheng et al. (1979) also found that a 

subpopulation of rumen bacteria were associated with slow moving components of food.  A 

range of bacteria were observed attached to the same region of an algal fragment in the present 

study, so our results do not support the idea that certain bacteria break down different parts of 

the fragment. 

The attachment mechanisms of bacteria to the algal fragments varied between bacteria, 

most likely dependent on the species observed.  Various rumen bacteria from steer were 

attached to grass using different methods, via a fibrous capsule-like substance or via 

extracellular materials (Akin, 1976).  Gram-negative rumen bacteria have varying coats 

external to their outer membrane that are involved in attachment (Costerton et al., 1974a; 

Cheng et al., 1977; Latham et al., 1978b).  However, bacteria in the hindgut of the study fish 

species are dominated by Gram-positive species (Clements, 1997), and were generally 

attached to algal fragments via pili.  Attachment of bacteria to algal fragments in the study 

species was so tight in some cases that it was difficult to distinguish where the bacterium and 

algal surfaces met, similar to the diffuse glycoprotein coat observed over some rumen bacteria 

(Latham et al., 1978b). 

Direct bacterial attachment is required for some plant cell walls to be degraded in 

ruminants (Akin & Amos, 1975), whereas other plant material can be broken down by bacteria 

without direct attachment (Akin et al., 1974b; Akin, 1980).  The adhesion of bacterial cells to 

plant or algal fragments within the GIT enables digestive enzymes originating from the 

bacteria to be in very close proximity to the substrate (Latham et al., 1978b).  The close 

proximity of bacteria to algal fragments in the study species would enable more efficient 

digestion of algae than if bacteria were releasing digestive enzymes further from algal 

fragments. 

When numerous bacteria were attached to an algal fragment in the study fish species, 

they were also commonly attached to each other by pili.  Similar intercellular adhesions 

between bacteria have been reported in ruminants (Costerton et al., 1974a), particularly when 

there were excess soluble carbohydrates (Cheng et al., 1977).  When there are large numbers 

of bacteria, and limited available substrate surfaces to attach to, attachment of ‘free’ bacteria 

to attached bacteria would ensure that they remain within close proximity to algal fragments 
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being digested.  Therefore, bacterial attachment to each other as well as to the substrate 

surface may be a common mechanism to maintain efficient microbial digestion. 

Although not congruent, phylogeny and gut microbiota were correlated in 

surgeonfishes from the Red Sea, and microbiota were distinct between species consuming 

different diets (Miyake et al., 2015).  This suggests that phylogeny and diet both influence the 

bacterial communities in fishes. 

 

4.4.5  Conclusion 

As expected, abundant and diverse symbiotic microbial communities were observed in 

sections III, IV and V of all study fish species.  There were no general trends of morphotype 

axial distribution, and thus this appeared specific to host species.  The finding of abundant 

microbial populations in section III of some host fish species, especially K. sydneyanus, 

indicates that fermentative digestion may be important in the anterior half of the intestine in 

some fishes.  Radial trends of microbial distribution from the mucosal surface to the centre of 

the lumen in sections III, IV and V varied among study species.  Microbial density was 

generally greatest close to the mucosal surface, where bacteria were often attached to the 

glycocalyx layer covering the microvilli.  The extremely close proximity of bacteria to the 

mucosal surface has important implications for the nutrition of the host fish, as any products of 

microbial digestion could be efficiently assimilated by the epithelial cells.  Bacteria close to 

the mucosal surface may also be involved in nitrogen recycling, and have the potential to 

provide a significant amount of protein to their host fish.  Direct attachment of bacteria to algal 

fragments in the lumen was more prevalent than anticipated based on the literature, and 

indicates that digestion of algal cell walls by endosymbionts may be more important than 

previously thought.  Rumen flora frequently attach to the inner mesophyll and phloem cell 

layers of plant fragments and will attach to the inside of cells, whereas in the study fishes 

attachment was only observed on the outside of cells.  The results overall suggest that 

microbial digestion of algae, and assimilation of SCFA may be more efficient than previously 

thought. 
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Chapter 5:  Algal breakdown in the hindgut of temperate and 

tropical marine herbivorous fishes 

 

5.1  Introduction 

 

Many herbivorous vertebrates begin breaking down plant material using mechanical 

means during ingestion (Stevens & Hume, 1995; Mackie, 1997).  This process substantially 

breaks apart the cellular structure of the plant in some herbivores, whereas it does little more 

than move the plant fragment to the gastrointestinal tract (GIT) in others (Stevens & Hume, 

1995).  Plant cell walls are more difficult to digest than animal material, so herbivorous 

vertebrates have anatomical and physiological adaptations enabling efficient assimilation of 

nutrients in the GIT (Mackie, 1997), such as foregut or hindgut fermentation to digest tough 

plant cell components that would otherwise be egested from the gut (Karasov & Martínez del 

Rio, 2007).  Foregut-fermenters such as ruminants and hindgut-fermenters such as horses and 

marine turtles have endosymbiotic microbes that ferment refractory carbohydrates to short 

chain fatty acids (SCFA) that the host animal can utilise (Stevens & Hume, 1995; Mackie, 

1997; Dehority, 2002; Karasov & Martínez del Rio, 2007). 

The relationship between endosymbiotic microbes and ingested algal particles in 

marine herbivorous fishes has not previously been examined.  Hindgut microbes are 

nutritionally important to marine herbivorous fishes, providing their host with SCFA, and 

therefore understanding the relationship between bacteria and algae in the hindgut of these 

fishes is important for understanding the process of fermentative digestion.  Chapter 4 

described the location of microbes in the hindgut of these fishes, and demonstrated that 

bacteria attach to algal fragments in sections III, IV and V in both temperate and tropical 

species.  Here we build on this finding, examining the breakdown of algae over the length of 

the GIT, and thus the association of hindgut endosymbiotic microbiota with algal digestion.  

Of the 13 species used in the previous chapters, 12 were used to analyse algal breakdown (the 

temperate Aplodactylus arctidens, Ap. etheridgii, Odax pullus and Kyphosus sydneyanus, and 

the tropical K. cinerascens, K. vaigiensis, Acanthurus lineatus, Zebrasoma velifer, Naso 
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tonganus, N. unicornis, Siganus doliatus and S. vulpinus).  The planktivorous N. brevirostris 

was not used in this study due to the lack of algae in its GIT. 

Different bacterial species can attach to different parts of ingesta (Cheng et al., 1979) 

or to different parts of a plant fragment (Akin, 1980) in ruminants.  The proximity of bacteria 

to ingesta in foregut- and hindgut-fermenting herbivorous vertebrates, whether they are near 

the ingesta or directly attached to it can affect the rate of digestion (Akin & Amos, 1975).  The 

type of plant material can also affect the rate at which this material is broken down (Akin et 

al., 1973, 1974a).  Some structures within plant tissue are rapidly degraded in ruminants while 

others are not degraded at all (Akin et al., 1973).  Bacteria readily degraded the mid-layers of a 

leaf in vitro, as shown by the attachment and degradation of the mesophyll and phloem (Akin 

& Amos, 1975), although this experiment may exaggerate the extent to which bacteria can 

gain access to these mid-layers within the rumen.  Algal species vary greatly in their structural 

composition, with different algal types being composed of different structural carbohydrates 

(Painter, 1983).  This suggests that the level of bacterial digestion of algae in our study fish 

species may vary depending on diet. 

Substantial degradation of plant fragments with zones of hydrolysis surrounding 

bacteria have been observed in some herbivorous vertebrates, including ruminants (Akin & 

Amos 1975; Akin, 1980; Cheng et al., 1983) and in the herbivorous marine iguana (Mackie et 

al., 2004).  These clear zones show that microbes directly degrade plant and algal material.  

Plant fragments can be broken down into their component monomers in the region 

immediately surrounding a bacterium (Costerton et al., 1974b).  These clear zones suggest that 

bacteria can efficiently digest plant material if they are in close proximity to it, or attached.  

Such an analysis of the role of bacteria in algal digestion in the hindgut of herbivorous fishes 

has not been carried out, and has the potential to provide important information on the 

digestive processes involved. 

Patterns of algal breakdown in the GIT varied among species of temperate marine 

herbivorous fishes (Johnson, 2010).  Histologically, algal fragments appeared more degraded 

in the anterior intestine of O. pullus and K. sydneyanus than in Ap. arctidens (Johnson, 2010), 

although O. pullus has opposable pharyngeal jaws (Clements & Bellwood, 1988) that would 

mechanically degrade algae more than trophic anatomy in the other two species.  There was 

also substantial degradation of algal structure in the posterior GIT in these three species 

consistent with microbial digestion in the hindgut (Skea et al., 2005, 2007).  Enzyme activities 

in these three species suggest that K. sydneyanus has greater reliance on microbial 

fermentation than Ap. arctidens and O. pullus (Skea et al., 2005).  Johnson (2010) did not 
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analyse the microbial digestion of algae in these three species, and as such the amount of 

degradation of algal cell structure associated with microbes remains unknown in herbivorous 

fishes.   

Specialised regions of attachment for particular bacterial species were not observed in 

the study fish species (Chapter 4), although particular bacterial species or bacterial 

morphotypes may be more prevalent degrading algae in the hindgut.  Bacterial attachment to 

the mucosal surface and ingesta appears to be common among vertebrates (Donaldson et al., 

2016), whereas the physical digestion of ingesta would be limited to bacteria that possess the 

appropriate enzymes or acids to break down the substrate.  This suggests that a subset of the 

endosymbiotic bacteria observed in the study fish species may be involved in the degradation 

of algal fragments in the hindgut. 

This chapter will histologically examine the state of algae along the length of the GIT, 

and ultrastructurally examine the effect that association with endosymbiotic microbes has on 

the integrity of algae in the hindgut of the study fish species.  The cell walls and contents of 

algae contain structural and storage polysaccharides, respectively (Kloareg & Quatrano, 1988).  

Algal cell walls contain little cellulose with the exception of chlorophytes, and have various 

other structural polysaccharides such as carrageenans, agars and alginates (Painter, 1983; 

Kloareg & Quatrano, 1988).  The carbohydrate composition of phaeophytes makes them more 

difficult to digest than rhodophytes and chlorophytes (Montgomery & Gerking, 1980; Kloareg 

& Quatrano, 1988).  Algal cell walls are often lysed in the stomach of fish, enabling 

endogenous enzymes to access the readily digestible cell contents (Lobel, 1981; Zemke-White 

et al., 1999, 2000).  These cell contents appear to be broken down mainly in the anterior GIT 

by endogenous enzymes, but are also available for digestion in the posterior GIT (Skea et al., 

2005), whereas digestion of the algal cell wall appears to involve the endosymbiotic 

microbiota in the hindgut (Skea et al., 2005; 2007). 

To assess the effects of endosymbiotic microbes on ingested algae, this chapter will 

specifically examine whether bacteria are attached to the cell wall with no discernible damage 

to the algal fragment, or whether degradation is observed specifically at the location of 

microbial attachment.  The following hypotheses will be tested: (i) algal fragments show the 

greatest deterioration in the anterior and posterior GIT, corresponding with previously 

determined regions of greatest endogenous and exogenous (microbial) digestion (Skea et al., 

2005, 2007); (ii) the largest deterioration of algal fragments occurs more posteriorly in species 

consuming phaeophytes than in species consuming chlorophytes and rhodophytes, due to 

greater reliance on microbial digestion in the hindgut; (iii) algal degradation by microbes is 
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greatest in the section of the GIT with the largest bacterial density, as determined in Chapter 4 

(i.e. section III of K. sydneyanus, section IV of Ap. arctidens, Ap. etheridgii, O. pullus, K. 

cinerascens, K. vaigiensis and Z. velifer, and section V of Ac. lineatus, N. tonganus, N. 

unicornis, S. doliatus and S. vulpinus); (iv) fish species consuming phaeophytes exhibit the 

largest bacterial degradation of algae; and (v) bacteria degrading algal fragments are not as 

diverse as those attached to the surface of algal fragments.  This chapter forms the first 

comprehensive visual examination of algal breakdown along the length of the GIT and the 

association of endosymbiotic microbes with digestion of algae in the hindgut of marine 

herbivorous fishes 

 

5.2  Materials and Methods 

 

5.2.1  Sample collection 

Eight Aplodactylus arctidens (Richardson, 1839) (Aplodactylidae) (370-430 standard 

length (SL)), six Ap. etheridgii (Ogilby, 1889) (Aplodactylidae) (320-420 mm SL), nine Odax 

pullus (Forster in Bloch & Schneider, 1801) (Labridae) (295-405 SL), and nine Kyphosus 

sydneyanus (Günther, 1886) (Kyphosidae) (345-495 SL) were collected by spear on snorkel in 

the Hauraki Gulf in the vicinity of Great Barrier Island (36°10′S, 175°25′E) during February, 

May and November 2011, and February 2013 (see Appendix 1 for details of individual fish 

specimens).  Fish were killed by pithing immediately after being brought onto the RV Hawere, 

and were processed immediately.  Fish collection was conducted under University of 

Auckland Animal Ethics Committee approvals R717 and 001009. 

Eight Kyphosus cinerascens (Forsskål, 1775) (Kyphosidae) (194-332 mm SL), six K. 

vaigiensis (Quoy & Gaimard, 1825) (Kyphosidae) (230-360 mm SL), four Acanthurus lineatus 

(Linnaeus, 1758) (Acanthuridae) (185-205 mm SL), six Zebrasoma velifer (Bloch, 1795) 

(Acanthuridae) (125-198 mm SL), six Naso tonganus (Valenciennes, 1835) (Acanthuridae) 

(220-475 mm SL), 10 N. unicornis (Forsskål, 1775) (Acanthuridae) (255-445 mm SL), seven 

Siganus doliatus (Guérin-Méneville, 1829-38) (Siganidae) (150-185 mm SL) and four S. 

vulpinus (Schlegel & Müller, 1845) (Siganidae) (173-185 mm SL) were collected by spear on 

snorkel and SCUBA in the vicinity of Lizard Island, Great Barrier Reef, Australia (14°40′S, 

145°27′E) during March 2011, January-February 2012 and May 2013.  Fish collection was 

conducted under James Cook University of North Queensland Animal Ethics Committee 

approval A1641.  Individuals collected in 2011 and 2012 were kept on ice until return to the 
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Lizard Island Research Station laboratory and dissected as soon as possible after return, 

generally within four hours.  Due to the degradation of samples kept on ice as outlined 

previously (see section 2.2.1), fish collected in 2013 were processed immediately upon capture 

on board the RV Kirsty K.  All fish were collected between 0905 and 1735 to ensure their guts 

would be full. 

For each individual, SL, fork length, total weight, gutted weight and sex were 

recorded.  The entire GIT of all study species was removed by careful dissection.  The gut was 

then carefully unravelled and divided into five sections following Clements and Choat (1997) 

and Mountfort et al. (2002), as outlined previously (see section 2.2.1).  Briefly, in the 

stomachless O. pullus the GIT was divided into five sections of equal length.  In the remaining 

species, the stomach constituted section I.  In all species except K. sydneyanus and K. 

vaigiensis the remaining length of GIT was divided into four equal sections (II-V).  Kyphosus 

sydneyanus and K. vaigiensis had a well-defined hindgut chamber at the posterior of the GIT 

which constituted section V, with the remaining GIT divided equally into the three remaining 

sections, II-IV.   

 

5.2.2  Histological analysis 

The state of algae along the length of the GIT has previously been described for Ap. 

arctidens, O. pullus and K. sydneyanus (Johnson, 2010), so these three species were excluded 

from this analysis.  Individuals used to examine the histological gut morphology (Chapter 2) 

and distribution of endosymbionts in the hindgut (Chapter 4) were also used to examine algal 

breakdown along the GIT (see section 2.2.2 for detailed procedure).  To summarise, portions 

of the GIT from the centre of each gut section were constrained using cable ties before being 

dissected from the main GIT and immersed in 3.7% v/v formaldehyde in in PBS pH 7.4 

(Sigma, St Louis, MO, USA) for the temperate species or in BupH PBS pH 7.2 (Thermo 

Scientific Pierce, Rockford, IL, USA) for the tropical species. 

Samples were processed using a different technique for the temperate and tropical 

samples collected in 2013, as outlined in previous chapters.  Briefly, transverse sections were 

taken from samples collected prior to 2013 before starting the dehydration process.  Samples 

were dehydrated through an ethanol series and embedded in paraffin wax moulds.  Samples 

collected in 2013 were dehydrated with constraints still in place, and were sectioned prior to 

embedding in paraffin wax.  Transverse sections were made of each gut section at 5-20 µm 

and mounted on poly-L-lysine (Sigma-Aldrich, St Louis, MO, USA) coated glass slides.  

Slides were dewaxed and stained with Gill’s haematoxylin (Gill et al., 1974) and eosin.  This 
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stain was used to analyse the state of algae at a histological level.  Stained slides were 

analysed and photographed using a DMRE light microscope (Leica, Nussloch, Germany) with 

a DC500 digital camera (Leica, Nussloch, Germany) attached.  Images were taken at several 

magnifications to enable a range of detail to be captured for analysis. 

 

5.2.3  Ultrastructural analysis 

Of the individuals used for histological analysis of algal breakdown, gut contents from 

sections II-V were collected from three Ap. arctidens, four Ap. etheridgii, two O. pullus and 

two K. sydneyanus and used for ultrastructural examination of microbial involvement in algal 

cell breakdown.  The same tropical individuals that were used for analysis of microbial 

attachment to algal fragments (Chapter 4) were also used to examine the role of microbes in 

algal breakdown.  Gut contents were collected from three K. vaigiensis, and two of each of K. 

cinerascens, Ac. lineatus, Z. velifer, N. tonganus, N. unicornis, S. doliatus and S. vulpinus.  As 

in Chapter 4, sections III-V, where microbial fermentation is known to occur (Mountfort et al., 

2002), were of main interest, and section II was used to determine a baseline level of algal 

degradation associated with attached exogenous microbes. 

As mentioned in Chapters 3 and 4, due to the time-consuming nature of electron 

microscopy, a small number of samples were used from each species.  Initially, three 

individuals were analysed from Ap. arctidens, Ap. etheridgii and K. vaigiensis.  Little variation 

was observed between individuals of the same species, both in terms of the morphology of 

bacteria observed and the quantity of bacteria in each location examined (see 5.2.4; Table E1).  

It was therefore decided that the small sample size of two individuals was sufficient to 

examine the role of microbes in algal breakdown in the hindgut in the remaining study fish 

species. 

To collect gut contents from sections II through V from each species, the intestine was 

gently squeezed such that a small amount of gut contents could be collected into a vial 

containing 2.5% v/v glutaraldehyde (Scharlau, Spain) in PBS pH 7.4 (Sigma, St Louis, MO, 

USA) for the temperate species or in BupH PBS pH 7.2 (Thermo Scientific Pierce, Rockford, 

IL, USA) for the tropical species.  Gut content samples from the tropical study species 

remained in glutaraldehyde during transport to the University of Auckland. 

Samples collected in the Hauraki Gulf were processed within a few days of sample 

collection, and samples from in the vicinity of Lizard Island were processed as quickly as 

possible upon receipt of samples from Australia.  Processing of samples followed the same 



  Chapter 5:  Algal breakdown in the hindgut 
 

199 

protocol as in Chapters 3 and 4 (see Chapter 3 for embedding, sectioning and staining details).  

Briefly, a piece of alga was randomly selected from the fixed material and placed in a 

microcentrifuge tube.  Algal fragments were left as intact as possible to ensure accurate 

analysis; however, if a fragment was too large to be processed, the alga was sectioned to meet 

the dimensions for embedding.  All samples were washed in 0.1 M phosphate buffer and 

stained in equal parts of 1% w/v osmium tetroxide and 0.1 M phosphate buffer.  Samples were 

put through an ethanol dehydration series and incubated in 100% Epoxy resin at room 

temperature overnight.  Samples were placed in embedding capsules with fresh Epoxy 812 

resin and polymerised for 48 hours at 60°C.  For algal samples that were sectioned prior to 

embedding, the sectioned end of the fragment was orientated towards the open end of the 

capsule.  This ensured that when sectioned the untrimmed end of the alga would be the region 

analysed. 

Blocks were sectioned at 80-100 nm with an EM UC6 ultramicrotome (Leica, 

Nussloch, Germany), using a Diatome Histo 45° diamond knife (Diatome, Hatfield, PA, 

USA).  Square mesh copper grids (GCu200; ProSciTech Pty Ltd., Townsville, QLD, 

Australia) were used to collect sections and left to dry.  Sections were stained with 2% w/v 

uranyl acetate and lead citrate. 

Grids were analysed using a CM12 transmission electron microscope (TEM) (Philips, 

Eindhoven, The Netherlands), with a Gatan Model 792 BioScan camera (Gatan Inc., 

Pleasanton, CA, USA) attached.  DigitalMicrograph (Gatan Inc., Pleasanton, CA, USA) was 

used to convert images from Gatan format to a tagged image file format (TIFF) for further 

analysis.  Adobe Photoshop CC (Adobe Systems Inc., San Jose, CA, USA) was used to adjust 

the light levels of the images. 

 

5.2.4  Sample analysis 

5.2.4.1  Percentage of bacteria attached and degrading algal fragments 

Transmission electron micrographs were used to analyse the location of bacteria with 

respect to algal fragments.  Micrographs at 11500x magnification were used as these enabled 

attachment and degradation of algae to be visualised.  Higher magnification images were used 

to clarify whether bacteria were simply attached to the surface or degrading the algal cell wall.  

Bacteria were counted and divided into one of four categories: (i) ‘Near’, in close proximity to 

the algal fragment but showing no signs of attachment, (ii) ‘Attached’, attached to the surface 

of the cell wall of an algal fragment, either directly in contact with the alga or attached via pili, 

(iii) ‘Degrading type A’, superficially degrading the external surface of the algal cell wall in 
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the region of attachment, and (iv) ‘Degrading type B’, extensively degrading the algal cell 

wall, i.e. surrounded by a clear zone of hydrolysis.  The percentage of bacteria in each 

category was calculated for each gut section of each species.  The entire surface of an algal 

fragment was examined, and 10 images were randomly selected per section, per individual fish 

for the analysis.  Counts were summed per section per individual fish, prior to calculating the 

percentage within each category to give more representative results.  Statistical comparisons 

were not carried out on results due to the small sample size used for TEM. 

 

5.3  Results 

 

5.3.1  State of algae along the length of the gastrointestinal tract 

The state of ingested algae was not examined histologically in Ap. arctidens, O. pullus 

and K. sydneyanus due to being described previously (Johnson, 2010).  As such, this section 

only deals with the state of algae in Ap. etheridgii and the tropical study fish species. 

The state of ingested algae in the GIT of Ap. etheridgii and the tropical study fish 

species generally had a more liquefied appearance towards the posterior GIT.  The breakdown 

of algae along the length of the GIT of these species was evident in histological sections.  

Small differences existed between species, but the trend of progressive algal degradation from 

anterior to posterior along the GIT was generally similar. 

Algal fragments had reasonably intact cellular structure in the stomach of all study fish 

species, with a substantial amount of cellular contents present (Fig. 5.1).  The cell walls of 

some cells in the cortex layers had lost their rigidity, but algal fragments were largely not 

degraded.  The epidermis of most algal fragments in Ac. lineatus was more degraded than 

those in the other study species.  Cyanobacteria were closely associated with algal fragments 

in the stomach of N. unicornis (Fig. 5.2). 

There were few algal fragments in the pyloric caeca, and those present were similar to 

fragments in section II.  Cell structure was substantially degraded by section II of most study 

fish species, with less rigid cell walls than in the stomach and a large reduction in the amount 

of cell contents (Fig. 5.1).  Cell contents were still present in large quantities in section II of S. 

doliatus.  Adjacent cells from the cortex layer were pulling apart from one another in Ap. 

etheridgii, Ac. lineatus, Z. velifer and N. unicornis.  Cell structure was similar between 

sections II and III, with only a small amount more degradation evident in section III. 
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Adjacent cells were frequently pulled apart from one another in large algal fragments 

in section IV, with cells in the cortex layer showing more degradation than the epidermis (Fig. 

5.1).  There was a general reduction in cellular content in section IV, although S. doliatus had 

more cellular contents than the other study species.  Cell walls were generally less intact in Ap. 

etheridgii, K. cinerascens and K. vaigiensis than the other study fish species in section IV.  

There were few large algal fragments in section V, with most fragments split through the 

medulla.  Cells from the cortex layer were more degraded than those of the epidermis.  In 

section V the external surface of the algal fragment was more deteriorated, although it was still 

intact enough to hold small fragments of epidermal cells together.  The quantity of cell 

contents observed in section V was similar to that in section IV. 

 

5.3.2  Bacterial digestion of algal fragments in the hindgut 

Ultrastructural analysis showed that bacteria were attached to algal fragments from the 

three posterior gut sections in all study fish species, and to algal fragments from section II in 

some study fish species (Chapter 4).  In some species, bacteria had digested the surface of the 

algal cell wall (type A), and zones of hydrolysis were observed around the bacteria (type B).  

Endophytic bacteria were also present within algal fragments in the GIT of some study fish 

species. 

 

5.3.2.1  Degradation of algal fragments 

Bacteria of various morphologies were degrading algal fragments, with both type A 

and B degradation observed, in the three posterior gut sections of the study fish species.  These 

bacterial morphotypes were less diverse than the bacteria near and attached to but not 

degrading the algal fragments.   

Bacteria were type A degrading the surface of the cell wall of algal fragments in 

sections III and IV of Ap. arctidens, and IV and V of Ap. etheridgii (Fig. 5.3).  Some 

degradation penetrated the surface of the cell wall (Fig. 5.3C), but no zones of hydrolysis were 

observed around bacteria from either species.  Bacteria were type A degrading the cell wall 

surface in the three posterior gut sections of O. pullus (Fig. 5.4), although degradation of the 

surface of the cell wall was greater in sections IV and V.  Bacteria were type A degrading the 

surface of cell wall fragments in sections IV and V of K. sydneyanus, and the three posterior 

gut sections of both K. cinerascens and K. vaigiensis (Fig. 5.5).  The region degraded by 

bacteria was deeper in K. sydneyanus and K. vaigiensis than in K. cinerascens.  Type A  
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Figure 5.1.  Light micrographs of algal fragments from the lumen of the different gut sections in the study fish species.  Cell contents generally decreased 
from anterior to posterior intestine (arrowheads).  More adjacent cell walls had separated from one another and the epidermis was more deteriorated in the 
posterior intestine (arrows).  Sections stained with H&E.  All scale bars 20 µm. 
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Figure 5.2.  Algal fragment in the stomach of Naso unicornis with closely associated 
cyanobacteria (arrow).  Stained with H&E.  Abbreviations: a, algal fragment.  Scale bar 50 
µm. 

 

degradation by bacteria was evident in algal fragments from sections IV and V of Ac. lineatus, 

sections III and IV of Z. velifer, section IV of N. tonganus and section III of N. unicornis (Fig. 

5.6).  In the surgeonfishes, type A degraded regions were generally deepest in algal fragments 

from section IV of Z. velifer.  Bacteria were also observed type A degrading the cell wall 

surface of algal fragments in section III in S. vulpinus (Fig. 5.7), but not in any region of the 

GIT in S. doliatus. 

Bacteria were type B degrading algae in section V of O. pullus and K. sydneyanus, 

sections III, IV and V of K. vaigiensis, section IV of N. tonganus, and section III of S. vulpinus 

(Fig. 5.8).  The clear zone surrounding bacteria penetrated deeper into algal fragments in K. 

sydneyanus and K. vaigiensis than in O. pullus.  Bacteria observed type B degrading the algal 

cell wall did not penetrate very far from the surface of the fragment in N. tonganus and S. 

vulpinus, similar to O. pullus.  However, the number of bacteria with clear zones of hydrolysis 

surrounding them was far greater in O. pullus than in either N. tonganus or S. vulpinus. 

The majority of bacteria were attached to, but not degrading, algal fragments in 

sections III, IV and V of the study fish species, and trends in the percentage of bacteria  
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Figure 5.3.  Transmission electron micrographs of bacteria degrading the surface of algal cell 
walls (type A) in (A) section III and (B) section IV of Aplodactylus arctidens, and (C) section 
IV and (D) section V of Ap. etheridgii.  Regions of degradation (arrows) vary between 
sections and species.  Pili are visible between bacteria and algal fragments (arrowheads).  
Abbreviations: a, algal fragment; b, bacterium; l, lumen.  All scale bars 0.5 µm. 

 

attached to and near algal fragments differed between species (Fig. 5.9; see Table E1 for 

numerical values).  The percentage of bacteria type A degrading the surface of algal cell walls 

decreased from section III to V in Ap. arctidens, K. cinerascens and Z. velifer, whereas they 

increased from section III to V in Ap. etheridgii, O. pullus, K. sydneyanus, K. vaigiensis and 

Ac. lineatus.  More than 10% of bacteria were type A or B degrading the cell walls of algal 

fragments in section III of S. vulpinus, whereas no bacteria were found degrading algal cell 

walls in the hindgut.  Algal fragments were generally degraded by a small proportion of the  
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Figure 5.4.  Transmission electron micrographs of bacteria degrading the surface of cell walls 
(type A) of algal fragments in (A) section III, (B) section IV and (C) section V in Odax pullus.  
Regions of degradation (arrows) are deeper in sections IV and V.  Pili are visible between 
bacterium and algal fragment in section V (arrowhead).  Abbreviations: a, algal fragment; b, 
bacterium; l, lumen.  All scale bars 0.5 µm. 
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Figure 5.5.  Transmission electron micrographs of bacteria degrading the surface of cell walls 
(type A) of algal fragments in sections III, IV and V of Kyphosus sydneyanus, K. cinerascens 
and K. vaigiensis.  Regions of degradation (arrows) are evident.  Pili are visible between 
bacteria and algal fragments in some sections (arrowheads).  Abbreviations: a, algal fragment; 
b, bacterium; l, lumen.  All scale bars 0.5 µm. 

 

bacteria in close proximity to the algal fragment.  In some species bacteria were observed 

degrading the cell walls of algal fragments in only one of the individuals examined. 

 

5.3.2.2  Endophytic bacteria within algal fragments 

Bacteria were observed within algal fragments, tightly surrounded by the fragment and 

with no clear zone surrounding them.  These endophytic bacteria were observed in section IV 

of Ap. arctidens, section V of Ap. etheridgii, sections III and IV of K. cinerascens, section III 

of Z. velifer, N. tonganus N. unicornis and S. doliatus, and section II of S. vulpinus (Fig. 5.10).  

Endophytic bacterial morphology varied, suggesting that different species were present.  The  
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Figure 5.6.  Transmission electron micrographs of bacteria degrading the surface of cell walls 
(type A) of algal fragments in (A) section IV and (B) section V of Acanthurus lineatus, (C) 
section III and (D) section IV of Zebrasoma velifer, (E) section IV of Naso tonganus and (F) 
section III of N. unicornis.  Degradation of the algal cell wall (arrows) is evident.  Pili are 
visible between bacteria and algal fragments in some sections (arrowheads).  Abbreviations: a, 
algal fragment; b, bacterium; l, lumen.  All scale bars 0.5 µm. 
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Figure 5.7.  Transmission electron micrograph of bacteria degrading the surface of the cell 
(type A) wall of an algal fragment (arrow) in section III of Siganus vulpinus.  Pili are visible 
between bacterium and algal fragment (arrowhead).  Abbreviations: a, algal fragment; b, 
bacterium; l, lumen.  Scale bar 0.5 µm. 

 

algal species containing endophytic bacteria could not be identified in the present study, 

although their ultrastructure varied suggesting that endophytic bacteria were present in several 

algal species. 

 

 

5.4  Discussion 

 

Gradual breakdown of algal fragments along the length of the GIT was observed in the 

study fish species, although deterioration of algal fragments was greater in some fish species 

than others.  Bacteria were observed degrading algae in all study species except S. doliatus, 

and type B degradation with clear zones of hydrolysis surrounding bacteria was observed in 

five study fish species.  The breakdown of algae, and the association of bacteria with algal 

digestion in the hindgut will be discussed. 
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Figure 5.8.  Transmission electron micrographs of bacteria extensively degrading (type B) 
algal fragments in (A) section V of Odax pullus, (B) section V of Kyphosus sydneyanus, (C) 
section III, (D) section IV and (E) section V of K. vaigiensis, (F) section IV of Naso tonganus 
and (G) section III of Siganus vulpinus. Note the clear zones of hydrolysis surrounding each 
bacterium (arrows).  Pili are visible between bacteria and algal fragments (arrowheads).  
Abbreviations: a, algal fragment; b, bacterium; l, lumen.  All scale bars 0.5 µm. 
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Figure 5.9.  Mean percentage of bacteria in different locations with respect to algal fragments 
in sections III-V of the gastrointestinal tract in the study fish species.  Bacterial were 
categorised as near algal fragments, attached to algal fragments, superficially degrading the 
surface of algal cell walls (type A), or extensively degrading algal cell walls with clear zones 
of hydrolysis surrounding bacteria (type B) (see section 5.2.4.1 for details of categories).  
Sample sizes varied; see Table E1 for numerical data and sample sizes. 

 

 

 



Chapter 5:  Algal breakdown in the hindgut 

 

212 

 

Figure 5.10.  Transmission electron micrographs of endophytic bacteria within algal 
fragments in (A) section IV of Aplodactylus arctidens, (B) section V of Ap. etheridgii, (C) 
section III and (D) section IV of Kyphosus cinerascens, (E) section III of Zebrasoma velifer, 
(F) section III of Naso tonganus, (G) section III of N. unicornis, (H) section III of Siganus 
doliatus, and (I) section II of S. vulpinus.  Abbreviations: a, algal fragment; b, bacterium; eb, 
endophytic bacterium; l, lumen.  All scale bars 0.5 µm. 

 

5.4.1  Breakdown of algae along the gastrointestinal tract 

Several studies have analysed digestion in the GIT of marine herbivorous fishes by 

analysing enzyme activities (Clements et al., 1994; Ojeda & Cáceres, 1995; Moran & 

Clements, 2002; German et al., 2004; Skea et al., 2005, 2007; Day et al., 2011a), but few 

studies have looked directly at the structure of algal components along the length of the GIT  

(e.g. Johnson, 2010).  Algal fragments were observed to degrade progressively over the length 
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of the GIT in the present study, although the region of the GIT with the greatest degree of 

fragment breakdown varied by species. 

Algal fragments in the anterior GIT of a kyphosid species had lost their colour but had 

intact cellular structure (Rimmer & Wiebe, 1987).  This is consistent with the reduction in cell 

contents observed in the anterior GIT in the present study, as this would greatly reduce the 

pigmentation of algae.  This loss of algal cell contents is likely due to the lysis of algal 

fragments in the stomach of the study species (Zemke-White et al., 1999, 2000).  In contrast to 

the present study, Rimmer and Wiebe (1987) did not observe any cellular structure of algal 

fragments in the hindgut chamber of their study species, but they did not examine gut contents 

histologically.  Gut contents appeared liquefied in the hindgut chamber, i.e. section V, of K. 

sydneyanus and K. vaigiensis in the present study.  Histological analysis showed that algal 

fragments were much smaller in the hindgut chamber of these two species and cell walls were 

generally more degraded than in all other study species except Ap. etheridgii, but nonetheless 

small groups of algal cells were still linked to each other by the intact epidermal layer. 

Algal fragments generally showed greatest degradation in sections II and IV of the GIT 

in the present study, which coincides with regions of endogenous and exogenous (microbial) 

digestion, respectively (Skea et al., 2005, 2007), supporting our hypothesis.  Kyphosus 

cinerascens, which mainly consumes rhodophytes (Clements & Choat, 1997; Choat et al., 

2002), and N. tonganus, which mainly consumes rhodophytes and chlorophytes (Choat et al., 

2002), exhibited greater degradation of algal fragments in section III than section IV, i.e. there 

was a greater change in the state of algal contents between sections II and III than between 

sections III and IV.  All other species exhibited greater degradation of algae in section IV than 

III, contrary to our hypothesis that the largest amount of algal breakdown occurs more 

posteriorly only in species consuming phaeophytes.  There was also substantial degradation in 

section V of all study species, suggesting that microbial digestion occurs over a greater length 

of the GIT than endogenous digestion. 

 

5.4.2  The association of bacteria with digestion of algae 

Numerous studies have indicated the nutritional importance of hindgut microbes in 

herbivorous fishes, fermenting algal constituents to SCFA that the host fish can utilise 

(Rimmer & Wiebe, 1987; Clements et al., 1994; Clements & Choat, 1995; Clements, 1997; 

Mountfort et al., 2002; Fidopiastis et al., 2006).  However few studies have directly addressed 

the association of symbiotic bacteria with the digestion of algal fragments in the GIT, and 

those that have did not do so in detail (e.g. Rimmer & Wiebe, 1987; Fidopiastis et al., 2006).  
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Bacteria were observed in close proximity to algal fragments in the present study, as well as 

being attached to and degrading fragments, both superficially and extensively with clear zones 

surrounding the bacteria.  When bacteria were attached or degrading algal fragments, pili were 

visible between the bacterium and algal cell wall.  The amount of degradation associated with 

bacteria varied between fish species and gut sections.  The morphology of bacteria involved in 

algal digestion also varied.  These results will be discussed in the context of digestion and 

nutrition in the host fish species. 

The location of greatest algal degradation by symbiotic microbes varied by fish 

species.  These regions generally did not coincide with the largest microbial population (as 

determined in Chapter 4), and consequently we found no support for our hypothesis of a 

correlation between algal degradation and microbial distribution.  Only in Ac. lineatus did the 

highest bacterial density and greatest amount of algal degradation by microbes coincide in the 

same section of the GIT, section V.  The regions of greatest algal degradation by microbes in 

the GIT also did not correspond to the section of the GIT with the highest SCFA concentration 

(Clements & Choat, 1995; Mountfort et al., 2002), with only O. pullus having greatest 

microbial degradation of algae and peak SCFA in the same section of the GIT, section V.  

However, it is possible that the species of algae being analysed also affects the region of the 

GIT observed as having the greatest algal degradation by microbes. 

Degradation of relatively intact plant fragments by endosymbiotic microbes has been 

well documented in foregut-fermenting ruminants (e.g. Akin et al., 1974a,b; Akin & Amos, 

1975; Akin, 1976, 1980; Cheng et al., 1980, 1983; McAllister & Cheng, 1996).  Algal 

fragments in the hindgut of the study fish species have undergone endogenous digestion in the 

anterior GIT, and are thus more degraded than the plant fragments in ruminants by the time 

that they reach the endosymbiotic microbiota in the hindgut.  The cell layers of plant 

fragments, particularly the inner mesophyll and phloem layers, were more readily digested in 

damaged plant fragments than in intact fragments in ruminants (Latham et al., 1978a,b), 

suggesting that the cortex layers of algal fragments in the hindgut of the study fish species 

would be readily digested due to previous endogenous digestion.  However, bacterial 

degradation of algal fragments was only observed in the outer cell wall layer of the fragment 

in the present study, not in the cortical layers.  This suggests that foregut-fermenting ruminants 

and hindgut-fermenting herbivorous fishes may use different digestive strategies, with 

ruminant bacteria rapidly degrading inner cellular layers of plant fragments, while 

endosymbiotic microbes in the study fish species degrade the external cell wall of algal 

fragments. 
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Large numbers of bacteria were observed by TEM adjacent and attached to algal 

fragments in all study fish species.  However, no more than 20% of the bacteria observed 

within each study fish species were categorised as degrading the fragment.  This appears to be 

a small but significant proportion of the symbiotic bacteria.  The host fish species with the 

greatest degradation of algal material, i.e. both type A and type B degradation, were generally 

consumers of phaeophytes, giving some support to our hypothesis.  However, N. unicornis 

consume phaeophytes (Choat et al., 2002) yet displayed a very small amount of algal 

degradation by bacteria, and no type B degradation in the three posterior sections of the GIT.  

On the other hand, there was a comparatively large amount of degradation by bacteria in 

section III of S. vulpinus, with a small amount of type B degradation also observed in this gut 

section.  The diet of the omnivorous S. vulpinus includes cyanobacteria and a substantial 

amount of algae (Hoey et al., 2013), suggesting that degradation of algae by symbiotic bacteria 

can occur in species that are not strictly algivorous.  The substantial amount of bacterial 

degradation in S. vulpinus is consistent with the SCFA concentration in this species being 

similar to that in algivorous species, although peak SCFA was recorded in the lumen of 

section V (Clements & Choat, 1995) where the largest bacterial population occurs (Chapter 4), 

rather than in section III where maximum bacterial degradation was recorded.  This could be 

due to the SCFA uptake being greater in section III, or due to selective retention of algae in the 

mid-gut region, enabling microbial digestion of algal fragments over a longer period of time.  

SCFA are present in the blood of S. vulpinus (Clements & Choat, 1995), so it is known that 

they assimilate SCFA, however the location of uptake of SCFA from the lumen has not been 

analysed.  Further research is thus required on the location of SCFA uptake and the movement 

of digesta in S. vulpinus to ascertain whether these hypotheses are plausible. 

Algal breakdown in S. doliatus was more unusual than that in the other study fish 

species.  This species consumes a large proportion of rhodophytes, some phaeophytes, and 

very small proportions of organic material and cyanobacteria (Hoey et al., 2013).  Algal cell 

contents were present in substantial quantities in the posterior GIT, and no degradation of 

algae was observed associated with bacteria.  There are substantial concentrations of SCFA in 

the hindgut of S. doliatus, and SCFA were detected in the blood (Clements & Choat, 1995) 

demonstrating that SCFA are taken up in the GIT.  The ratio of acetate:propionate:butyrate 

observed in S. doliatus was more similar to phaeophyte-consumers than to other rhodophyte-

consumers (Clements & Choat, 1995), suggesting more substantial microbial degradation of 

algal cell walls than in the other rhodophyte consumers examined.  However, the lack of 

degradation of algal fragments associated with bacteria in the present study does not support 

this.  It is possible that algal fragments analysed by TEM were not representative of algal 
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fragments in the lumen, although at least some degradation would be expected, perhaps 

because the algal fragments examined were recently ingested yet were already distributed 

throughout the gut. 

A large proportion of bacteria were attached to algal fragments via pili in S. doliatus, 

particularly in section III (Chapter 4).  These bacteria may not directly degrade fragments at 

the point of attachment, but may release degrading enzymes into the lumen as was reported in 

some bacterial species from ruminants (Akin et al., 1974b; Akin, 1980).  This may result in 

degradation of algal cell contents rather than the cell wall in S. doliatus, although histological 

results suggest that a smaller proportion of cell contents are digested than that in the other 

study fish species, despite SCFA concentrations suggesting similar levels of microbial 

fermentation in S. doliatus to other herbivorous fishes in the present study (Clements & Choat, 

1995).  Algal fragments in S. doliatus thus require further examination to determine the 

association of bacteria with algal degradation. 

The very small amount of algal degradation observed in N. unicornis by TEM may be 

due to a different digestive strategy in this species.  Naso unicornis consumes whole thallae of 

the phaeophyte Sargassum (Streit et al., 2015), although the phaeophytes Turbinaria and 

Dictyota are the most dominant species consumed (Choat et al., 2002).  These latter two 

species of algae can be heavily epiphytised by cyanobacteria (Fig. 5.11; Capone et al., 1977).  

The hindgut of N. unicornis also has high SCFA concentrations, indicating substantial hindgut 

fermentation (Clements & Choat, 1995).  This is likely the fermentation of cell contents, 

particularly the phaeophyte storage compounds laminarin and mannitol (Painter, 1983; White 

et al., 2010), as the cell contents were greatly reduced in the present study while sections of 

cell walls were relatively undegraded at the ultrastructural level.  Therefore, N. unicornis may 

use a hybrid strategy that differs from the other study fish species, combining fermentation of 

algal cell contents with protein derived from epiphytes, especially cyanobacteria.  

Cyanobacteria were observed in the stomach of N. unicornis but were sparse in K. vaigiensis 

in the present study, providing direct evidence for this hypothsised digestive strategy.  Naso 

unicornis exhibits much higher levels than K. vaigiensis of 18:1n-7 vaccenic acid (Piché et al., 

2010), a biomarker for bacteria including cyanobacteria (Kelly & Scheibling, 2012; Yang et 

al., 2016). This is consistent with the hypothesis that N. unicornis are selecting and digesting 

protein-rich macroalgal epiphytes, especially cyanobacteria, while at the same time obtaining 

energy through hindgut fermentation of macroalgal storage compounds. 

Bacterial morphotypes observed degrading algal fragments were less diverse than 

those observed near and simply attached to the fragments in the present study.  This provides  
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Figure 5.11.  Turbinaria ornata covered with a dense layer of epiphytic filamentous 
cyanobacteria.  Image taken at Granite Bluff, Lizard Island, Great Barrier Reef, Australia.  
Photo: K. D. Clements. 

 

some support for our hypothesis that algal fragments are degraded by specific bacterial 

morphotypes.  However, a wide variety of bacterial morphotypes, and possibly taxa, were 

nonetheless associated with the direct degradation of algae.  This is consistent with certain 

bacterial taxa being associated with particular components of digesta and causing degradation 

in leaf blades in ruminants (Cheng et al., 1979; Akin 1980).  It therefore appears that a subset 

of bacterial taxa present in marine herbivorous fishes may be involved in the direct 

degradation of algae, although this subset may consist of different bacterial taxa in different 

study fish species. 

Algal fragments were chosen at random from gut contents in the present study.  Most 

of the study fish species predominantly consume one or two algal phyla, and small proportions 

of other algal phyla, but typically a variety of algal species are consumed from each algal 

phylum (Choat & Clements, 1992; Clements & Choat, 1993, 1997; Choat et al., 2002; 
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Clements & Zemke-White, 2008), each with slightly different cellular structures (Montgomery 

& Gerking, 1980; Painter, 1983).  Although two or three individual fish were examined per 

study fish species, the algal fragment randomly selected may not have been representative of 

all algal fragments in the lumen.  As such, further analysis is required to obtain a more 

accurate indication of microbial digestion of algae.  Using previously determined proportions 

of different algal species consumed by the study fish species (Choat & Clements, 1992; 

Clements & Choat, 1993, 1997; Choat et al., 2002; Clements & Zemke-White, 2008), in 

conjunction with TEM analysis of bacterial degradation of each algal species present in the 

gut, the amount of direct bacterial degradation of algal fragments could be more accurately 

calculated. 

 

5.4.3  Endophytic bacteria within algal fragments 

Algal cells containing bacteria were observed in the GIT of several study fish species.  

These endophytic bacteria (Hollants et al., 2011) were mainly confined to the cell wall of the 

algae, and were predominantly present in species consuming rhodophytes, suggesting that it 

may be more common for endophytic bacteria to be present in the rhodophytes that comprise 

the diet of the study species rather than other algal phyla.  Bacteria-like organisms of various 

morphologies have been reported from free-living and endophytic arbuscular mycorrhizal 

fungi (Bonfante-Fasolo & Gianinazzi-Pearson, 1979; MacDonald et al., 1982; Ligrone, 1988; 

Ligrone & Lopes, 1989; Bonfante et al., 1994; Nurmiaho-Lasilla et al., 1997; Bianciotto et al., 

2003; Carafa et al., 2003; Ligrone et al., 2007; Desirò et al., 2013).  Growth of the fungi was 

affected when endophytic bacteria were absent, suggesting that the endophytic bacteria 

provide nutrition to their host fungus (Lumini et al., 2007). 

Endophytic bacteria have been reported from some rhodophytes (McBride et al., 1974; 

Correa et al., 1993), and chlorophytes (Burr & West, 1970; Colombo, 1978; Delbridge et al., 

2004; Hollants et al., 2011), in which they mainly reside within the thallus.  The morphology 

of endophytic bacteria was diverse in the present study, consistent with the taxonomically 

diverse endophytic bacteria identified in the aquatic fern Azolla microphylla (Zheng et al., 

2008), and in the siphonous marine chlorophytes Caulerpa (Delbridge et al, 2004) and 

Bryopsis (Hollants et al., 2011).  Cyanobacteria and A. microphylla have a symbiotic 

relationship, in which endophytic bacteria have been suggested to be the third component 

(Carrapiço, 1991), although conclusive results on the function of the endophytic bacteria in 

this symbiosis are limited (Lechno-Yossef & Nierzwicki-Bauer, 2002).  Therefore these 

endophytic bacteria are present in the dietary algae of some of the study fish species, and 
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although they may provide some resources to their host algae, they seem unlikely to affect diet 

choice in the host fish. 

Some endophytic bacteria appeared slightly degraded, although the algal cell wall 

surrounding them was intact.  Bacterial envelopes can become separated during sectioning, 

and as such bacteria may appear degraded due to sectioning artefacts. 

 

5.4.4  Conclusion 

Algal fragments in the GIT generally appeared most degraded in the anterior and 

posterior GIT in histological sections, corresponding to regions of greatest endogenous and 

exogenous digestion, respectively.  Algal cell contents were generally much reduced by the 

time they reached the posterior GIT in all species except S. doliatus.  The majority of bacteria 

in close proximity to algal fragments were either attached to the surface of the fragment or 

near but unattached.  A small but important proportion of bacteria were observed degrading 

the surface of algal fragments in some species.  This is the first report of endosymbiotic 

bacteria from marine herbivorous fishes directly degrading dietary algal particles. 

Type B degradation of algae, where clear zones of hydrolysis surrounded bacteria, was 

more common in study fish species consuming phaeophytes, particularly in the kyphosid 

species.  The difference between host fish species in the amount of bacterial degradation of 

cell walls suggests that the study species employ different digestive strategies.  Some species 

appear to utilise algal cell contents but leave cell walls relatively intact.  For example, the 

phaeophyte-consuming N. unicornis exhibited very little degradation of algal cell walls 

ultrastructurally, and appears to ferment algal cell contents and supplement this material with 

protein derived from epiphytes, in particular cyanobacteria.  In other species, such as the 

kyphosids studied, GIT bacteria appear to utilise algal cell walls as well as cell contents.  A 

diverse range of bacterial morphotypes were observed degrading algal fragments, although 

less diverse than bacteria near and attached to fragments, suggesting that a subset of the 

hindgut bacterial taxa are involved with direct degradation of algal cells.  Endophytic bacteria 

were also observed within ingested rhodophyte cells. 

Digestion of algae in these hindgut-fermenting species does not appear to be a uniform 

nutritional strategy.  The present study indicates that study fish species differ considerably in 

the extent to which dietary algal cells are degraded by GIT microorganisms.  The results 

presented here provide the first detailed analysis of algal degradation in the hindgut of 



Chapter 5:  Algal breakdown in the hindgut 

 

220 

herbivorous fishes, and have important implications for understanding how the GITs of 

species with similar diets function. 
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Chapter 6:  General Discussion 

 

This thesis examined the structure of the gastrointestinal tract (GIT) of temperate and 

tropical marine herbivorous fishes using a combination of histological and ultrastructural 

approaches, and examined the axial distribution of both endosymbiotic microbiota and the 

breakdown of algal fragments.  Chapters two and three examined the structure of the GIT 

using histology and transmission electron microscopy to determine (a) whether functional 

regionalisation is present in the GIT, and (b) the relationship between gut structure and diet.  

Chapter four examined axial and radial distribution of microbes within the GIT to determine 

the extent to which microbes associate with the mucosal surface and algal fragments in the 

lumen.  Chapter five examined the breakdown of algae over the length of the GIT, and more 

specifically the relationship between hindgut endosymbionts and the digestion of algae.  In 

what follows, the major findings of the thesis will be discussed in the context of how the 

results contribute to our understanding of first, anatomy, and second, function of the GIT in 

marine herbivorous fishes, particularly in terms of digestion and assimilation.  Key areas for 

future research will also be identified. 

 

6.1  Anatomy of the gastrointestinal tract in marine herbivorous fishes 

 

The histology and ultrastructure of the GIT in temperate and tropical marine 

herbivorous fishes presented in this thesis (Chapters 2 and 3) constitute the first detailed 

descriptions of gut anatomy for a range of fish taxa, and thus provide a framework for future 

analyses on gut function in marine herbivorous fishes.  The results revealed considerable 

variation in gut structure between fish species, and along the GIT within species.  Trends in 

gut morphology along the GIT were consistent among all study fish species for some features, 

such as the thickness of circular muscle, whereas for other features, such as microvillus length, 

patterns were only consistent among congeneric species.  Overall, the results suggest that 

substantial differences in gut morphology exist between fish species, regardless of diet. 
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Variation in diet, including the quality and quantity of food consumed, has been linked 

to variation in the structure of the GIT in many vertebrate species (Karasov & Hume, 1997; 

Pei et al., 2001; Liu & Wang, 2007; Zhao & Wang, 2009; German et al., 2010).  

Consequently, we had hypothesised that gut structure in fish species consuming similar 

algivorous diets would be distinct from that in species consuming omnivorous and 

planktivorous diets.  However, we found little evidence of clear relationships across species 

between GIT structure and diet.  For several characters measured, the main differences in the 

structure of the GIT were observed between fish families, suggesting that phylogeny and 

ancestral dietary conditions heavily influence GIT structure (German & Horn, 2006).  

Characters such as musculature, epithelial cell type and height, and surface area in the form of 

villi and microvilli can have substantial functional implications due to their influence on flow 

of digesta, secretion of enzymes and absorption of assimilable algal compounds.  This finding 

has important implications for gut function, as it demonstrates that species consuming similar 

diets can differ in GIT structure, and these differences are likely to have functional 

implications.  In other words, different fish taxa appear to be utilising similar diets in quite 

different ways. For example, fishes consuming similar diets can retain ingesta enabling greater 

digestion, or move digesta through the GIT more rapidly while assimilating readily-available 

components of the ingesta.  While different digestive strategies have been observed in fishes 

consuming different diets (e.g. German et al., 2004; Skea et al., 2005; Willmott et al., 2005; 

German & Horn, 2006), only a few studies have observed such functional differences in fish 

species consuming similar diets (e.g. German et al., 2015).  Furthermore, these functional 

differences have not reported at the level of GIT morphology in fishes, but rather in terms of 

enzyme activity levels and short-chain fatty acid (SCFA) concentrations. 

Mucus in the GIT of the study fish species (Chapters 2 and 3) may be more important 

than previously thought.  It is well known that mucus over the mucosal surface in the intestine 

of vertebrates can provide a niche for endosymbiotic microbiota near the mucosal surface 

(Sakaguchi, 2003; Donaldson et al., 2016).  However, this has not been previously reported in 

hindgut-fermenting marine herbivorous fishes, i.e. in which the endosymbiotic microbiota are 

important for host nutrition.  An obvious mucus layer containing microbes was observed in 

several fish species in the present study, demonstrating that this bacterial niche also exists in 

hindgut-fermenting marine herbivorous fishes. 
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6.2  Function of the gastrointestinal tract in marine herbivorous fishes 

 

The combination of long villi, thin musculature and exocrine columnar epithelial cells 

observed in the anterior GIT in this thesis strongly implies slow passage of ingesta, and the 

large surface area is consistent with high levels of enzyme secretion (Skea et al., 2005, 2007) 

and absorption of products from endogenous digestive processes.  The small vesicles in the 

apical region of these epithelial cells suggest that absorption of lipids also occurs in this region 

(Sire & Vernier, 1992).  The hindgut of the study fish species was characterised by long villi, 

thin musculature, a thick mucus layer, dense endosymbiotic microbial communities and 

absorptive columnar epithelial cells containing pinocytotic vesicles, strongly suggesting that 

absorption of protein occurs in this posterior region of the GIT.  These findings corroborate 

and build upon previous reports that define active regions of endogenous and exogenous 

(microbial) digestion in the anterior and posterior GIT, respectively (Skea et al., 2005, 2007). 

The morphological traits suggestive of slow movement of ingesta in the hindgut would 

also enhance retention of endosymbiotic microbes.  The degradation of algal fragments 

associated with endosymbiotic microbes in most study species (Chapter 5) and the 

morphological features mentioned above together suggest that as well as assimilating SCFA 

(Rimmer & Wiebe, 1987; Clements et al., 1994; Clements & Choat, 1995; Choat et al., 2002; 

Mountfort et al., 2002), study fish species have the potential to derive protein from 

endosymbiotic microbes in the posterior GIT, as suggested previously (Clements et al., 2009).  

Pinocytotic vesicles in the posterior GIT of the study fish species are indicative of protein 

uptake.  The uptake rates and pathways of protein uptake in fishes are affected by the form of 

the protein, i.e. whether the protein is intact or has been broken down into peptides or amino 

acids (Cowey & Walton, 1988; Tantikitti & March, 1995; Zhang et al., 2006; Ambardekar et 

al., 2009).  This has major implications for protein uptake in the study fish species, as it 

suggests that protein from algae and from endosymbiotic microbes may be assimilated through 

different processes.  The pinocytotic vesicles observed in the posterior GIT of the study fish 

species suggest that at least some microbial protein is taken up by this route, supporting 

findings from compound-specific stable isotope analysis, carried out by other members of our 

group, which demonstrate assimilation of microbially-derived amino acids (S. McMillan, pers. 

comm.).  Assimilation processes likely differ between the hindgut-fermenting fish species 

examined in the present study (see Clements et al., 1994; Clements & Choat, 1995; Choat et 

al., 2002; Mountfort et al., 2002) and other fishes that do not rely on hindgut fermentation. 
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The radial distribution of endosymbiotic microbes in the hindgut (Chapter 4), which 

was characterised by high density near the mucosal surface, suggests that products of 

microbial metabolism or microbial cell lysis may be assimilated more efficiently than 

previously thought.  The close proximity of microbes to the mucosal surface enables 

metabolites produced by microbes to be accessible to the host fish, rather than the 

endosymbiotic microbial community itself as would be the case with more luminally-

distributed organisms.  Absorption of microbially-derived products via pinocytosis of 

macromolecules would provide an important source of protein to the host fishes that consume 

an otherwise protein-limited diet compared to carnivores and omnivores (Stevens & Hume, 

1995; Karasov & Hume, 1997).  Together these results support the hypothesis that the study 

fish species take up protein derived from the endosymbiotic microbes in the hindgut (Clements 

et al., 2009), although this could not be conclusively proven in the studies presented in this 

thesis. 

GIT morphology and microbial distribution in the planktivorous N. brevirostris was 

generally similar to that observed in the other (herbivorous) Naso species examined in this 

study, despite the dietary differences between these species.  This broadly suggests that the 

GIT of N. brevirostris functions similarly to those of the algivorous Naso species.  The diet of 

juvenile N. brevirostris consists of algae (Jones, 1968) and they transition to a planktivorous 

diet as they mature (Clements & Choat, 1995; Choat et al., 2002).  GIT morphology may 

therefore be driven by juvenile or ancestral diet.  The related N. vlamingii also consume algae 

as juveniles, and has a diet consisting of zooplankton as an adult (Clements et al., 1989).  Naso 

vlamingii displays greater gut content mass than N. brevirostris (Choat et al., 2004), and 

supplements zooplankton with substantial intake of faeces from planktivorous fishes 

(Robertson, 1982; Clements & Choat, 1995; Choat et al., 2002; Klanten et al., 2004).  Naso 

vlamingii displayed greater quantities of ingesta in the posterior GIT whereas N. brevirostris 

sequesters ingesta in the anterior intestine (Choat et al., 2004), suggesting differences in 

digestive strategy between these species despite superficial similarities in diet.  Total SCFA 

concentration is lower and the proportion of isovalerate in the SCFA is higher in N. 

brevirostris than N. vlamingii, suggesting that nutrition in N. brevirostris is more in line with 

that of detritivores and carnivores than the hindgut fermentation strategy seen in N. vlamingii 

(Choat & Clements, 1998).  Naso brevirostris may use faster gut throughput times with their 

slightly shorter GIT (Horn, 1989) to assimilate readily available protein and lipid from their 

planktivorous diet, rather than relying heavily on microbial digestion for nutrition. 
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Although the quantity of bacteria in the lumen of the study fish species was generally 

lower than adjacent to the mucosal surface (Chapter 4), numerous bacteria were seen attached 

to algal fragments, with some bacteria degrading these ingesta fragments (Chapters 4 and 5) as 

observed in ruminants and the algivorous marine iguana (Akin & Amos 1975; Akin, 1980; 

Cheng et al., 1983; Mackie et al., 2004).  The number of microbes attached to the algal 

fragments was far greater than expected, given the relatively short gut retention times 

associated with most marine herbivorous fishes compared to terrestrial vertebrate herbivores 

(Clements et al., 2014).  Direct degradation of algal fragments by endosymbiotic bacteria was 

observed in most study species.  Interspecific differences in degradation of algae by 

endosymbiotic microbes may again relate to differences in digestive strategy. 

Degradation of the external surface of algal cell walls by endosymbiotic microbes in 

the study fish species is also of great importance, as literature from ruminants suggests that 

ruminant bacteria mainly adhere to and degrade the mesophyll and phloem, i.e. the central 

regions of the blade, rather than the cell walls of the epidermal layer (Akin & Amos, 1975).  

Thus breakdown of algal fragments in the study fish species shows that microbes appear to 

target different dietary tissues than has been observed in terrestrial herbivorous vertebrates.  

Direct microbial degradation of algal cell walls indicates that some of the study fish species 

gain energy from the fermentation of whole algal cells, rather than just cell contents.   

Phaeophyte-consuming study fish species appear to utilise different digestive strategies 

despite sharing similar diets.  Protein levels in phaeophytes are generally lower than those in 

rhodophytes (Horn & Neighbors, 1984; Mabeau & Fleurence, 1993; Fleurence, 1999; Rupérez 

& Saura-Calixto, 2001), and the highest concentrations of SCFA are generally observed in 

phaeophyte-consumers (Clements et al., 1994; Clements & Choat, 1995; Choat et al., 2002; 

Mountfort et al., 2002).  We had thus hypothesised that phaeophyte consumers may use 

similar processes to digest the algae they consume and obtain adequate protein from their diet.  

However, examination of the association of endosymbiotic microbiota in the digestion of algae 

emphasised that diet alone cannot be used as an indicator for digestive processes.  For 

example, the kyphosids K. sydneyanus and K. vaigiensis utilise all parts of algal fragments (i.e. 

they digest both cell contents and cell walls), whereas N. unicornis appears to ferment algal 

cell contents leaving cell walls relatively intact.  These differences and the algal taxa targeted 

suggest that N. unicornis supplements its phaeophyte diet with endogenously-digested protein 

and lipid from epiphytes, especially cyanobacteria.  The diet of N. unicornis is dominated by 

Turbinaria and Dictyota (Choat et al., 2002), both of which become heavily epiphytised 

(Jaasund, 1969; Capone et al., 1977; Bast et al., 2015).  Cyanobacteria were visible in 
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histological sections of the stomach of N. unicornis examined in the present study, providing 

direct evidence for this hypothesis.  This hypothesis is further supported by data on fatty acids 

that show that N. unicornis exhibits much higher levels than K. vaigiensis of fatty acids used 

as biomarkers for bacteria including cyanobacteria (Piché et al., 2010; Kelly & Scheibling, 

2012; Yang et al., 2016).  The importance of cyanobacteria and other epiphytes to the nutrition 

of N. unicornis has not been reported previously, and this has important implications for the 

nutrition of this species and other hindgut fermenting species.  Examination of the relationship 

between endosymbiotic microbes and the digestion of algae shows that the digestion and 

utilisation of ingesta differ considerably between these two kyphosids and N. unicornis, 

indicating that the selection of dietary macroalgae by marine herbivorous fishes is more 

complex than previously thought. 

Overall, large surface area, thin musculature in the anterior and posterior GIT, and a 

dense microbial community in the posterior GIT suggest that herbivorous fishes can efficiently 

absorb products of digestion, with pinocytotic vesicles in the posterior GIT demonstrating 

absorption of protein, likely derived from microbial digestion occurring in the posterior GIT 

(Skea et al., 2005, 2007).  The gut structure at the gross, histological and ultrastructural levels 

indicate a strong phylogenetic effect, although this was not tested directly, and that this effect 

may be stronger than that of diet.  Endosymbiotic bacteria appear to be more physically 

associated with the digestion of algae than previously thought, and the microbial distribution 

suggests that assimilation of end products from microbial digestion is likely to be efficient.  

Although diet can give general indications of gut structure in some cases, the results presented 

show that diet alone cannot be used as an indicator of digestive processes and gut function.  

They also demonstrate that the GIT system of herbivorous fishes is complex, that digestion of 

algae via hindgut fermentation is not a uniform strategy, and that we thus still have much to 

learn. 

 

6.3  Areas for future research 

 

One of the major limitations in this thesis was the small sample size used for 

ultrastructural analysis.  This was a particular limitation for the analysis of bacterial 

association with algal degradation.  Because of the large number of algal species consumed by 

study fishes (Choat & Clements, 1992; Clements & Choat, 1993, 1997; Choat et al., 2002; 

Clements & Zemke-White, 2008) it was not possible to capture the association of bacteria with 
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degradation of all of the various algal species consumed.  A small sample size was used in the 

analyses presented in this thesis in favour of breadth in the range of fish species analysed.  

Microbial attachment to algal fragments was more prevalent than anticipated based on the 

literature, and demonstrated that the digestion of algal cell walls by endosymbiotic microbes is 

more important than previously thought.  This important finding warrants further investigation 

to determine the levels of algal cell wall degradation in the various algal species ingested by 

different herbivorous fishes.  Further comprehensive analysis of microbial digestion of a range 

of ingested algae would also provide information on whether microbes target the cell walls of 

specific algal species, e.g. determine whether microbes mainly hydrolyse cell walls of 

phaeophytes, and cell contents of rhodophytes and chlorophytes in species that consume 

different phyla. 

The combined results of GIT histology, GIT ultrastructure and microbial distribution 

suggest that absorption of macromolecules derived from endosymbiotic microbiota occurs in 

the posterior GIT.  However, direct evidence for the type and origin of material absorbed and 

enclosed in pinocytotic vesicles was not possible using the ultrastructural methods used.  

Previous studies demonstrating uptake of macromolecules in the posterior GIT and rectum 

used stains injected into the posterior GIT and rectum of captive fishes (Noaillac-Depeyre & 

Gas, 1973; Stroband et al., 1979; Ezeasor & Stokoe, 1981; Rombout et al., 1985; 

Georgopoulou et al., 1988; Abaurrea et al., 1993; Hernandez-Blazquez & da Silva, 1998; 

Borges et al., 2010; Evans et al., 2012), a method which is not feasible for the herbivorous 

study fish species due to the effects of captivity on hindgut microbiota (Fishelson et al., 1985).  

However, analysis of the transport of protein across the mucosal surface via examination of 

transporter genes may be another way to assess the amount of protein, possibly of microbial 

origin, that is taken up in the posterior GIT. 

Dietary protein is broken down into di- and tripeptides in the lumen, and these can 

either be further hydrolysed into amino acids or taken up directly (Romano et al., 2014).  

Absorption of microbial protein occurs in other hindgut-fermenting vertebrates (e.g. Belenguer 

et al., 2005; Woodward et al., 2010), although in some cases this is only via coprophagy 

(Torrallardona et al., 1996a,b).  Many of these studies report the uptake of amino acids, 

however, it is known that vertebrates (Berteloot et al., 1981; Freeman et al., 1995; Chen et al., 

1999; Ogihara et al., 1999; Ford et al., 2003), including fishes (Reshkin & Ahearn, 1991; Verri 

et al., 2000; Gonçalves et al., 2007; Rønnestad et al., 2007; Amberg et al., 2008; Hakim et al., 

2009; Terova et al., 2009; Bakke et al., 2010; Ostaszewska et al., 2010a; Bucking & Schulte, 

2012), also have the capacity to take up peptides in the posterior intestine.  The uptake of 
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peptides could be compared between species with and without hindgut fermentation to 

determine whether any differences in uptake exist.  Peptide transporter 1 (PepT1) is 

responsible for the transport of peptides consisting of two or three amino acids (di- and 

tripeptides) across the mucosal surface (Romano et al., 2014).  Carnivorous fishes display 

reduced PepT1 expression in the hindgut (Verri et al., 2003; Gonçalves et al., 2007; Rønnestad 

et al., 2007; Terova et al., 2009; Bakke et al., 2010), whereas the omnivorous Fundulus 

heteroclitus had uniform PepT1 expression in its anterior and posterior GIT (Bucking & 

Schulte, 2012).  PepT1 expression was not detected in the hindgut of the herbivorous Cyprinus 

carpio (Ostaszewska et al., 2010b), in which hindgut fermentation appears relatively 

unimportant (Clements et al., 2014).  Analysis of the pattern of PepT1 expression along the 

GIT of hindgut-fermenting herbivorous fishes would be informative, as increased uptake of di- 

and tripeptides in the hindgut would provide further support for the assimilation of microbial 

protein by hindgut epithelial cells. 

The identification or phylotyping of endosymbiotic microbiota involved in the 

degradation and hydrolysis of algal fragments would provide greater understanding of the 

functions of different bacterial taxa present in the hindgut.  Analyses of the endosymbiotic 

microbiota in the GIT have used methods that may omit bacteria near and attached to the 

mucosa.  Substantial washing of the gut wall, or scraping the mucus that contains bacteria 

from the gut wall, are required to include these microbes in microbial community analyses.  

Studies on rats (Davis et al., 1972) and fish (Ringø et al., 2006a; Dhanasiri et al., 2011) have 

shown that microbes attached to the mucosal surface are distinct from those in the lumen.  

Therefore, to obtain a comprehensive overview of microbes present, the large microbial 

population near the mucosal surface need to be included in future microbial community 

analyses.  The results of this thesis suggest that the study fish species use hindgut fermentation 

in different ways, i.e. the endosymbiotic microbial community appears to be doing different 

things in different host species.  Therefore, gaining an understanding of the role that various 

endosymbiotic microbes play in each species would provide a wealth of information in terms 

of the different digestive strategies being employed by each of the study fish species. 

The close association of bacteria with the mucosal surface also has potentially 

important implications for nitrogen pathways.  Urea recycling and absorption of microbial 

protein is well documented from other animal GIT systems (Slade, 1971; Hintz & Schryver, 

1972; Wootton & Argenzio, 1975; Hintz et al., 1978; Heine et al., 1987; Singer, 2003; 

Belenguer et al., 2005; Woodward et al., 2010), but the only report available on a fish species 

(i.e. Bucking et al., 2013) involves the carnivorous midshipman (Porichthys notatus).  The 
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potential for urea recycling in marine herbivorous fishes is significant in terms of nitrogen 

economy, and this has not been examined yet in herbivorous fishes.  Analysing the presence of 

urea transporter proteins in the mucosa would provide further information on the N-recycling 

potential in the gut of these fishes.  Urea transporter proteins have been reported in other gut 

systems (e.g. Braun et al., 2009; Anderson et al., 2010), suggesting that they may be present in 

the gut of hindgut-fermenting marine herbivorous fish species.  The nifH gene responsible for 

nitrogen fixation has also been detected in the endosymbionts in the hindgut of the study fish 

species (Bojarski, 2014).  Therefore, it is of interest to examine whether the distribution of N2-

fixing organisms exhibits a radial gradient in the hindgut, with microbes near the mucosal 

surface recycling urea, and bacteria in the lumen fixing nitrogen.  Results from such an 

analysis would assist with determining whether herbivorous fishes supplement their nitrogen-

limited algivorous diet with additional nitrogen derived from endosymbiotic bacteria, and 

which pathways are involved in this process. 
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Appendix A:  Data from fish used for analyses 

Table A1.  Individual fish used in the present study, with the analyses that each fish was used for indicated in the last column. 

Date collected Fish I.D. Species General Location Specific Location Time SL (mm) FL (mm) TW (g) GW (g) Sex Analyses 
 

09/02/11 M71 K. sydneyanus Great Barrier Is., Auckland Motuhaku Is. 11:20 495 552 4700 3400 F M 
09/02/11 M72 Ap. arctidens Great Barrier Is., Auckland Catherine Bay 14:20 390 455 1500 1300 F M 
09/02/11 M73 O. pullus Great Barrier Is., Auckland Catherine Bay 14:30 395 464 1360 1140 F M 
09/02/11 M75 O. pullus Great Barrier Is., Auckland Catherine Bay 15:40 340 392 870 760 F M 
09/02/11 M78 O. pullus Great Barrier Is., Auckland Kaikoura Is. (N end) 17:35 375 439 1150 1050 M M 
10/02/11 M79 K. sydneyanus Great Barrier Is., Auckland Nelson Is. (NW side) 9:40 460 525 3700 2700 F M 
10/02/11 M80 Ap. etheridgii Great Barrier Is., Auckland Catherine Bay 10:35 395 450 1490 1200 F H,M,A 
10/02/11 M81 Ap. arctidens Great Barrier Is., Auckland Catherine Bay 12:10 385 440 1570 1300 M M 
10/02/11 M82 K. sydneyanus Great Barrier Is., Auckland Catherine Bay 12:10 457 522 3700 2850 M M 
10/02/11 M85 Ap. etheridgii Great Barrier Is., Auckland Catherine Bay 14:52 375 430 1300 1080 F H,M,A 
12/03/11 M91 K. cinerascens Vicinity of Lizard Is., GBR Hicks Reef 11:00 268 302 - - F H,M 
12/03/11 M93 K. cinerascens Vicinity of Lizard Is., GBR Hicks Reef 11:00 305 360 1026.6 865 M H,M 
13/03/11 M94 N. unicornis Vicinity of Lizard Is., GBR Hicks Reef 12:45 420 471 1985 1616.5 F H,M 
13/03/11 M97 K. cinerascens Vicinity of Lizard Is., GBR Hicks Reef 13:20 350 395 1527 1170 F H 
13/03/11 M98 N. unicornis Vicinity of Lizard Is., GBR Hicks Reef 13:35 375 425 1427 1127 F H,M 
14/03/11 M101 N. tonganus Vicinity of Lizard Is., GBR North Day Reef 9:40 475 525 2564 2226 M H,M 
14/03/11 M102 N. tonganus Vicinity of Lizard Is., GBR North Day Reef 9:40 458 496 1765 1436 F H 
14/03/11 M105 K. vaigiensis Vicinity of Lizard Is., GBR Hicks Reef 12:30 355 405 1447 1230 M H 
14/03/11 M106 K. vaigiensis Vicinity of Lizard Is., GBR Hicks Reef 12:45 350 400 1270 1039 M H 
15/03/11 M109 K. vaigiensis Vicinity of Lizard Is., GBR East Hicks Reef 12:35 334 375 1185 980 F H,M 
15/03/11 M110 N. tonganus Vicinity of Lizard Is., GBR North Hicks Reef 13:00 460 508 2410 1851.8 F H 
15/03/11 M111 N. tonganus Vicinity of Lizard Is., GBR North Hicks Reef 13:25 425 469 2008 1619 F H 
15/03/11 M112 N. tonganus Vicinity of Lizard Is., GBR North Hicks Reef 13:25 464 503 2225 1737 F H 
15/03/11 M113 N. tonganus Vicinity of Lizard Is., GBR North Hicks Reef 13:25 475 518 2144 1858 M H 
16/03/11 M114 N. unicornis Vicinity of Lizard Is., GBR South Hicks Reef 10:00 445 495 1952 1558 F H,M 
16/03/11 M115 N. tonganus Vicinity of Lizard Is., GBR South Hicks Reef 10:08 445 482 1758 1418 F H 
16/03/11 M118 N. unicornis Vicinity of Lizard Is., GBR South Hicks Reef 10:30 306 340 710 639 M H,M 
16/03/11 M121 Z. velifer Vicinity of Lizard Is., GBR South Hicks Reef 10:40 180 215 216 165 M H 
17/03/11 M122 Ac. lineatus Vicinity of Lizard Is., GBR Mac's Reef 9:44 186 215 259 227 F H 
17/03/11 M124 S. vulpinus Vicinity of Lizard Is., GBR Mac's Reef 10:15 165 190 152 131 M H 
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17/03/11 M125 Ac. lineatus Vicinity of Lizard Is., GBR Mac's Reef 10:19 193 222 271 232 F H 
17/03/11 M127 Ac. lineatus Vicinity of Lizard Is., GBR Mac's Reef 10:23 200 226 303 244 F H 
17/03/11 M129 Z. velifer Vicinity of Lizard Is., GBR Osprey Is. 15:15 200 242 306 243 F H 
17/03/11 M130 S. doliatus Vicinity of Lizard Is., GBR Osprey Is. 15:30 180 210 210 177 M H 
17/03/11 M132 S. doliatus Vicinity of Lizard Is., GBR Osprey Is. 15:30 170 200 172 158 F H 
18/03/11 M136 S. vulpinus Vicinity of Lizard Is., GBR North Direction Reef 9:40 175 205 155 137 M H 
18/03/11 M143 Z. velifer Vicinity of Lizard Is., GBR Turtle Beach 15:00 190 226 228 177 F H 
18/03/11 M149 S. doliatus Vicinity of Lizard Is., GBR Turtle Beach 16:20 185 215 217 167 F H,M 
19/03/11 M153 S. vulpinus Vicinity of Lizard Is., GBR Turtle Beach 14:45 175 205 175 143 M H 
23/05/11 M161 Ap. etheridgii Great Barrier Is., Auckland Needles 11:30 368 420 1130 940 M H,U,M 
23/05/11 M162 Ap. arctidens Great Barrier Is., Auckland Needles 12:20 418 487 2330 1990 F M 
23/05/11 M163 Ap. etheridgii Great Barrier Is., Auckland Needles 12:25 420 481 1740 1310 F H,M 
23/05/11 M164 Ap. arctidens Great Barrier Is., Auckland North of Ahuriri Pt. 15:15 413 475 2050 1610 F M 
24/05/11 M165 K. sydneyanus Great Barrier Is., Auckland Maunganui Pt. (Catherine Bay) 9:50 345 394 1620 1250 M M 
24/05/11 M166 K. sydneyanus Great Barrier Is., Auckland Maunganui Pt. (Catherine Bay) 10:40 375 425 1980 1640 F M 
24/05/11 M167 O. pullus Great Barrier Is., Auckland Maunganui Pt. (Catherine Bay) 12:30 405 467 1270 1110 M M 
24/05/11 M169 O. pullus Great Barrier Is., Auckland Maunganui Pt. (Catherine Bay) 13:40 295 340 500 420 F M 
24/05/11 M170 O. pullus Great Barrier Is., Auckland South of Ahuriri Pt. 14:20 395 456 1350 1125 F M 
24/05/11 M171 K. sydneyanus Great Barrier Is., Auckland South of Ahuriri Pt. 14:50 465 520 3900 3125 M M 
24/05/11 M172 Ap. arctidens Great Barrier Is., Auckland South of Ahuriri Pt. 15:35 430 495 1980 1690 F M 
07/11/11 M173 Ap. arctidens Great Barrier Is., Auckland Needles 12:00 370 420 1400 1140 F M,A 
07/11/11 M175 O. pullus Great Barrier Is., Auckland Waikaro Pt. 13:30 395 445 1190 890 F M,A 
07/11/11 M176 K. sydneyanus Great Barrier Is., Auckland Waikaro Pt. 13:40 430 488 3800 3050 F M,A 
07/11/11 M178 O. pullus Great Barrier Is., Auckland Waikaro Pt. 16:30 318 366 820 630 F M,A 
08/11/11 M179 K. sydneyanus Great Barrier Is., Auckland Hautapa Pt., Arid Is. 9:30 440 500 3700 2950 F M,A 
08/11/11 M182 O. pullus Great Barrier Is., Auckland Tokawhero Pt. 13:40 306 353 610 520 M M 
08/11/11 M184 Ap. arctidens Great Barrier Is., Auckland East of Whakatautuna Pt. 16:20 412 473 1740 1340 F M,A 
08/11/11 M185 Ap. arctidens Great Barrier Is., Auckland East of Whakatautuna Pt. 16:20 415 478 1740 1410 M M,A 
09/11/11 M188 K. sydneyanus Great Barrier Is., Auckland Waikaro Pt. 9:45 370 436 4000 3300 F M 
25/01/12 M189 N. tonganus Vicinity of Lizard Is., GBR South Hicks Reef 10:30 440 488 1817.4 1557.5 F H,M 
25/01/12 M190 N. unicornis Vicinity of Lizard Is., GBR South Hicks Reef 10:35 359 400 1238.2 1134.4 F H,U,M 
25/01/12 M191 N. tonganus Vicinity of Lizard Is., GBR South Hicks Reef 10:40 418 465 1655.4 1451.2 F H,M 
26/01/12 M193 K. cinerascens Vicinity of Lizard Is., GBR South Hicks Reef 11:35 320 365 1351 1021.7 F H,M 
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Table A1. continued 

Date collected Fish I.D. Species General Location Specific Location Time SL (mm) FL (mm) TW (g) GW (g) Sex Analyses 
        

26/01/12 M195 K. cinerascens Vicinity of Lizard Is., GBR South Hicks Reef 11:45 327 369 1204.5 994.8 M H,M 
26/01/12 M196 Ac. lineatus Vicinity of Lizard Is., GBR South Hicks Reef 12:20 185 216 280.2 250.4 M H 
26/01/12 M199 Ac. lineatus Vicinity of Lizard Is., GBR South Hicks Reef 12:40 175 204 237.2 208.8 M H 
27/01/12 M200 N. unicornis Vicinity of Lizard Is., GBR North Day Reef Pass 11:30 332 375 900.6 776.8 F H 
27/01/12 M202 K. cinerascens Vicinity of Lizard Is., GBR Hicks Reef S Front 12:25 332 378 1381.7 1067.4 F H,M 
27/01/12 M204 K. vaigiensis Vicinity of Lizard Is., GBR Hicks Reef S Front 12:40 361 405 1487.1 1235.6 F H 
27/01/12 M205 K. vaigiensis Vicinity of Lizard Is., GBR Hicks Reef S Front 12:50 360 404 1442.9 1232.2 M H,M 
28/01/12 M207 S. doliatus Vicinity of Lizard Is., GBR Bird Is. 10:40 160 185 135 106 F (im) H,M 
28/01/12 M209 N. tonganus Vicinity of Lizard Is., GBR Bird Is. 10:55 493 540 1938.5 1917 F H 
28/01/12 M212 Ac. lineatus Vicinity of Lizard Is., GBR Bird Is. 11:30 205 233 326.8 290.5 M H,M 
28/01/12 M217 S. doliatus Vicinity of Lizard Is., GBR Bird Is. 12:10 170 197 152 131 F H,M 
28/01/12 M218 S. doliatus Vicinity of Lizard Is., GBR Bird Is. 12:10 150 180 128 119 M H,M 
29/01/12 M221 Z. velifer Vicinity of Lizard Is., GBR South Hicks Reef Pass 11:45 198 235 314.7 259.3 F H,M 
29/01/12 M224 N. unicornis Vicinity of Lizard Is., GBR Bird Is. 14:45 305 345 750.1 640.3 F H 
30/01/12 M232 N. unicornis Vicinity of Lizard Is., GBR North Day Reef 12:08 353 395 1024.8 878.7 F H,U 
30/01/12 M233 S. vulpinus Vicinity of Lizard Is., GBR North Day Reef 12:08 175 210 194 166.1 M H 
30/01/12 M241 K. vaigiensis Vicinity of Lizard Is., GBR Lizard Head 16:40 230 260 412.1 342.2 im H,M 
31/01/12 M249 N. unicornis Vicinity of Lizard Is., GBR Halfway between Palfrey & South Is. 13:15 280 315 636 512 M H,M 
31/01/12 M250 N. unicornis Vicinity of Lizard Is., GBR Halfway between Palfrey & South Is. 13:15 305 340 718.1 640 M H,U,M 
31/01/12 M251 Z. velifer Vicinity of Lizard Is., GBR Halfway between Palfrey & South Is. 13:15 125 155 92 77 F H,M 
31/01/12 M253 S. vulpinus Vicinity of Lizard Is., GBR Halfway between Palfrey & South Is. 13:45 180 205 167.9 137.8 M H,M 
31/01/12 M254 S. vulpinus Vicinity of Lizard Is., GBR Halfway between Palfrey & South Is. 13:45 180 207 198 152 F H 
01/02/12 M257 Z. velifer Vicinity of Lizard Is., GBR Halfway between Palfrey & South Is. 10:30 156 180 167.6 135.9 F H,M 
01/02/12 M258 N. unicornis Vicinity of Lizard Is., GBR Halfway between Palfrey & South Is. 10:45 275 330 640.5 554.5 M H 
12/02/13 M372 Ap. etheridgii Great Barrier Is., Auckland Miners Head 15:15 320 390 1070 870 F H,U,M,A
13/02/13 M376 Ap. etheridgii Great Barrier Is., Auckland Cathedral Rock 12:20 357 396 1080 880 F H,U,M,A
02/05/13 M400 K. cinerascens Vicinity of Lizard Is., GBR North Reef 13:50 210 240 350 275 M H,U,M,A
02/05/13 M401 Ac. lineatus Vicinity of Lizard Is., GBR North Reef 14:00 185 215 280 230 M H,U,M 
02/05/13 M402 K. vaigiensis Vicinity of Lizard Is., GBR North Reef 14:40 250 274 460 400 M H,U,M,A
02/05/13 M403 K. cinerascens Vicinity of Lizard Is., GBR North Reef 14:45 194 215 270 220 F H,U,M,A
02/05/13 M404 S. doliatus Vicinity of Lizard Is., GBR North Reef 14:50 175 202 160 125 F H,U,M,A
02/05/13 M405 N. unicornis Vicinity of Lizard Is., GBR North Reef 15:50 312 350 790 660 M H,U,M,A
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02/05/13 M406 S. doliatus Vicinity of Lizard Is., GBR North Reef 16:05 175 202 160 120 M H,U,M,A
02/05/13 M407 Ac. lineatus Vicinity of Lizard Is., GBR North Reef 16:45 185 216 280 230 F H,U,M,A
02/05/13 M408 Ac. lineatus Vicinity of Lizard Is., GBR North Reef 16:50 200 230 300 240 F H,M,A 
02/05/13 M409 Z. velifer Vicinity of Lizard Is., GBR North Reef 16:50 165 200 190 150 M H,U,M,A
03/05/13 M410 S. vulpinus Vicinity of Lizard Is., GBR North Reef 9:05 173 199 160 140 F H,U,M 
03/05/13 M411 K. vaigiensis Vicinity of Lizard Is., GBR North Reef 9:10 232 260 390 340 F H,U,M,A
03/05/13 M412 K. cinerascens Vicinity of Lizard Is., GBR North Reef 9:15 250 282 590 460 M H,U,M 
03/05/13 M413 S. vulpinus Vicinity of Lizard Is., GBR North Reef 9:20 182 207 190 150 M H,U,M,A
03/05/13 M414 S. doliatus Vicinity of Lizard Is., GBR North Reef 10:45 175 202 169.2 146 M H,M 
03/05/13 M418 Z. velifer Vicinity of Lizard Is., GBR Osprey Is. 16:45 155 185 150 130 F H,U,M,A
03/05/13 M419 K. vaigiensis Vicinity of Lizard Is., GBR Front Beach 17:25 230 266 425 340.8 F H,M,A 
04/05/13 M427 Z. velifer Vicinity of Lizard Is., GBR Front Beach 11:50 167 197 190 160 M H,M 
04/05/13 M428 N. unicornis Vicinity of Lizard Is., GBR Osprey Is. 12:35 255 290 480 400 im H,U,M,A
04/05/13 M429 N. unicornis Vicinity of Lizard Is., GBR Osprey Is. 12:45 330 366 900 780 M H,M 
05/05/13 M439 S. vulpinus Vicinity of Lizard Is., GBR North Pt. 15:10 185 210 200 160 F H,M,A 
06/05/13 M450 N. tonganus Vicinity of Lizard Is., GBR South Is. 15:24 240 275 480 340 F H,U,M,A
08/05/13 M467 N. brevirostris Vicinity of Lizard Is., GBR North Reef 9:35 195 219 180 160 im H,U,M 
08/05/13 M468 N. tonganus Vicinity of Lizard Is., GBR North Reef 10:25 220 245 260 200 im H,U,M 
09/05/13 M479 N. brevirostris Vicinity of Lizard Is., GBR Granite/Turtle Beach 12:30 205 231 240 200 F H,U,M 
09/05/13 M485 N. tonganus Vicinity of Lizard Is., GBR Research Station Beach 16:50 431 470 1718.4 1574.8 F H,M,A 

                       

Abbreviations:  FL, fork length; GW, gutted weight; SL, standard length; TW, total weight; General Location: GBR: Great Barrier Reef; Is., Island; 
Specific location: Is., Island; N, North; NW, Northwest; Pt., Point; S, South; Sex: F, female; im, immature; M, male; Analyses: A, ultrastructure – breakdown 
of algae; H, histology – gut structure; M, histology – microbial distribution; U, ultrastructure – gut structure. 
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Appendix B:  Appendix to Chapter 2 

 

Table B1.  Morphological measurements of various gastrointestinal tract features from the study species.  The mean size ± SEM is presented, with N stated in parentheses.  
The results from ANOVA on logged data for each species are given for each feature.  For each species, values within a column that share a superscript letter are not 
significantly different at p < 0.05.  The letter in parentheses beside each species indicates the diet: H, herbivore; O, omnivore; P, planktivore.   

        Gastrointestinal tract feature measured (μm) 
Species Gut Section Circular Muscle Thickness   Longitudinal Muscle 

Thickness 
  Submucosa Thickness   Epithelial Cell Height   

                Temperate 
 

          
   Ap. etheridgii (H) I 262.8 ± 156.8 (4) 51.7 ± 32.3 (4) 119.8 ± 75.4 (4) 12.7 ± 1.6a (4) 

PC 56.8 ± 12.8 (4) 29.1 ± 5.0 (4) 36.8 ± 11.6 (4) 22.5 ± 0.8b (4) 

  
II 75.4 ± 10.2 (6) 32.4 ± 5.0 (6) 45.3 ± 9.4 (6) 33.2 ± 2.0c (6) 

  
III 110.7 ± 39.3 (6) 32.7 ± 10.0 (6) 51.2 ± 11.2 (6) 36.4 ± 2.7c (6) 
IV 65.0 ± 11.5 (6) 29.2 ± 5.3 (6) 29.7 ± 6.1 (6) 33.1 ± 1.8c (6) 
V 71.8 ± 12.0 (6) 34.9 ± 6.8 (6) 47.6 ± 16.4 (6) 34.1 ± 2.1c (6) 

   
F(5, 26) = 1.96 

 
F(5, 26) = 0.13 

 
F(5, 26) = 1.30 

 
F(5, 26) = 29.83 

 
   

p = 0.118 
 

p = 0.985 
 

p = 0.293 
 

p < 0.001 
 Tropical 

 
          

   K. cinerascens (H) 
 

I 619.3 ± 68.9a (7) 130.7 ± 17.1a,b (7) 233.8 ± 62.8a (6) 9.7 ± 0.9a (6) 
I-M 2543.7 ± 291.1b (3) 266.3 ± 14.0a (3) 275.7 ± 22.6a (3) 9.9 ± 1.4a (3) 
PC 64.0 ± 8.5c (6) 27.2 ± 3.3c (6) 9.8 ± 1.3b (6) 19.6 ± 2.1b (6) 

  
II 199.3 ± 41.3d (9) 70.7 ± 15.8b,c (9) 74.1 ± 26.4c,d (6) 22.1 ± 2.7b (7) 

  
III 240.5 ± 70.7d (9) 64.5 ± 16.3b,c (9) 40.7 ± 19.9b,c,d (4) 18.6 ± 1.7b (8) 
IV 218.0 ± 22.5d (9) 76.1 ± 8.4b,d (9) 85.7 ± 14.6a,d (8) 16.7 ± 0.8b (9) 
V 152.6 ± 21.5c,d (9) 48.5 ± 8.8c,d (9) 41.9 ± 10.9c (7) 18.2 ± 1.2b (9) 

   
F(6, 45) = 19.06 

 
F(6, 45) = 7.39 

 
F(6, 33) = 14.75 

 
F(6, 41) = 10.5 

 
   

p < 0.001 
 

p < 0.001 
 

p < 0.001 
 

p < 0.001 
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Tropical cont.               
K. vaigiensis (H)  I 1039.0 ± 142.9a (6) 141.2 ± 19.1a,b (6) 193.5 ± 60.2a (6) 8.2 ± 0.6a (6) 
  I-M 3361.1 ± 244.2a (3) 246.7 ± 58.4a (3) 406.2 ± 143.0a (3) 9.1 ± 0.7a,b (3) 

  
PC 92.0 ± 13.6b (7) 51.6 ± 7.3c,d (7) 10.9 ± 2.0b (7) 15.3 ± 1.2b,c (6) 
II 202.3 ± 25.7b (9) 73.4 ± 8.9b,c (9) 21.5 ± 6.9b,c (4) 19.7 ± 1.3c (9) 
III 127.9 ± 36.7b (9) 29.7 ± 8.9d (9) 13.5 ± 2.6b,c (4) 19.0 ± 1.7c (7) 

  
IV 197.3 ± 43.3b (9) 60.6 ± 11.3c (9) 36.5 ± 8.9c (7) 20.7 ± 1.1c (9) 

  
V 138.9 ± 25.7b (9) 54.4 ± 11.0c,d (9) 15.5 ± 3.7b,c (7) 26.8 ± 4.9c (9) 

F(6, 45) = 33.53 F(6, 45) = 10.57 F(6, 31) = 20.80 F(6, 42) = 14.08 
p < 0.001 p < 0.001 p < 0.001 p < 0.001 

                              
Ac. lineatus (H)  I-A 82.0 a,b  (1) 17.0 a,b  (1) 26.3 a,b  (1) 6.7 a  (1) 
  I 697.9 ± 172.8c (8) 47.1 ± 5.6a (8) 111.8 ± 32.8a (8) 10.4 ± 0.6a (7) 
  I-M 739.6 ± 316.5b,c (2) 81.3 ± 24.8a (2) 115.3 ± 26.9a (2) 8.7 ± 0.8a (2) 
  PC 25.9 ± 3.6a (4) 8.9 ± 1.5b (4) 11.3 ± 4.0b (4) 28.2 ± 1.7b (3) 
  II 24.9 ± 3.7a (6) 10.5 ± 2.5b (6) 17.7 ± 3.9b (3) 18.7 ± 0.6c (4) 
  III 23.9 ± 6.8a (5) 6.6 ± 1.2b (5) 19.8 ± 5.9b (5) 19.0 ± 1.5c (5) 
  IV 23.3 ± 3.8a (7) 8.2 ± 1.3b (7) 13.1 ± 4.5b (6) 21.2 ± 1.4b,c (5) 
  V 34.6 ± 4.9a (5) 12.5 ± 2.7b (5) 13.7 ± 4.5b (6) 16.3 ± 1.0c (6) 
   F(7, 30) = 36.33  F(7, 30) = 20.62  F(7, 27) = 11.11  F(7, 25) = 29.01  
   p < 0.001  p < 0.001  p < 0.001  p < 0.001  
               
Z. velifer (H)  I-A 226.9 ± 23.5a (2) 51.0 ± 12.2a (2) 84.3 ± 53.1a (2) 6.6 ± 1.2a (2) 
  I 558.4 ± 212.7a (8) 59.3 ± 7.6a (8) 118.8 ± 24.0a (8) 12.4 ± 2.0a (7) 

  I-M 1282.2 ± 240.0b (3) 35.4 ± 12.1a,b (3) 104.4 ± 5.4a (3) 9.6 ± 0.5a (3) 
  PC 23.0 ± 2.3c (8) 9.9 ± 0.9c (8) 13.3 ± 2.3b (7) 26.0 ± 4.0b (8) 
  II 28.1 ± 3.6c (6) 8.0 ± 1.2c (6) 11.9 ± 4.1b (5) 31.1 ± 5.2b (5) 
  III 35.8 ± 7.5c (4) 13.2 ± 4.5b,c (4) 10.8 ± 2.7b (4) 25.9 ± 2.8b (4) 
  IV 25.3 ± 5.6c (8) 9.9 ± 2.4c (8) 11.7 ± 3.0b (8) 21.4 ± 1.7b (9) 
  V 34.1 ± 10.0c (5) 8.7 ± 2.5c (5) 10.2 ± 1.7b (6) 24.2 ± 2.3b (6) 
   F(7, 36) = 36.79  F(7, 36) = 18.90  F(7, 35) = 21.14  F(7, 36) = 10.27  
   p < 0.001  p < 0.001  p < 0.001  p < 0.001  
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Table B1. Continued. 

   Gastrointestinal tract feature measured (μm) 
Species Gut Section Circular Muscle Thickness  Longitudinal Muscle 

Thickness 
 Submucosa Thickness  Epithelial Cell Height 

 
Tropical cont.               
N. tonganus (H)  I-A 547.7 a,b  (1) 75.6 a,b  (1) 138.7 a,b  (1) 11.0 a  (1) 
  I 914.5 ± 254.3a (10) 173.9 ± 42.9a (10) 224.3 ± 39.0a (10) 12.4 ± 1.2a (7) 
  I-M 2903.9 a  (1) 51.9 a,b  (1) 201.0 a,b  (1) 18.0 a,b  (1) 
  PC 125.0 ± 20.6b (12) 54.8 ± 7.6b (12) 49.8 ± 17.6b (12) 33.0 ± 3.0b (11) 
  II 119.2 ± 12.9b (12) 53.1 ± 6.4b (12) 51.0 ± 8.9b (12) 30.2 ± 2.0b (10) 
  III 158.1 ± 22.7b (10) 48.3 ± 7.8b (10) 59.2 ± 8.8b (10) 30.4 ± 2.2b (10) 
  IV 134.3 ± 21.3b (12) 52.5 ± 9.6b (12) 64.7 ± 11.9b (11) 24.9 ± 1.6b (11) 
  V 124.1 ± 15.8b (12) 41.9 ± 5.8b (12) 46.4 ± 6.9b (11) 24.3 ± 1.0b (11) 
   F(7, 62) = 14.97  F(7, 62) = 3.56  F(7, 60) = 6.72  F(7, 54) = 15.91  
   p < 0.001  p < 0.01  p < 0.001  p < 0.001  
               
N. unicornis (H)  I-ABulb 223.1 ± 23.8a (6) 159.7 ± 34.7a (6) 82.5 ± 25.8a,b (6) 10.9 ± 1.1a (6) 
  I-A 454.1 ± 105.6a (4) 113.2 ± 51.5a,b (4) 77.8 ± 17.7a,c (4) 10.8 ± 0.4a (4) 
  I 528.2 ± 218.9a (11) 87.8 ± 17.5a,b (11) 93.0 ± 14.6a (11) 11.1 ± 0.6a (11) 
  I-H 373.7 ± 53.0a (2) 141.1 ± 3.3a,b (2) 111.2 ± 3.3a,b (2) 10.7 ± 0.8a (2) 
  I-M 3100.4 ± 409.3b (5) 89.3 ± 5.8a,b (5) 192.5 ± 44.3a (4) 15.5 ± 1.2a,b (4) 
  PC 66.8 ± 4.8c (8) 22.6 ± 1.6c (8) 14.1 ± 2.0d (8) 35.7 ± 11.7c (8) 
  II 78.5 ± 17.7c (10) 27.9 ± 6.5c (10) 41.8 ± 11.0b,c,e (10) 26.8 ± 2.0b,c (10) 
  III 74.9 ± 7.7c (10) 20.9 ± 2.4c (10) 24.0 ± 3.9d,e (9) 24.7 ± 2.0b,c (8) 
  IV 79.9 ± 13.0c (10) 29.2 ± 4.5c,d (10) 26.7 ± 4.1c,d (9) 22.7 ± 1.8b,c (10) 
  V 204.9 ± 38.0a (10) 63.8 ± 9.1b,d (10) 31.6 ± 8.5c,d (10) 25.6 ± 1.4b,c (10) 
   F(9, 66) = 27.62  F(9, 66) = 13.57  F(9, 63) = 13.22  F(9, 63) = 15.49  
   p < 0.001  p < 0.001  p < 0.001  p < 0.001  
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Tropical cont.               
N. brevirostris (P) I 463.2 ± 183.4a (2) 88.0 ± 21.4a (2) 85.1 ± 8.0a (2) 20.0 ± 2.4 (2) 

  PC 41.3 ± 13.3b (2) 16.1 ± 4.8b (2) 15.4 ± 5.1a,b (2) 31.0 ± 3.4 (2) 
  II 40.3 ± 5.4b (2) 22.2 ± 1.1b (2) 28.6 ± 9.3a,b (2) 28.1 ± 0.4 (2) 
  III 41.2 ± 7.6b (2) 21.6 ± 0.8b (2) 24.9 ± 13.3a,b (2) 27.2 ± 0.8 (2) 
  IV 39.0 ± 14.1b (2) 24.0 ± 5.3a,b (2) 24.3 ± 6.8a,b (2) 31.2 ± 4.9 (2) 
  V 43.5 ± 13.0b (2) 21.2 ± 7.2b (2) 9.9 ± 2.7b (2) 25.4 ± 2.3 (2) 
               F(5, 6) = 9.97              F(5, 6) = 6.77             F(5, 6) = 4.41           F(5, 6) = 2.60  
                    p < 0.01                    p < 0.05                  p < 0.05               p = 0.138  
                 

S. doliatus (H)  I-A 61.8 ± 2.1a,b (3) 46.7 ± 2.8a (3) 29.0 ± 2.1a (3) 7.8 ± 0.6a (3) 
  I 925.5 ± 136.8c (9) 47.1 ± 6.8a (9) 95.1 ± 5.7b (9) 11.5 ± 0.8a (7) 
  I-M 1499.0 ± 410.5c (3) 24.4 ± 3.4a,b (3) 114.8 ± 16.7b (3) 8.2 ± 0.6a (3) 
  PC 77.1 ± 6.4b (9) 19.0 ± 1.3b (9) 24.5 ± 8.0a (6) 31.5 ± 1.5b (3) 
  II 31.5 ± 2.9a (5) 15.2 ± 1.5b (5) 11.5 ± 2.7a (4) 27.2 ± 5.2b (4) 
  III 38.8 ± 4.3a,b (5) 18.1 ± 2.4b (5) 17.6 ± 3.8a (5) 24.4 ± 2.7b (4) 
  IV 42.2 ± 8.6a,b (8) 19.0 ± 5.3b (8) 19.0 ± 2.9a (7) 23.7 ± 3.7b (6) 
  V 77.4 ± 15.0a,b (9) 29.3 ± 4.0a,b (9) 16.3 ± 2.6a (9) 20.3 ± 1.2b (9) 
   F(7, 43) = 60.17  F(7, 43) = 6.79  F(7, 38) = 19.97  F(7, 31) = 16.55  
   p < 0.001  p < 0.001  p < 0.001  p < 0.001  
               

S. vulpinus (O)  I-A 125.2  a  (1) 18.9 a,b  (1) 37.9  a,b  (1) 6.0 a  (1) 
  I 643.6 ± 105.9b (9) 46.7 ± 6.9a (9) 119.5 ± 18.0a (9) 10.5 ± 1.2a (9) 
  I-M 1202.1 ± 57.3b (3) 32.8 ± 6.8a (3) 136.7 ± 6.8a (3) 7.5 ± 1.1a (3) 
  PC 17.6 ± 1.2c (4) 7.9 ± 0.8b (4) 8.4 ± 2.5c (4) 38.7 ± 3.0b,c (3) 
  II 18.1 ± 2.8c (3) 6.5 ± 0.9b (3) 10.2 ± 1.2b,c (3) 44.3 ± 4.6c (3) 
  III 20.5 ± 2.3c (3) 6.9 ± 1.0b (3) 9.2 ± 0.7b,c (3) 32.2 ± 1.1b,c (3) 
  IV 28.0 ± 9.6c (5) 12.2 ± 4.0b (5) 10.2 ± 2.5b,c (5) 27.5 ± 3.3b,c (4) 
  V 13.3 ± 1.6c (6) 6.1 ± 1.0b (6) 10.0 ± 2.1b,c (6) 22.9 ± 1.6b (6) 
   F(7, 26) = 101  F(7, 26) = 19.48  F(7, 26) = 40.51  F(7, 24) = 30.30  
   p < 0.001  p < 0.001  p < 0.001  p < 0.001  
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Table B2.  Morphological measurements of folds in the gut wall from the stomach region of 
the study species.  The mean size ± SEM is presented, with N stated in parentheses.  Some 
individuals did not have folds and so were not included in the estimates of fold size to enable a 
more representative size estimate to be obtained.  Sections omitted were (one individual unless 
stated otherwise): A. etheridgii I (two individuals); K. cinerascens I (two individuals); N. 
unicornis I; N. tonganus I and S. doliatus I.  The results from ANOVA, when comparing more 
than two stomach regions, or Welch’s t-test, when comparing two stomach regions, on logged 
data are given for each feature, for each species.  For regions of the stomach from each species 
compared using ANOVA, values within a column that share a superscript letter are not 
significantly different at p < 0.05.  The letter in parentheses beside each species indicates the 
diet: H, herbivore; O, omnivore; P, planktivore. 

     
Measurements from folds the in stomach region (µm) 

   
Species Gut Section Fold Length 

 
Fold Width 

 
Fold Surface Length 

 
               Temperate             

A. etheridgii (H) I 717.5 ± 469.5 (2) 199.9 ± 108.8 (2) 1,549.2 ± 1,001.1 (2) 
                              
Tropical 
K. cinerascens (H)

 
I 279.3 ± 49.3 (5) 326.6 ± 56.2 (5) 745.0 ± 78.0 (5) 

  
I-M 233.9 ± 79.7 (3) 287.0 ± 21.2 (3) 631.6 ± 162.9 (3) 

t(3.49) = 0.57 t(5.16) = 0.35 t(2.71) = 0.77 
p = 0.603 p = 0.738 p = 0.503 

                           
K. vaigiensis (H) I 804.0 ± 125.1 (6) 410.4 ± 87.9 (6) 1,842.3 ± 217.5 (6) 

  
I-M 747.9 ± 138.9 (3) 528.1 ± 51.5 (3) 1,797.3 ± 306.8 (3) 

   
t(5.00) = 0.14 

 
t(6.60) = 1.47 

 
t(3.84) = 0.09 

 p = 0.894 p = 0.187 p = 0.933 
                           
A. lineatus (H) I-A 1,064.6 (1) 17.5a (1) 2,139.2 (1) 

I 375.1 ± 74.7 (8) 253.7 ± 41.3b (8) 895.1 ± 163.6 (8) 

  
I-M 504.6 ± 342.6 (2) 216.9 ± 109.1b (2) 1,133.0 ± 747.5 (2) 

   
F(2, 8) = 1.22 

 
F(2, 8) = 10.84 

 
F(2, 8) = 0.97 

 p = 0.344 p < 0.01 p = 0.419 
                           
Z. velifer (H) I-A 833.4 ± 726.9 (2) 113.8 ± 89.3 (2) 1,731.8 ± 1,402.7 (2) 

I 514.2 ± 253.4 (5) 212.5 ± 42.8 (5) 1,149.7 ± 491.3 (5) 

  
I-M 436.7 ± 141.1 (3) 184.0 ± 6.7 (3) 978.5 ± 280.1 (3) 

   
F(2, 10) = 0.09 

 
F(2, 10) = 1.50 

 
F(2, 10) = 1.12 

 p = 0.918 p = 0.269 p = 0.363 
                           
N. tonganus (H) I-A 5,010.0 (1) 87.2 (1) 10,069.7 (1) 

I 853.7 ± 373.3 (6) 335.0 ± 84.2 (6) 1,898.6 ± 752.5 (6) 

  
I-M 724.9

  
(1) 411.5

  
(1) 1,684.7

  
(1) 

   
F(2, 8) = 1.82 

 
F(2, 8) = 1.60 

 
F(2, 8) = 1.94 

 p = 0.224 p = 0.260 p = 0.206 
                           
N. unicornis (H) I-ABulb 2,200.4 ± 118.6a (6) 79.0 ± 26.6a (6) 4,445.9 ± 238.4a (6) 

I-A 878.1 ± 197.2a,b (4) 142.2 ± 22.1a,b (4) 1,837.3 ± 399.0a,b (4) 

  
I 640.9 ± 327.5b (7) 312.3 ± 45.0b,c (7) 1,460.1 ± 635.4b (7) 

  
I-H 276.3 ± 125.1b (2) 508.6 ± 279.8b,c (2) 842.9 ± 90.4b (2) 
I-M 290.8 ± 60.9b (4) 514.7 ± 65.0c (4) 875.4 ± 140.6b (4) 

F(4, 21) = 6.20 F(4, 21) = 14.48 F(4, 21) = 7.08 

   
p < 0.01 

 
p < 0.001 

 
p < 0.001 

             
N. brevirostris (P) 

 
I 649.6 ± 491.8 (2) 166.1 ± 17.1 (2) 1,394.0 ± 993.3 (2) 
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Table B2. Continued. 

     
Measurements from folds the in stomach region (µm) 

   
Species Gut Section Fold Length 

 
Fold Width 

 
Fold Surface Length 

 
               
Tropical cont.               
S. doliatus (H) 

 
I-A 1,263.6 ± 117.2a (3) 24.2 ± 2.6a (3) 2,541.1 ± 234.4a (3) 

  
I 352.5 ± 64.7b (6) 259.4 ± 32.8b (6) 852.9 ± 122.4b (6) 
I-M 447.2 ± 73.0b (3) 228.6 ± 35.1b (3) 1,025.0 ± 142.6b (3) 

F(2, 11) = 11.04 F(2, 11) = 67.95 F(2, 11) = 13.81 

   
p < 0.01 

 
p < 0.001 

 
p < 0.01 

             
S. vulpinus (O) 

 
I-A 1,721.1a 

 
(1) 41.8a 

 
(1) 3,466.0a 

 
(1) 

  
I 437.3 ± 75.1b (6) 267.5 ± 69.4b (6) 1,027.4 ± 139.9b (6) 
I-M 472.2 ± 30.4b (3) 337.5 ± 6.6b (3) 1,137.1 ± 61.9b (3) 

F(2, 10) = 6.98 F(2, 10) = 8.51 F(2, 10) = 8.03 

   
p < 0.05 

 
p < 0.01 

 
p < 0.01 
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Table B3.  Morphological measurements of villi from the study species.  The mean size ± 
SEM is presented, with N stated in parentheses.  The results from ANOVA on logged data are 
given for each aspect of the villus, for each species.  For each species, values within a column 
that share a superscript letter are not significantly different at p < 0.05.  The letter in 
parentheses beside each species indicates the diet: H, herbivore; O, omnivore; P, planktivore.   

      Gastrointestinal tract feature measured 
Species Gut Section Villus length 

 (µm) 
  Villus Width    

(µm) 
  Villus Surface Area 

(μm2) 
  

         Temperate    
A. etheridgii (H) 

 
I 54.9 ± 11.6a (4) 26.0 ± 0.6a (4) 5,010 ± 901a (4) 

  
PC 259.5 ± 37.9b (4) 58.6 ± 5.7b (4) 52,352 ± 11,712b (4) 
II 316.1 ± 36.0b (6) 94.7 ± 12.7c (6) 107,292 ± 27,987b (6) 
III 375.8 ± 109.1b (6) 114.0 ± 12.5c (6) 163,492 ± 66,391b (6) 

  
IV 295.0 ± 46.7b (6) 112.1 ± 5.7c (6) 115,665 ± 19,229b (6) 

  
V 263.6 ± 42.6b (6) 118.2 ± 12.5c (6) 110,288 ± 24,300b (6) 

F(5, 26) = 10.34 F(5, 26) = 29.6 F(5, 26) = 21.82 
p < 0.001 p < 0.001 p < 0.001 

            Tropical    
K. cinerascens (H) I 154.4 ± 27.2a,b (4) 20.0 ± 1.2a,b (4) 10,039 ± 1,835a,b (4) 

  
I-M 132.8 ± 26.9a,b (3) 20.3 ± 2.7a,b (3) 9,267 ± 3,132a,b (3) 

  
PC 216.7 ± 30.8a (4) 51.4 ± 9.6a,b (4) 40,036 ± 11,079a (4) 
II 232.8 ± 50.8a (3) 84.8 ± 19.1a (3) 74,322 ± 31,976a (3) 
III 142.4 ± 57.9a,b (3) 76.1 ± 7.5a (3) 41,226 ± 19,270a,b (3) 

  
IV 203.1 ± 32.5a (5) 56.1 ± 4.1a (5) 38,119 ± 6,192a (5) 

  
V 71.5 ± 55.8b (4) 22.6 ± 13.1b (4) 11,504 ± 9,028b (4) 

F(6, 19) = 3.31 F(6, 19) = 3.63 F(6, 19) = 3.19 
p < 0.05 p < 0.05 p < 0.05 

                         
K. vaigiensis (H) I 265.3 ± 45.7a,b (3) 16.5 ± 2.2a (3) 14,497 ± 3,782a (3) 

  
I-M 386.2 ± 121.6a,b (3) 24.2 ± 5.0a,b (3) 33,517 ± 17,241a,b (3) 

  
PC 274.2 ± 44.9a,b (3) 43.5 ± 8.8b,c (3) 40,839 ± 14,159a,b (3) 
II 445.8 ± 92.7a (3) 59.2 ± 9.3c (3) 90,744 ± 32,840b (3) 
III 88.1 ± 7.1c (3) 73.1 ± 13.0c (3) 24,442 ± 4,393a,b (3) 

  
IV 436.0 ± 104.8a (4) 90.3 ± 23.8c (4) 149,300 ± 70,297b (4) 

  
V 169.1 ± 11.9b,c (6) 75.9 ± 10.3c (6) 45,673 ± 7,628a,b (6) 

F(6, 18) = 8.08 F(6, 18) = 11.91 F(6, 18) = 4.43 
p < 0.001 p < 0.001 p < 0.01 

                         
A. lineatus (H) I-A 126.8 a,b (1) 12.6a (1) 5,145a (1) 

  
I 149.1 ± 26.9a (7) 26.9 ± 2.0a (7) 13,658 ± 2,867a (7) 

  
I-M 113.1 ± 59.0a (2) 25.7 ± 10.6a (2) 11,713 ± 8,965a (2) 
PC 566.3 ± 173.0b (3) 88.7 ± 11.6b (3) 174,800 ± 65,441b (3) 
II 280.6 ± 34.2a,b (3) 68.4 ± 11.6b (3) 65,884 ± 18,586b (3) 

  
III 251.8 ± 69.6a,b (5) 88.2 ± 12.5b (5) 71,473 ± 15,051b (5) 

  
IV 463.1 ± 60.9b (5) 104.9 ± 12.2b (5) 155,067 ± 14,580b (5) 
V 326.8 ± 62.5a,b (5) 76.7 ± 9.2b (5) 81,228 ± 13,430b (5) 

F(7, 23) = 5.20 F(7, 23) = 19.40 F(7, 23) = 15.95 

   
p < 0.01 

 
p < 0.001 

 
p < 0.001 
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Table B3. Continued. 

        Gastrointestinal tract feature measured (μm) 
Species Gut Section Villus length   Villus Width   Villus Surface Area 

(μm2) 
  

           Tropical cont. 
         

   
Z. velifer (H) I-A 157.0 ± 12.1a,b (2) 16.9 ± 0.7a (2) 8,552 ± 298a (2) 

I 122.2 ± 22.9a (7) 28.7 ± 3.6a (8) 12,586 ± 3,475a (7) 
I-M 128.0 ± 26.7a,c (3) 26.6 ± 1.5a (3) 11,377 ± 2,716a (3) 

  
PC 521.1 ± 85.1d (5) 87.2 ± 15.2b (6) 172,572 ± 52,921b (5) 

  
II 412.8 ± 99.1b,d (3) 115.2 ± 10.2b (3) 165,371 ± 46,898b (3) 
III 305.4 ± 40.8b,c,d (4) 104.6 ± 9.8b (4) 107,858 ± 13,876b (4) 
IV 318.0 ± 18.8b,d (6) 89.3 ± 8.5b (7) 100,831 ± 12,166b (6) 

  
V 186.1 ± 35.2a,b (4) 95.4 ± 11.3b (4) 66,406 ± 19,978b (4) 

F(7, 26) = 10.28 F(7, 29) = 23.89 F(7, 26) = 21.23 
p < 0.001 p < 0.001 p < 0.001 

                          
N. tonganus (H) I-A 251.0a,b,c (1) 21.9a (1) 17,665a (1) 

I 156.8 ± 21.9a (7) 28.5 ± 2.9a (6) 15,679 ± 4,639a (6) 

  
I-M 234.0a,c,d 

 
(1) 52.3b 

 
(1) 40,549a,c 

 
(1) 

PC 917.2 ± 118.2e (7) 135.4 ± 4.7c (7) 411,938 ± 67,384b (7) 
II 691.6 ± 49.2b,e (10) 127.1 ± 5.6c (10) 286,610 ± 20,217b (10) 
III 628.5 ± 63.4b,d,e (9) 126.4 ± 6.2c (9) 266,005 ± 32,723b (9) 

  
IV 585.8 ± 55.6b,d,e (11) 116.9 ± 5.9c (11) 232,990 ± 29,614b (11) 
V 322.1 ± 33.1c (10) 112.9 ± 5.7c (10) 124,506 ± 13,214c (10) 

F(7, 48) = 24.3 F(7, 47) = 81.62 F(7, 47) = 51.62 
p < 0.001 p < 0.001 p < 0.001 

            
N. unicornis (H) I-ABulb 194.2 ± 14.8a (6) 19.1 ± 2.1a (6) 12,197 ± 1,991a (6) 

  
I-A 171.1 ± 32.0a,b (4) 19.9 ± 1.4a (4) 10,569 ± 1,401a (4) 
I 115.1 ± 18.8b (11) 27.2 ± 2.7a,b (11) 9,458 ± 1,011a (11) 
I-H 72.0 ± 4.9b (2) 29.6 ± 0.2a,b (2) 7,390 ± 510a (2) 
I-M 203.7 ± 29.0a,c (4) 38.4 ± 3.1b (4) 26,113 ± 5,033b (4) 

  
PC 590.2 ± 41.5d (7) 91.7 ± 7.3c (7) 174,999 ± 15,502c (7) 
II 516.6 ± 24.0d (8) 132.4 ± 11.6c (8) 229,652 ± 22,620c (8) 
III 381.0 ± 33.2c,d (8) 107.9 ± 9.1c (8) 140,501 ± 18,199c (8) 
IV 509.7 ± 40.7d (9) 117.7 ± 9.7c (9) 206,956 ± 33,203c (9) 

  
V 371.1 ± 41.3c,d (10) 120.6 ± 8.6c (10) 150,077 ± 19,848c (10) 

F(9, 59) = 28.37 F(9, 59) = 75.58 F(9, 59) = 114 
p < 0.001 p < 0.001 p < 0.001 

                          
N. brevirostris (P) I 272.9 ± 162.0 (2) 28.8 ± 5.4a (2) 22,644 ± 9,795a (2) 

PC 375.4 ± 59.5 (2) 100.4 ± 9.8b (2) 124,544 ± 5,703b,c (2) 

  
II 428.1 ± 51.2 (2) 108.5 ± 10.5b (2) 156,939 ± 33,334b (2) 
III 258.5 ± 42.2 (2) 101.5 ± 7.3b (2) 89,543 ± 6,360b,c (2) 
IV 292.9 ± 10.5 (2) 99.6 ± 3.4b (2) 99,557 ± 6,926b,c (2) 
V 92.2 ± 15.5 (2) 118.2 ± 10.5b (2) 44,782 ± 739a,c (2) 

   
F(5, 6) = 3.19 

 
F(5, 6) = 25.31 

 
F(5, 6) = 12.44 

 p = 0.095 p < 0.001 p < 0.01 
            
S. doliatus (H) I-A 159.7 ± 6.9a,b (3) 17.0 ± 1.9a (3) 8,804 ± 1,200a (3) 

I 131.0 ± 13.2a (8) 28.4 ± 2.6b (8) 13,008 ± 2,469a (8) 

  
I-M 172.8 ± 9.8a,c (3) 22.9 ± 0.4a,b (3) 12,850 ± 500a (3) 

  
PC 497.0 ± 15.3d (3) 72.6 ± 5.1c (3) 117,261 ± 7,314b (3) 
II 371.7 ± 11.1d,e (4) 85.9 ± 6.4c (4) 105,911 ± 7,539b (4) 
III 266.5 ± 25.6b,c,e (4) 79.5 ± 7.4c (4) 71,246 ± 8,959b (4) 
IV 380.3 ± 39.9d,e (6) 71.5 ± 6.5c (6) 89,291 ± 13,039b (6) 

  
V 234.7 ± 18.1b,c (8) 78.5 ± 4.6c (8) 62,264 ± 4,746b (8) 

F(7, 31) = 23.36 F(7, 31) = 47.64 F(7, 31) = 51.73 
p < 0.001 p < 0.001 p < 0.001 
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Table B3. Continued. 

        Gastrointestinal tract feature measured (μm) 
Species Gut Section Villus length   Villus Width 

  
 Villus Surface Area  

(μm2) 
  

             
Tropical cont.             
S. vulpinus (O) 

 
I-A 176.0a,b 

 
(1) 12.6a 

 
(1) 7,121 a 

 
(1) 

  
I 139.4 ± 8.3a (9) 25.1 ± 1.5b (9) 11,526 ± 989a (9) 
I-M 152.1 ± 33.6a (3) 25.0 ± 3.9a,b (3) 12,500 ± 3,351a (3) 
PC 447.1 ± 12.2c (3) 95.6 ± 7.9c,d (3) 141,860 ± 13,996b (3) 

  
II 465.1 ± 38.5c (3) 124.0 ± 11.2d (3) 195,963 ± 32,719b (3) 
III 350.5 ± 37.2b,c (3) 97.4 ± 5.7c,d (3) 116,120 ± 19,136b (3) 
IV 414.2 ± 54.7c (4) 90.5 ± 6.7c,d (4) 123,476 ± 15,482b (4) 
V 428.3 ± 42.7c (6) 78.1 ± 5.3c (6) 112,122 ± 16,842b (6) 

   
F(7, 24) = 25.85 

 
F(7, 24) = 67.93 

 
F(7, 24) = 66.78 

 p < 0.001 p < 0.001 p < 0.001 
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Table B4.  Size and distribution of goblet cells from the different regions of the main length of 
the gastrointestinal tract in the study species.  The mean size and density ± SEM is presented, 
and the number of samples used to generate the estimates is listed in parentheses at the end of 
each row.  The amount of goblet cells covering the gut wall in each section of the 
gastrointestinal tract was calculated from multiplying the mean goblet cell diameter by the 
mean count per 500 μm and converting to a percentage to give an approximation of goblet 
density.  The results from ANOVA on logged data are given for each aspect of the goblet cell, 
for each species.  For each species, values within a column that share a superscript letter are 
not significantly different at p < 0.05.  The letter in parentheses beside each species indicates 
the diet; H, herbivore; O, omnivore; P, planktivore. 

      
Measurements from goblet cells 

  
Species Gut Section Diameter of Goblet 

Cell (μm) 
  Goblet Cell Count 

per 500 μm 
  Amount of Gut Wall 

Covered by Goblet 
Cells (%)   

              Temperate            
A. etheridgii (H) PC 8.8 ± 1.7a,b 6.2 ± 2.1a 12.6 ± 6.1a (4) 

II 10.3 ± 1.6a 9.1 ± 0.7a,b 19.4 ± 3.9a,b (5) 

  
III 8.7 ± 0.8a 

 
15.7 ± 3.4b,c 

 
27.4 ± 6.3a,b (5) 

IV 5.1 ± 0.6b 22.8 ± 3.6c 24.1 ± 6.0a,b (5) 
V 6.6 ± 0.7a,b 26.3 ± 2.3c 35.2 ± 5.1b (5) 

F(4, 23) = 4.73 F(4, 23) = 10.73 F(4, 23) = 3.22 

   
p < 0.01 

 
p < 0.001 

 
p < 0.05 

 Tropical             
K. cinerascens (H) 

 
PC 9.0 ± 0.5 

 
4.0 ± 0.8a 

 
7.1 ± 1.6a (6) 

II 8.7 ± 0.7 11.7 ± 1.4b 20.8 ± 3.2b (7) 
III 7.0 ± 0.5 18.2 ± 2.3b,c 26.6 ± 5.3b (8) 
IV 8.6 ± 0.3 20.7 ± 1.8c 35.6 ± 3.4b (9) 

  
V 7.4 ± 0.3 

 
18.7 ± 1.4c 

 
27.8 ± 2.6b (8) 

F(4, 33) = 2.96 F(4, 33) = 31.40 F(4, 33) = 17.04 
p < 0.05 p < 0.001 p < 0.001 

                           
K. vaigiensis (H) PC 8.5 ± 0.2 6.6 ± 1.5a 11.4 ± 2.8 (6) 

II 14.8 ± 4.2 9.0 ± 0.8a,b 29.2 ± 11.6 (9) 

  
III 10.1 ± 0.5 

 
15.1 ± 0.9c 

 
30.6 ± 3.0 (6) 

IV 12.8 ± 3.8 11.3 ± 0.9b,c 29.0 ± 8.6 (9) 
V 10.7 ± 3.0 12.2 ± 1.5b,c 31.8 ± 14.4 (8) 

F(4, 33) = 0.78 F(4, 33) = 6.84 F(4, 33) = 2.59 

   
p = 0.546 

 
p < 0.001 

 
p = 0.055 

             
A. lineatus (H) 

 
PC 4.4 ± 0.6 

 
3.4 ± 0.7a 

 
2.9 ± 0.5a (4) 

II 4.6 ± 0.4 7.1 ± 0.8b 6.3 ± 0.5b (6) 
III 4.6 ± 0.2 8.9 ± 0.9b,c 8.0 ± 0.7b,c (5) 
IV 4.7 ± 0.4 10.3 ± 1.0b,c 10.0 ± 1.6b,c (7) 

  
V 4.0 ± 0.1 

 
13.9 ± 1.4c 

 
11.3 ± 1.3c (6) 

F(4, 23) = 0.53 F(4, 23) = 18.99 F(4, 23) = 14.01 
p = 0.715 p < 0.001 p < 0.001 

                           
Z. velifer (H) PC 8.8 ± 0.5a 4.8 ± 0.8a 8.5 ± 1.6 (8) 

II 6.4 ± 0.3a,b 9.2 ± 1.4b 11.6 ± 1.7 (6) 

  
III 6.5 ± 0.3a,b 

 
9.8 ± 1.6b 

 
12.7 ± 2.3 (4) 

IV 6.8 ± 1.0a,b 10.8 ± 0.9b 15.2 ± 3.3 (8) 
V 6.1 ± 0.3b 9.6 ± 0.9b 12.0 ± 1.7 (6) 

F(4, 27) = 3.22 F(4, 27) = 8.01 F(4, 27) = 1.84 

   
p < 0.05 

 
p < 0.001 

 
p = 0.150 
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Table B4. Continued. 

      
Measurements from goblet cells 

  
Species Gut Section Diameter of Goblet 

Cell (μm) 
  Goblet Cell Count 

per 500 μm 
  Amount of Gut Wall 

Covered by Goblet 
Cells (%)   

            
Tropical cont.            
N. tonganus (H) 

 
PC 9.1 ± 0.4a 

 
11.9 ± 1.7 

 
21.8 ± 3.1 (12) 

II 8.8 ± 0.4a 8.2 ± 1.1 14.3 ± 1.9 (10) 
III 7.5 ± 0.3a,b 8.3 ± 0.8 12.2 ± 1.1 (10) 

  
IV 6.8 ± 0.4b 

 
11.1 ± 0.5 

 
15.2 ± 1.2 (12) 

V 6.3 ± 0.5b 12.7 ± 1.5 15.8 ± 1.8 (12) 
F(4, 51) = 9.49 F(4, 51) = 3.13 F(4, 51) = 1.99 

p < 0.001 p < 0.05 p = 0.110 
            
N. unicornis (H) PC 9.1 ± 0.4a 6.4 ± 0.9a 11.9 ± 1.9a (8) 

  
II 6.9 ± 0.3b 

 
14.1 ± 1.2b 

 
19.7 ± 2.2b (10) 

III 6.3 ± 0.4b 17.5 ± 1.9b 22.3 ± 2.9b (9) 
IV 6.5 ± 0.4b 13.9 ± 1.2b 18.6 ± 2.4a,b (10) 
V 7.7 ± 0.5a,b 15.4 ± 0.9b 23.5 ± 1.7b (10) 

   
F(4, 42) = 6.16 

 
F(4, 42) = 15.78 

 
F(4, 42) = 4.70 

 p < 0.001 p < 0.001 p < 0.01 
            
N. brevirostris (P) PC 6.8 ± 0.1 14.0 ± 0.8 19.0 ± 0.6 (2) 

II 5.9 ± 1.4 13.3 ± 2.2 15.2 ± 1.1 (2) 
III 4.7 ± 0.6 13.6 ± 1.6 13.1 ± 3.1 (2) 

  
IV 5.2 ± 0.5 

 
17.0 ± 0.4 

 
17.8 ± 1.3 (2) 

V 5.8 ± 0.6 17.9 ± 2.0 20.9 ± 4.5 (2) 
F(4, 5) = 1.03 F(4, 5) = 1.76 F(4, 5) = 1.53 

p = 0.475 p = 0.274 p = 0.321 
            
S. doliatus (H) PC 7.1 ± 0.6 8.9 ± 1.3a 11.9 ± 1.3a (8) 

  
II 7.2 ± 1.1 

 
14.8 ± 2.6a,b 

 
20.9 ± 5.2a,b (5) 

III 6.2 ± 0.4 17.6 ± 2.5b,c 21.6 ± 2.8a,b (5) 
IV 5.6 ± 0.3 13.1 ± 2.1a,c 15.4 ± 3.2a (8) 
V 6.5 ± 0.3 24.9 ± 1.7b 32.2 ± 2.4b (9) 

   
F(4, 30) = 1.75 

 
F(4, 30) = 8.48 

 
F(4, 30) = 7.84 

 p = 0.165 p < 0.001 p < 0.001 
            
S. vulpinus (O) PC 5.8 ± 0.7 6.9 ± 1.9a 8.9 ± 3.2 (5) 

II 4.7 ± 0.3 9.4 ± 0.6a,b 9.0 ± 1.0 (3) 
III 4.0 ± 0.3 9.5 ± 1.1a,b 7.7 ± 1.3 (3) 

  
IV 5.1 ± 0.3 

 
10.3 ± 0.9a,b 

 
10.4 ± 1.1 (8) 

V 5.4 ± 0.4 13.6 ± 1.5b 15.1 ± 2.7 (8) 
F(4, 22) = 1.48 F(4, 22) = 4.09 F(4, 22) = 2.20 

p = 0.241 p < 0.05 p = 0.102 
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Appendix C:  Appendix to Chapter 3 

Table C1.  Morphological measurements of various microvillus features from the study 
species.  The mean ± SEM is presented, with N stated in parentheses at the end of each row.  
The letter in parentheses beside each species indicates the diet: H, herbivore; O, omnivore; P, 
planktivore.   

          Aspect of microvillus measured       

Species Gut Section 
Microvillus Length 

(μm) 
Microvillus Width 

(μm) 
Microvillus Surface 

Area (μm2)   
             Temperate 

 
         

 A. etheridgii (H) I 0.60 ± 0.04 0.12 ± 0.02 0.23 ± 0.02 (2) 
PC 1.89 ± 0.07 0.09 ± 0.01 0.57 ± 0.07 (3) 

  
II 2.85 ± 0.34 0.09 ± 0.01 0.82 ± 0.14 (3) 

  
III 2.62 ± 0.36 0.09 ± 0.01 0.80 ± 0.18 (3) 
IV 1.30 ± 0.07 0.10 ± 0.00 0.40 ± 0.03 (3) 
V 1.22 ± 0.08 0.10 ± 0.00 0.39 ± 0.02 (3) 

Tropical           
K. cinerascens (H) I 0.30 ± 0.03 0.10 ± 0.01 0.10 ± 0.02 (3) 

  
PC 1.57 ± 0.18 0.10 ± 0.00 0.53 ± 0.06 (3) 

  
II 2.84 ± 0.36 0.11 ± 0.01 0.95 ± 0.01 (2) 
III 2.48 ± 0.23 0.10 ± 0.01 0.80 ± 0.03 (2) 
IV 1.97 ± 0.22 0.10 ± 0.01 0.66 ± 0.14 (2) 

  
V 1.84 ± 0.17 0.11 ± 0.01 0.61 ± 0.02 (2) 

           
K. vaigiensis (H) 

 
I 0.74 ± 0.18 0.11 ± 0.01 0.26 ± 0.09 (2) 
PC 2.90 ± 0.18 0.10 ± 0.00 0.89 ± 0.08 (2) 
II 2.68 ± 0.43 0.12 ± 0.02 1.03 ± 0.03 (2) 

  
III 3.20 ± 0.40 0.09 ± 0.01 0.88 ± 0.05 (2) 

  
IV 1.31 ± 0.01 0.09 ± 0.01 0.39 ± 0.06 (2) 
V 1.48 ± 0.28 0.08 ± 0.00 0.39 ± 0.08 (2) 

                        
A. lineatus (H) I 0.37 ± 0.06 0.10 ± 0.02 0.12 ± 0.00 (2) 

PC 2.65 ± 0.16 0.09 ± 0.00 0.72 ± 0.07 (2) 

  
II 1.32 ± 0.04 0.10 ± 0.00 0.44 ± 0.01 (2) 

  
III 1.73 ± 0.13 0.10 ± 0.00 0.55 ± 0.04 (2) 
IV 1.29 ± 0.00 0.09 ± 0.00 0.36 ± 0.01 (2) 
V 1.09 ± 0.25 0.10 ± 0.00 0.35 ± 0.06 (2) 

                        
Z. velifer (H) I 0.35 ± 0.02 0.09 ± 0.01 0.11 ± 0.02 (2) 

  
PC 2.70 ± 0.02 0.09 ± 0.00 0.81 ± 0.00 (2) 

  
II 1.43 ± 0.60 0.10 ± 0.01 0.42 ± 0.12 (2) 
III 1.15 ± 0.10 0.11 ± 0.01 0.40 ± 0.08 (2) 
IV 1.29 ± 0.28 0.10 ± 0.00 0.43 ± 0.10 (2) 

  
V 1.24 ± 0.24 0.10 ± 0.01 0.41 ± 0.04 (2) 

           
N. tonganus (H) 

 
I 0.37 ± 0.01 0.09 ± 0.00 0.11 ± 0.00 (2) 
PC 1.20 ± 0.11 0.09 ± 0.00 0.34 ± 0.02 (2) 
II 1.28 ± 0.53 0.08 ± 0.02 0.36 ± 0.21 (2) 
III 1.24 ± 0.33 0.10 ± 0.01 0.40 ± 0.14 (2) 

  
IV 0.88 ± 0.02 0.10 ± 0.01 0.28 ± 0.01 (2) 
V 0.78 ± 0.02 0.10 ± 0.01 0.25 ± 0.04 (2) 
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Table C1.  Continued. 

      Aspect of microvillus measured     

Species Gut Section 
Microvillus Length 

(μm) 
Microvillus Width 

(μm) 
Microvillus Surface 

Area (μm2) 
 

          
Tropical cont. 

         N. unicornis (H) 
 

I-ABulb 0.47 ± 0.08 0.11 ± 0.02 0.16 ± 0.00 (2) 
I-A 0.47 0.08 0.12 (1) 
I 0.46 ± 0.01 0.08 ± 0.01 0.13 ± 0.01 (3) 

  
PC 1.68 ± 0.08 0.08 ± 0.00 0.44 ± 0.03 (3) 

  
II 1.37 ± 0.10 0.09 ± 0.00 0.40 ± 0.02 (2) 
III 1.65 ± 0.16 0.09 ± 0.00 0.45 ± 0.05 (2) 
IV 1.22 ± 0.02 0.09 ± 0.01 0.34 ± 0.03 (3) 

  V 1.11 ± 0.07 0.09 ± 0.01 0.31 ± 0.04 (3) 
          
N. brevirostris (P) I 0.33 ± 0.05 0.12 ± 0.00 0.13 ± 0.02 (2) 

PC 1.39 ± 0.04 0.07 ± 0.01 0.33 ± 0.01 (2) 

  
II 1.42 ± 0.15 0.08 ± 0.00 0.36 ± 0.05 (2) 

  
III 1.21 ± 0.13 0.08 ± 0.01 0.32 ± 0.06 (2) 
IV 1.36 ± 0.09 0.09 ± 0.00 0.38 ± 0.04 (2) 
V 1.10 ± 0.09 0.09 ± 0.01 0.31 ± 0.00 (2) 

                    
S. doliatus (H) I 0.45 ± 0.03 0.08 ± 0.01 0.12 ± 0.02 (2) 

  
PC 1.88 ± 0.08 0.09 ± 0.01 0.52 ± 0.09 (2) 

  
II 1.94 ± 0.14 0.09 ± 0.00 0.57 ± 0.01 (2) 
III 1.82 ± 0.15 0.11 ± 0.01 0.63 ± 0.02 (2) 
IV 1.30 ± 0.14 0.10 ± 0.01 0.42 ± 0.08 (2) 

  
V 0.83 ± 0.04 0.10 ± 0.00 0.26 ± 0.00 (2) 

          
S. vulpinus (O) 

 
I 0.30 ± 0.02 0.08 ± 0.01 0.08 ± 0.01 (2) 
PC 1.09 ± 0.09 0.11 ± 0.01 0.39 ± 0.00 (2) 
II 1.81 ± 0.32 0.10 ± 0.00 0.57 ± 0.13 (2) 
III 1.32 ± 0.19 0.11 ± 0.00 0.45 ± 0.07 (2) 

  
IV 0.94 ± 0.21 0.10 ± 0.01 0.30 ± 0.03 (2) 
V 0.78 ± 0.01 0.10 ± 0.01 0.25 ± 0.02 (2) 
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Appendix D:  Appendix to Chapter 4 

 

Table D1.  Mean counts ± SEM of microbiota from transverse sections of the gastrointestinal tract, at four radial locations from the mucosal surface to the 
lumen centre.  N is stated in parentheses.  The results from ANOVA on logged data are given below each set of data for comparisons between radial 
locations within a gut section, for each species.  Values that share a superscript letter are not significantly different at p < 0.05 for each species.  The letter in 
parentheses beside each species indicates the diet: H, herbivore; O, omnivore; P, planktivore.  

 

Species 
Region of transverse 

section 
Gut Section 

III   IV   V   
Temperate 

 
            

A. arctidens (H) Between villi 785.1 ± 330.6a (8) 901.9 ± 269.2a (8) 191.8 ± 84.6 (7) 
Outer Lumen 47.8 ± 18.5a,b (8) 393.2 ± 222.6a,b  (8) 117.5 ± 35.8 (7) 

  
Inner Lumen 8.3 ± 4.5b  (8) 62.0 ± 32.2b,c  (8) 62.2 ± 21.2 (7) 

  
Lumen Centre 4.4 ± 1.4b (8) 32.8 ± 17.8c (8) 39.9 ± 17.0 (7) 

F(3,28) = 12.49 F(3,28) = 15.05 F(3,24) = 2.36 
p < 0.001 p < 0.001 p = 0.097 

                            
A. etheridgii (H) Between villi 353.8 ± 162.5a (6) 495.6 ± 69.8a (6) 259.1 ± 61.0a (6) 

  
Outer Lumen 68.3 ± 33.7a,b (6) 133.1 ± 31.0b (6) 68.2 ± 15.5b (6) 

  
Inner Lumen 13.6 ± 2.1b (6) 18.7 ± 6.7c (6) 28.2 ± 9.7b,c (6) 
Lumen Centre 8.8 ± 1.8b (6) 11.4 ± 4.4c (6) 24.0 ± 13.0c (6) 

F(3,20) = 7.78 F(3,20) = 37.74 F(3,20) = 17.1 

   
p < 0.01 p < 0.001 p < 0.001 

             
O. pullus (H) 

 
Between villi 301.7 ± 88.8a  (7) 623.5 ± 82.7a (7) 162.6 ± 22.8a  (9) 

  
Outer Lumen 48.8 ± 22.2a,b (7) 58.2 ± 11.5a (7) 99.5 ± 21.4a,b (9) 
Inner Lumen 12.6 ± 3.9b,c (7) 47.6 ± 24.4b,c (7) 42.8 ± 10.5b,c (9) 
Lumen Centre 3.0 ± 0.5c  (7) 11.3 ± 4.2c  (7) 19.5 ± 6.8c  (9) 

   
F(3,24) = 15.51 F(3,24) = 32.53 F(3,32) = 16.43 

   
p < 0.001 p < 0.001 p < 0.001 
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Temperate cont.             
K. sydneyanus (H) Between villi 1351.3 ± 525.0a (8) 887.4 ± 268.3a (9) 320.0 ± 87.5 (5) 

  
Outer Lumen 105.0 ± 23.1b (8) 126.0 ± 23.4b (9) 201.3 ± 32.2 (5) 

  
Inner Lumen 37.7 ± 22.9b,c (8) 43.0 ± 6.2c (9) 173.7 ± 82.2 (5) 
Lumen Centre 18.3 ± 8.3c (8) 22.1 ± 4.6c (9) 264.5 ± 196.0 (5) 

F(3,28) = 20.56 F(3,32) = 45.30 F(3,16) = 1.11 

   
p < 0.001 p < 0.001 p = 0.375 

            Tropical             
K. cinerascens (H) Between villi 292.0 ± 199.6a (3) 380.7 ± 66.0a (8) 67.5 ± 29.3 (5) 

  
Outer Lumen 55.1 ± 19.1a (3) 252.3 ± 42.9a  (8) 168.5 ± 26.6 (5) 
Inner Lumen 13.5 ± 5.4a,b  (3) 63.0 ± 12.8b  (8) 105.0 ± 36.5 (5) 
Lumen Centre 0.8 ± 0.4b  (3) 26.7 ± 6.7c (8) 64.1 ± 37.4 (5) 

   
F(3,8) = 9.94 F(3,28) = 40.13 F(3,16) = 2.99 

   
p < 0.01 p < 0.001 p = 0.062 

             
K. vaigiensis (H) 

 
Between villi 33.7 ± 19.0a (3) 455.4 ± 135.9a (5) 123.4 ± 46.4 (3) 
Outer Lumen 14.4 ± 3.9a,b  (3) 387.1 ± 141.1a  (5) 138.5 ± 52.6 (3) 
Inner Lumen 2.7 ± 1.6b,c  (3) 133.3 ± 66.9a,b  (5) 147.5 ± 82.8 (3) 

  
Lumen Centre 0.5 ± 0.2c (3) 52.5 ± 20.7b  (5) 123.4 ± 72.5 (3) 

   
F(3,8) = 14.57 F(3,16) = 5.67 F(3,8) = 0.10 

p < 0.01 p < 0.01 p = 0.958 
                            

A. lineatus (H) Between villi 11.2 ± 4.5 (4) 25.4 ± 15.7 (3) 76.2 ± 38.0 (4) 
Outer Lumen 15.9 ± 8.3 (4) 15.6 ± 4.0 (3) 47.4 ± 14.1 (4) 

  
Inner Lumen 9.4 ± 7.6 (4) 7.3 ± 1.0 (3) 14.2 ± 7.5 (4) 

  
Lumen Centre 9.4 ± 9.1 (4) 6.5 ± 1.1 (3) 11.3 ± 9.8 (4) 

F(3,12) = 1.12 F(3,8) = 1.85 F(3,12) = 3.66 
p = 0.380 p = 0.216 p < 0.05 

                            
Z. velifer (H) Between villi 152.3 ± 60.9a (3) 232.1 ± 58.9 (5) 102.6 ± 37.3a (4) 

  
Outer Lumen 104.6 ± 21.4a,b (3) 82.9 ± 14.6 (5) 68.2 ± 17.2a (4) 

  
Inner Lumen 22.1 ± 4.2b,c (3) 65.5 ± 21.0 (5) 35.5 ± 9.7a,b (4) 
Lumen Centre 8.4 ± 3.9c (3) 75.9 ± 33.3 (5) 16.1 ± 8.9b (4) 

F(3,8) = 14.55 F(3,16) = 3.04 F(3,12) = 5.16 

   
p < 0.01 p = 0.059 p < 0.05 
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Table D1.  Continued. 

Species 
Region of transverse 

section 
Gut Section 

              III                  IV                   V   
 Tropical cont. 

              N. tonganus (H) 
 
Between villi 23.3 ± 9.7 (5) 45.7 ± 16.9 (4) 88.1 ± 36.3 (6) 
Outer Lumen 54.4 ± 26.0 (5) 26.1 ± 11.5 (4) 42.9 ± 13.6 (6) 
Inner Lumen 29.7 ± 24.3 (5) 18.3 ± 12.0 (4) 29.0 ± 11.3 (6) 

 
Lumen Centre 20.0 ± 14.9 (5) 7.7 ± 4.2 (4) 29.7 ± 13.9 (6) 

  
F(3,16) = 0.86 F(3,12) = 2.47 F(3,20) = 1.18 

 p = 0.480 p = 0.112 p = 0.342 
                            
N. unicornis (H) Between villi 89.2 ± 19.6a (7) 102.3 ± 13.9a (9) 73.3 ± 21.2 (9) 

Outer Lumen 70.7 ± 15.8a (7) 85.0 ± 19.0a,b (9) 108.7 ± 22.8 (9) 

 
Inner Lumen 43.1 ± 16.0a,b (7) 58.6 ± 11.6a,b (9) 87.7 ± 21.7 (9) 

 
Lumen Centre 21.7 ± 6.4b  (7) 48.6 ± 9.6b  (9) 68.9 ± 24.0 (9) 

F(3,24) = 5.79 F(3,32) = 4.54 F(3,32) = 1.28 
p < 0.01 p < 0.01 p = 0.299 

                           
N. brevirostris (P) Between villi 25.4 ± 1.1a (2) 54.8 ± 31.4 (2) 49.8 ± 25.2 (2) 

 
Outer Lumen 23.8 ± 8.9a (2) 38.1 ± 19.8 (2) 92.7 ± 45.6 (2) 

 
Inner Lumen 9.0 ± 1.0a,b (2) 16.6 ± 11.3 (2) 13.9 ± 9.3 (2) 
Lumen Centre 2.6 ± 0.4b (2) 7.7 ± 5.9 (2) 3.7 ± 2.3 (2) 

F(3,4) = 20.51 F(3,4) = 1.64 F(3,4) = 5.17 

   
p < 0.01 p = 0.316 p = 0.073 

             
S. doliatus (H) 

 
Between villi 39.5 ± 20.4a  (3) 148.9 ± 61.4 (3) 325.9 ± 73.5a  (7) 

 
Outer Lumen 56.0 ± 15.0a  (3) 74.4 ± 22.6 (3) 160.4 ± 18.9a,b  (7) 
Inner Lumen 18.7 ± 7.3a,b (3) 40.7 ± 26.3 (3) 85.6 ± 26.7b,c (7) 
Lumen Centre 4.6 ± 2.0b (3) 28.6 ± 25.9 (3) 59.0 ± 25.3c (7) 

  
F(3,8) = 7.42 F(3,8) = 2.28 F(3,24) = 10.11 

 
   

p < 0.05 p = 0.157 p < 0.001 
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Tropical cont. 
              S. vulpinus (O) Between villi 14.9 ± 5.0 (3) 100.2 ± 41.8 (3) 930.4 ± 524.0a  (3) 
Outer Lumen 8.7 ± 1.1 (3) 37.5 ± 14.1 (3) 297.3 ± 118.6a,b  (3) 

 
Inner Lumen 6.4 ± 2.0 (3) 23.6 ± 7.7 (3) 47.8 ± 9.2b,c  (3) 

 
Lumen Centre 3.4 ± 1.1 (3) 13.8 ± 3.4 (3) 13.6 ± 1.9c  (3) 

F(3,8) = 3.80 F(3,16) = 3.04 F(3,12) = 5.16 
p = 0.058 p = 0.059 p < 0.05 
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Table D2.  Mean microbial counts ± SEM from the hindgut of the gastrointestinal tract of the study species.  N is stated in parentheses.  The results from 
ANOVA on logged data are given at the end of the row for comparisons between gut sections, for each species.  Values that share a superscript letter are not 
significantly different at p < 0.05 within that species.  The letter in parentheses beside each species indicates the diet: H, herbivore; O, omnivore; P, 
planktivore. 

Species 
  Gut Section 

 
  III     IV     V   

 
   Temperate                

A. arctidens (H) 845.7 ± 350.5 (8) 1390.0 ± 516.3 (8) 411.4 ± 138.1 (7) F(2,20) = 2.14, p = 0.143 

A. etheridgii (H) 
 

444.4 ± 195.9 (6) 
 

658.8 ± 102.8 (6) 
 

379.5 ± 72.0 (6) F(2,15) = 1.87, p = 0.188 

O. pullus (H) 
 

366.0 ± 103.0a (7) 
 

740.6 ± 92.9b (7) 
 

324.4 ± 49.5a (9) F(2,20) = 4.25, p < 0.05 

K. sydneyanus (H) 
 

1512.3 ± 539.0 (8) 
 

1078.0 ± 269.5 (9) 
 

959.4 ± 344.0 (5) F(2,19) = 0.16, p = 0.850 

Tropical                

K. cinerascens (H) 361.5 ± 198.2 (3) 722.7 ± 111.2 (8) 405.1 ± 76.3 (5) F(2,13) = 3.09, p = 0.080 

K. vaigiensis (H) 
 

51.3 ± 15.5a (3) 
 

1028.3 ± 346.0b (5) 
 

532.8 ± 234.2b (3) F(2,8) = 13.33, p < 0.01 

A. lineatus (H) 
 

45.9 ± 29.1a (4) 
 

54.8 ± 19.1a,b (3) 
 

149.0 ± 29.9b (4) F(2,8) = 4.81, p < 0.05 

Z. velifer (H) 
 

287.4 ± 56.1 (3) 
 

456.4 ± 66.4 (5) 
 

222.4 ± 66.3 (4) F(2,9) = 3.17, p = 0.091 

N. tonganus (H) 127.4 ± 67.5 (5) 97.7 ± 38.8 (4) 189.6 ± 72.0 (6) F(2,12) = 0.17, p = 0.845 

N. unicornis (H) 224.6 ± 37.1 (7) 294.5 ± 41.1 (9) 338.6 ± 85.5 (9) F(2,22) = 0.73, p = 0.493 

N. brevirostris (P) 60.8 ± 7.3a (2) 117.2 ± 5.6b (2) 160.1 ± 8.8b (2) F(2,3) = 38.01, p < 0.01 

S. doliatus (H) 118.8 ± 18.9a (3) 292.7 ± 131.2a,b (3) 630.9 ± 97.2b (7) F(2,10) = 9.13, p < 0.01 

S. vulpinus (O) 
 

33.4 ± 7.6a (3) 
 

175.0 ± 54.3a (3) 
 

1289.0 ± 640.0b (3) F(2,6) = 17.96, p < 0.01 
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Table D3.  Mean counts ± SEM of Epulopiscium spp. bacteria from transverse sections of the gastrointestinal tract, at four locations from the mucosal 
surface to the lumen centre, from five of the study species.  N is stated in parentheses.  The results from ANOVA on logged data are given below each set of 
data for comparisons between transverse regions within a gut section, for each species, and at the end of the row for comparisons between gut sections within 
a transverse region, for each species.  Values that share a superscript letter are not significantly different at p < 0.05 for each species; lowercase letters 
correspond to columns and uppercase letters correspond to rows.  The letter in parentheses beside each species indicates the diet: H, herbivore; O, omnivore; 
P, planktivore. 

Species 
Region of transverse 

section 
Gut Section 

III              IV               V   
                          

A. lineatus (H) 
 
Between villi 3.6 ± 2.7 (4) 20.5 ± 15.5 (3) 67.2 ± 38.8a (4) 

 
 
Outer Lumen 3.2 ± 2.9 (4) 10.0 ± 4.0 (3) 19.4 ± 10.3a,b (4) 

 Inner Lumen 2.3 ± 2.3 (4) 2.4 ± 0.4 (3) 1.6 ± 0.6a,b (4) 
Lumen Centre 1.2 ± 1.2 (4) 2.4 ± 0.4 (3) 0.2 ± 0.1b (4) 

  
F(3,12) = 0.18 F(3,8) = 2.93 F(3,12) = 4.14 

 
   

p = 0.911 p = 0.100 p < 0.05 
              

Z. velifer (H) 
 
Between villi 100.7 ± 81.6 (3) 77.4 ± 41.6 (5) 2.3 ± 0.7 (4) 

 Outer Lumen 23.8 ± 22.3 (3) 16.7 ± 10.4 (5) 1.8 ± 0.8 (4) 
Inner Lumen 6.8 ± 6.1 (3) 5.1 ± 3.1 (5) 0.8 ± 0.1 (4) 

 
Lumen Centre 2.0 ± 1.8 (3) 1.5 ± 0.6 (5) 0.5 ± 0.1 (4) 

 
  

F(3,8) = 0.854 F(3,16) = 2.31 F(3,12) = 2.96 
 p = 0.503 p = 0.115 p = 0.075 

                             
N. tonganus (H) Between villi 4.7 ± 0.8 (5) 3.7 ± 0.9 (4) 2.0 ± 1.1 (6) 

Outer Lumen 0.8 ± 0.4 (5) 2.8 ± 1.6 (4) 1.3 ± 0.6 (6) 

 
Inner Lumen 0.3 ± 0.1 (5) 1.1 ± 0.3 (4) 1.1 ± 0.6 (6) 

 
 
Lumen Centre 1.0 ± 0.9 (5) 1.1 ± 0.6 (4) 1.3 ± 0.8 (6) 

 F(3,16) = 1.36 F(3,12) = 2.28 F(3,20) = 0.128 
p = 0.291 p = 0.132 p = 0.942 
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Table D3.  Continued. 

Species 
Region of transverse 

section 
Gut Section 

 III             IV              V   

                            
N. unicornis (H) 

 
Between villi 43.1 ± 20.2A (7) 56.3 ± 8.7a A (9) 2.3 ± 0.5B (9) 

 Outer Lumen 18.4 ± 7.2A,B (7) 38.7 ± 13.5a,b A (9) 3.4 ± 0.7B (9) 
Inner Lumen 6.6 ± 2.8A (7) 16.4 ± 3.6b,c B (9) 3.2 ± 1.1A (9) 

 
Lumen Centre 2.6 ± 1.3A (7) 14.8 ± 5.1c B (9) 1.3 ± 0.4A (9) 

 
  

F(3,24) = 2.18 F(3,32) = 9.66 F(3,32) = 2.37 
 p = 0.117 p < 0.001 p = 0.089 

                             
N. brevirostris (P) Between villi 0.0 ± 0.0 (2) 0.0 ± 0.0 (2) 0.6 ± 0.3 (2) 

Outer Lumen 0.0 ± 0.0 (2) 0.0 ± 0.0 (2) 1.8 ± 1.1 (2) 

 
Inner Lumen 0.0 ± 0.0 (2) 0.0 ± 0.0 (2) 0.1 ± 0.1 (2) 

 
 

Lumen Centre 0.0 ± 0.0 (2) 0.0 ± 0.0 (2) 0.0 ± 0.0 (2) 
 F(3,4) = 2.80 

p = 0.173 
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Table D4.  Mean Epulopiscium spp. counts ± SEM from the hindgut of the gastrointestinal tract of the study species.  N is stated in parentheses.  The results 
from ANOVA on logged data are given at the end of the row for comparisons between gut sections, for each species.  Values that share a superscript letter 
are not significantly different at p < 0.05 within that species.  The letter in parentheses beside each species indicates the diet: H, herbivore; O, omnivore; P, 
planktivore. 

Species 
  Gut Section 

 
  III     IV     V   

 
   

A. lineatus (H) 10.3 ± 9.0 (4) 35.3 ± 18.9 (3) 88.4 ± 45.1 (4) F(2,8) = 2.46, p = 0.147 

Z. velifer (H) 
 

133.3 ± 111.6 (3) 
 

100.6 ± 55.2 (5) 
 

5.5 ± 1.6 (4) 
 

F(2,9) = 1.05, p = 0.389 

N. tonganus (H) 
 

6.7 ± 3.5 (5) 
 

8.7 ± 2.2 (4) 
 

5.8 ± 3.1 (6) 
 

F(2,12) = 0.92, p = 0.423 

N. unicornis (H) 
 

70.8 ± 28.0a (7) 
 

126.2 ± 29.7b (9) 
 

10.2 ± 2.0a (9) 
 

F(2,22) = 10.2, p < 0.001 

N. brevirostris (P) 
 

0.0 ± 0.0a (2) 
 

0.0 ± 0.0a (2) 
 

2.4 ± 0.7b (2) 
 

F(2,3) = 35.88, p < 0.01 
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Appendix E:  Appendix for Chapter 5  

Table E1.  Percentage of bacteria in different locations with respect to algal fragments in the hindgut 
of the study species (see section 5.2.4 for definitions of categories).  The mean percentage ± SEM is 
presented, with N stated in parentheses at the end of each row.  The letter in parentheses beside each 
species indicates the diet: H, herbivore; O, omnivore. 

Species 
Bacterial location 
with respect to 
algal fragment 

 
                                  Gut section 

   III      IV      V       
Temperate 

            A. arctidens (H) Near 35.6 ± 2.3 36.6 ± 0.4 47.4 ± 0.0 (2) 
Attached 53.8 ± 2.0 55.8 ± 0.2 52.6 ± 0.0 (2) 
Degrading surface 10.6 ± 0.3 7.6 ± 0.2 0.0 ± 0.0 (2) 

 
Hydrolysing 

 
0.0 ± 0.0 

 
0.0 ± 0.0 

 
0.0 ± 0.0 

 
(2) 

             
A. etheridgii (H) Near 

 
56.5 ± 5.6 

 
70.9 ± 4.0 

 
50.7 ± 5.9 

 
(3) 

Attached 43.5 ± 5.6 28.6 ± 4.3 44.2 ± 3.7 (3) 
Degrading surface 0.0 ± 0.0 0.5 ± 0.5 5.1 ± 2.2 (3) 
Hydrolysing 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 (3) 

             
O. pullus (H) Near 31.9 ± 6.9 37.7 ± 21.7 36.3 ± 5.4 (2) 

 
Attached 

 
66.3 ± 8.7 

 
57.8 ± 20.3 

 
49.7 ± 2.1 

 
(2) 

Degrading surface 1.8 ± 1.8 4.6 ± 1.4 7.3 ± 2.6 (2) 
Hydrolysing 0.0 ± 0.0 0.0 ± 0.0 6.7 ± 0.7 (2) 

                           
K. sydneyanus (H) Near 30.5 ± 8.5 33.5 ± 5.4 38.8 ± 9.0 (2) 

 
Attached 

 
69.5 ± 8.5 

 
59.5 ± 1.6 

 
42.7 ± 2.1 

 
(2) 

 
Degrading surface 

 
0.0 ± 0.0 

 
7.0 ± 7.0 

 
8.1 ± 0.6 

 
(2) 

Hydrolysing 0.0 ± 0.0 0.0 ± 0.0 10.4 ± 7.5 (2) 
              Tropical 

            K. cinerascens (H) Near 49.2 ± 0.8 45.8 ± 13.3 53.7 ± 2.5 (2) 
Attached 38.3 ± 13.3 45.4 ± 4.6 45.0 ± 1.3 (2) 

 
Degrading surface 

 
13 ± 13 

 
8.8 ± 8.8 

 
1.2 ± 1.2 

 
(2) 

 
Hydrolysing 

 
0.0 ± 0.0 

 
0.0 ± 0.0 

 
0.0 ± 0.0 

 
(2) 

             
K. vaigiensis (H) Near 

 
50.6 ± 6.9 

 
53.7 ± 2.5 

 
40.7 ± 6.2 

 
(3) 

Attached 43.1 ± 4.8 37.6 ± 5.8 47.8 ± 3.6 (3) 
Degrading surface 3.1 ± 2.2 2.7 ± 0.1 7.0 ± 3.0 (3) 
Hydrolysing 3.2 ± 1.9 6.0 ± 4.8 4.4 ± 1.7 (3) 

             
A. lineatus (H) Near 45.3 ± 6.4 54.7 ± 1.9 31.7 ± 5.1 (2) 

 
Attached 

 
54.7 ± 6.4 

 
42.5 ± 0.9 

 
60.2 ± 13.1 

 
(2) 

Degrading surface 0.0 ± 0.0 2.8 ± 2.8 8.0 ± 8.0 (2) 
Hydrolysing 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 (2) 

                           
Z. velifer (H) Near 44.8 ± 4.4 18.8 ± 7.7 39.2 ± 1.7 (2) 

 
Attached 

 
48.7 ± 5.7 

 
79.4 ± 9.5 

 
60.8 ± 1.7 

 
(2) 

 
Degrading surface 

 
6.5 ± 1.2 

 
1.9 ± 1.9 

 
0.0 ± 0.0 

 
(2) 

Hydrolysing 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 (2) 
                           
N. tonganus (H) Near 40.2 ± 12.7 26.8 ± 3.9 65.3 ± 11.2 (2) 

Attached 59.8 ± 12.7 59.6 ± 9.6 34.7 ± 11.2 (2) 

 
Degrading surface 

 
0.0 ± 0.0 

 
4.2 ± 4.2 

 
0.0 ± 0.0 

 
(2) 

 
Hydrolysing 

 
0.0 ± 0.0 

 
9.4 ± 9.4 

 
0.0 ± 0.0 

 
(2) 

             
N. unicornis (H) Near 

 
24.2 ± 5.2 

 
49.4 ± 10.6 

 
40.9 ± 15.9 

 
(2) 

Attached 72.4 ± 1.8 50.6 ± 10.6 59.1 ± 15.9 (2) 
Degrading surface 3.4 ± 3.4 0.0 ± 0.0 0.0 ± 0.0 (2) 
Hydrolysing 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 (2) 
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Table E1. Continued. 

Species 
Bacterial location 
with respect to 
algal fragment 

 
                                  Gut section 

   III      IV      V       
Tropical cont. 

           S. doliatus (H) Near 
 

19.2 ± 8.1 
 

37.9 ± 4.6 
 

53.2 ± 10.5 
 

(2) 
Attached 80.8 ± 8.1 62.1 ± 4.6 46.8 ± 10.5 (2) 
Degrading surface 0.0 ± 0.0 7.6 ± 0.2 0.0 ± 0.0 (2) 

 
Hydrolysing 

 
0.0 ± 0.0 

 
0.0 ± 0.0 

 
0.0 ± 0.0 

 
(2) 

             
S. vulpinus (O) Near 

 
40.5 ± 9.5 

 
39.4 ± 10.6 

 
23.8 ± 9.5 

 
(2) 

 
Attached 

 
45.9 ± 4.1 

 
60.6 ± 10.6 

 
76.2 ± 9.5 

 
(2) 

Degrading surface 10.0 ± 10.0 0.0 ± 0.0 0.0 ± 0.0 (2) 
Hydrolysing 3.6 ± 3.6 0.0 ± 0.0 0.0 ± 0.0 (2) 
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