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“It is not enough to say that we cannot know or judge because all the information is not
in. e process of gathering knowledge does not lead to knowing. A child’s world spreads
only a little beyond his understanding while that of a great scientist thrusts outward
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Abstract

is thesis examines the role that hindgut microbes play in the protein
acquisition of herbivorous fishes in temperate and tropical reefs. e aim of
this study is to quantify the contribution of microbial protein to host fish tis-
sues using stable isotope techniques. Four temperate species were collected
from Great Barrier Island in the Hauraki Gulf of New Zealand, and seven
tropical species were collected from Lizard Island, Great Barrier Reef, Aus-
tralia. ese species were used to examine trophic interactions among the
liver and muscle tissues and their dietary sources (algal diet and symbiotic
hindgut microbes). Using bulk carbon and nitrogen stable isotope analysis
(SIA), patterns were observed in the δ15N and δ13C values which showed
evidence of N2-fixation within the microbial community inhabiting the guts
of several species. ese results support previous findings by Bojarski (2014).
Trophic relationships and the potential contributions of microbial protein to
the fish hosts were investigated further using compound-specific analysis of
carbon and nitrogen stable isotopic composition of the amino acids (AAs)
within the fish tissues and potential dietary sources. An in-depth examina-
tion of isotopic routing and fractionation of dietary sources using nitrogen
compound-specific stable isotope analyses of AAs (CSIA-AA), elucidated
the contributions of microbial protein to the host fish tissues and the incorpo-
ration of “new” nitrogen derived from microbial N2-fixation. Carbon CSIA-
AA analyses further revealed the contribution of microbial AAs to the host
fish, specifically the routing of essential amino acids (EAAs) biosynthesized
de novo by the hindgut microbiota to the fish tissues. Carbon and nitrogen
CSIA-AA analyses were also extended to identify potential metabolic path-
ways of AAs within the algal diet, the hindgut microbes, and the liver and
muscle tissues. Finally, the data from these analyses were incorporated into a
Bayesian mixing model to quantify relative contributions of the algal diet and
isolated hindgut microbes to the protein in the tissues of these fish for several
amino acids. e estimated contribution of microbial amino acids to host
fish tissue was similar to, or in some cases, greater than the estimated contri-
bution of the algal diet. erefore, the results described here are the first to
provide clear evidence of the contribution of microbial protein to these herbiv-
orous fish species. is study also provides the only evidence of assimilation
of “new” nitrogen, created through N2-fixation by hindgut microorganisms,
to the tissues of vertebrate hosts. ese findings will undoubtedly help fur-
ther our understanding of microbial symbionts and the isotopic relationships
between gut microbes, herbivorous diets, and host tissues.
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General Introduction 1

1.1 Herbivore nutrition

Herbivores play a crucial role in their environment, and therefore great interest has

been placed on the factors that influence the persistence of herbivory in ecologi-

cal systems (Cebrian and Duarte 1994, Cebrian and Lartigue 2004). Herbivores

can be found in both terrestrial and aquatic environments and include ruminant

(Glover and Duthie 1958, Hofmann 1989) and non-ruminant mammals (Glover

and Duthie 1958, Chivers 1989), reptiles (Bjorndal 1997, Singer 2003), birds

(Karasov 1990, Singer 2003, Kohl 2012), fish (Clements et al. 2009), and inverte-

brates (White 1984). ese animals employ many strategies in order to overcome

nutrient limitations in their plant/algal diet (Mattson 1980, White 1993b, Van

Soest 1996). Some of these strategies include greater consumption and assimila-

tion of plant material, supplementary consumption of animals or animal material

(including coprophagy), or the utilization ofmicroorganisms to break down animal

material (White 1993a, b).
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. General Introduction

1.1.1 Symbiotic gut microbes

Contribution of microbial fermentation and synthesis of macronutrients is consid-

ered to be important in animals with a high-fiber diet (Stevens and Hume 1998)

where the majority of the dietary carbohydrates cannot be digested by endogenous

enzymes (Annison 1993). e presence of symbiotic microbial communities has

been observed in the guts of herbivorous insects (Dillon and Dillon 2004), ma-

rine invertebrates (Harris 1993), birds (Kohl 2012), reptiles (Bjorndal 1997), fish

(Rimmer and Wiebe 1987, Clements 1991, Clements and Choat 1995, Seeto et al.

1996, Clements 1997, Mountfort et al. 2002, Moran et al. 2005), and mammals

(Ley et al. 2008). ese symbiotic microbes can provide energy in the form of

short-chain fatty acids (SCFAs) to host animals through the fermentation of re-

fractory carbohydrates (Bjorndal 1997, Skea et al. 2005, Karasov and Martínez del

Rio 2007, Clements et al. 2009, den Besten et al. 2013). In vertebrates, herbivo-

rous animals that have microbial symbionts can be found throughout the digestive

system but are usually concentrated in the foregut or hindgut of the animal (White

1993b).

Foregut fermenters include ruminant and pseudo-ruminantmammals that have

specialized stomachs where fermentation of plant fiber takes place; i.e. sloths, cer-

tain rodents, some marsupials, the colobine monkeys, and the hoatzin bird (Grajal

et al. 1989, Alexander 1993). Foregut microbes can be digested in the small intes-

tine of these animals and therefore contribute directly to the nitrogen and protein

nutrition in these herbivorous organisms (Alexander 1993). Hindgut fermenters

include: herbivorous mammals (Hume 1989, Metges and Petzke 2005, Ley et al.

2008), birds (Waite and Taylor 2014), reptiles (Bjorndal 1997), and fish (Rimmer

and Wiebe 1987, Clements 1991, Clements and Choat 1995, Seeto et al. 1996,

Clements 1997, Mountfort et al. 2002, Moran et al. 2005). Hindgut micro-

biota can be transient or resident, with resident populations possibly playing sym-

biotic roles in digestion for host organisms (Harris 1993, Stevens and Hume 1998).

Hindgut symbionts are present in both caecotrophs (mammals such as rabbits that

ingest their own microbe-rich feces as a part of their diet) and non-caecotrophs,

and they can convert nitrogenous compounds into ammonia (recycle endogenous

2



1.1. Herbivore nutrition

nitrogen from urea), microbial protein (source of essential amino acids), and B vi-

tamins (Foley and Cork 1992, Stevens and Hume 1998, Karasov and Rio 2007).

For caecotrophs, protein from these hindgut microbes are assimilated via the in-

gestion of their specialized, microbially-enriched feces (Foley and Cork 1992). It

is unclear how protein can be assimilated by non-caecotrophs. erefore, little is

known about how much these microorganisms contribute to the overall nitrogen

budget and, more importantly, to the acquisition of protein by these hosts (Alexan-

der 1993, White 1993b).

1.1.2 Microbial protein in non-caecotrophs

e importance of uptake of microbial proteins by non-caecotrophs can vary. In

some birds, up to 2-25% of amino acids such as proline, lysine, leucine, and as-

partate may be taken up from lysed bacteria through the hindgut wall (Obst and

Diamond 1989). While in rats, pigs and humans, 1-20% of lysine (an essential

amino acid) is absorbed from intestinal microbes (Metges 2000, Metges and Pet-

zke 2005). Possible mechanisms for absorption of microbial protein has been ob-

served in the hindguts of very few species through carrier-mediated absorption or

through passive diffusion (Stevens and Hume 1998).

e incorporation ofmicrobial protein in non-caecotrophic hindgut fermenters

must involve the degradation of microbial components in the gut and then absorp-

tion of microbial proteins or amino acids across the hindgut wall (Karasov and

Rio 2007). If the host digested the microbes directly, this would compromise

the symbiotic relationship with the microbial community (Karasov and Rio 2007).

However, if the microbes performed apoptosis (programmed cell death), microbial

proteins could be released within the lumen of the hind gut and made available for

uptake by the host organism (Clements et al. 2009). For example, apoptosis of

giant epulo bacteria in the hindgut of surgeonfish provides a potential source of

microbial protein to the host (Ward et al. 2009). Alternatively, microbial pro-

tein could also be released as a byproduct of predation by eukaryotes on bacteria,

thereby lysing the cells and potentially excreting cellular matter. Ciliates in Naso

tonganus, a tropical herbivorous fish, non-selectively prey on gut flora and digest

3



. General Introduction

the microbes inefficiently, resulting in the release of whole and partially digested

bacteria back into the gut (Grim 2006). Because teleost fishes are able to absorb

amino acids and macromolecules (such as protein) through the hindgut (Sire and

Vernier 1992, Ringø et al. 2003), hindgut fermenting fish have the potential to

assimilate symbiont protein. Although the mechanisms for host absorption of mi-

crobial protein is unclear for most hindgut fermenters, evidence of contributions of

microbial protein to non-mammalian, vertebrate, herbivorous organisms has been

observed in marine turtles (Arthur et al. 2014), but not in herbivorous fish.

1.1.3 Herbivorous fish nutrition

Little is known about herbivorous fish nutrition, especially in relationship to knowl-

edge of terrestrial herbivore digestion, as instances of herbivory are rare in fish

compared to mammals (Galetto and Bellwood 1994, Choat and Clements 1998).

Herbivorous fish consume algae which are analogous to plants in that they are

low in protein content (Montgomery and Gerking 1980, Neighbors and Horn

1991) and are high in indigestible structural carbohydrates (Smith and Douglas

1987). It is believed that fish require 50-300% more protein than terrestrial ver-

tebrates, and therefore, it is perplexing how herbivorous fish survive on a strict

algal diet (Cowey and Sargent 1979, Tacon and Cowey 1985, Wilson and Halver

1986, Pandian 1987, Fris and Horn 1993). Fish need to consume huge amounts of

algae to assimilate enough nitrogen for growth and reproduction (Mattson 1980,

Horn 1989), but they utilize protein sometimes more efficiently than terrestrial

herbivores (Fris and Horn 1993). Some herbivorous reef fish consume feces from

other fish with access to high-quality seaweeds through coprophagy (Robertson

1982). In terrestrial herbivores, some species are able to supplement their nutrition

through hindgut fermentation by symbiotic microbes (Hintz et al. 1978, Harris

1993, Ley et al. 2008), yet very few studies have investigated the role of hindgut

microorganisms in herbivorous fish species (Clements and Choat 1997, Choat and

Clements 1998).

4



1.1. Herbivore nutrition

Hindgut microbes in herbivorous fish

Gastrointestinal microbial communities have been observed in the fish families of

Acanthuridae, Aplodactylidae, Cyprinidae, Kyphosidae, Odacidae, Pomacanthi-

dae, Scorpididae, and Sparidae, and the abundance of gut bacteria in odacids and

kyphosids is similar to that in terrestrial vertebrate herbivores (Clements 1997).

e presence of SCFAs (the end products of microbial fermentation) in the guts

of fish has shown evidence of hindgut fermentation in freshwater fish species (see

review in Clements 1997) and in temperate (Rimmer and Wiebe 1987, Clements

et al. 1994, Mountfort et al. 2002) and tropical marine fishes (Clements and

Choat 1995). ese variations in SCFA proportions suggested that, similar to ter-

restrial vertebrate herbivores, the composition of the diet influences fermentation

(Clements 1997, Stevens and Hume 1998). However, only one study has investi-

gated the rate of fermentation in fish (Mountfort et al. 2002), and little is under-

stood of the contribution of microbial symbionts to host fish nutrition (Karasov

and Rio 2007). erefore, further research into the relationships between host,

diet, and gastrointestinal microorganisms is warranted (Clements 1997, Clements

et al. 2009).

N2-fixation in herbivorous fish

In a recent study, researchers identified diazotrophic (N2-fixing) microbes in the

hindguts of several temperate and tropical hindgut-fermenting, herbivorous fish

species (Bojarski 2014). However, no studies to date have examined the role of

N2-fixation to these host fish species. Associations of eukaryotic host organisms

with nitrogen-fixing bacteria occur in many environments and encompass a wide

range of interaction types (Kneip et al. 2007). Among animals, these relation-

ships have only been documented in invertebrates, with the majority of these as-

sociations occurring in insects such as: termites (Ohkuma and Brune 2010), bark

beetles (Morales-Jiménez et al. 2009), and stag beetles (Kuranouchi et al. 2006)],

and a few examples can be found in the marine system [e.g., urchins (Fong and

Mann 1980, Guerinot 1981) and shipworms (Lechene et al. 2007)]. However, the

nutritional contributions of “new” nitrogen created by these N2-fixing endosym-

5



. General Introduction

bionts to their animal hosts are not well documented (Douglas 2009). is in

part is due to the paucity of experimental research, the limited genetic identifica-

tion of symbiotic microbial species, and limited identification of their functional

and metabolic capabilities (Douglas 2009). However, determination of potential

contribution to the host animal does not equate to actual contribution; therefore,

alternative methods to identify microbial contribution to host organisms should

be employed.

1.2 esis outline and objectives

e goal of this project was to investigate the assimilation of symbiont constituents

by marine herbivorous fishes. Four temperate and seven tropical herbivorous fish

species were selected for this study because they are all known hindgut fermenters

and thus assimilate short-chain fatty acids (SCFA) produced by their hindgut sym-

bionts from the algal diet (Clements et al. 1994, Clements and Choat 1995,

Mountfort et al. 2002). e four temperate reef species included Odax pullus

(butterfish), Kyphosus sydneyanus (silver drummer), Aplodactylus arctidens (marble-

fish), and A. etheridgii (notchhead marblefish) which all represent a spectrum of

reliance on microbial processes in algal digestion (Figure 1.1). For the tropical

reef fishes, more species were selected because of the high diversity of herbivorous

fish represented in the coral reef system (Clements et al. 2009). e surgeon-

fishes: Acanthurus lineatus (lined surgeonfish), Naso tonganus (bulbnose unicorn-

fish), N. unicornis (bluespine unicornfish), and Zebrasoma velifer (sailfish tang);

the rabbitfish: Siganus doliatus (blue-lined rabbitfish); and the drummers: Kypho-

sus cinerascens (blue sea chub), and K. vaigiensis (brassy chub) all display elevated

levels of hindgut fermentation (Figure 1.2; Clements and Choat 1995, Crossman

et al. 2005). Additionally, evidence of N2-fixation within the hindgut microbial

communities has been identified in most of the temperate and tropical fish species

used in this study. erefore, as far as this author is aware, this project is the first

to examine assimilation of microbial protein by marine herbivorous fish species

and the first to investigate the role of N2-fixation by symbiotic organisms within

a vertebrate organism.

6



1.2. esis outline and objectives

Figure .: e four temperate herbivorous species included in this study: A)
Aplodactylus arctidens (marblefish), B) A. etheridgii (notchhead marblefish), C)
Kyphosus sydneyanus (silver drummer), and D) Odax pullus (butterfish). (Images
created by Vivian L Ward)
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. General Introduction

Figure .: e drummers: A) Kyphosus cinerascens (blue sea chub), and B) K.
vaigiensis (brassy chub); the surgeonfishes: C) Acanthurus lineatus (lined surgeon-
fish), D) Zebrasoma velifer (sailfish tang), E)Naso tonganus (bulbnose unicornfish),
F) N. unicornis (bluespine unicornfish); and the rabbitfish: G) Siganus doliatus
(blue-lined rabbitfish) represent the tropical herbivorous fish species sampled in
this study. (Images created by Vivian L Ward)

e uptake of symbiont protein in tropical and temperate marine herbivorous

fishes was examined using multiple methods (Figure 1.3). Stable isotope analysis

(SIA), and compound specific isotope analysis for amino acid analysis (CSIA-AA)

for both nitrogen and carbon were applied to determine both the relative quanti-

tative uptake by host fishes of dietary and symbiont constituents and to examine

the potential qualitative contribution of microbial-derived protein to the host.

1.2.1 Microbial pellet isolation (Chapter 2)

It was imperative that a method for separating hindgut microbiota from other com-

ponents in fish hindgut contents (e.g., algae, arthropods, diatoms, gut fluid, etc.)
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1.2. esis outline and objectives

Figure .: Potential nutritional and biochemical pathways (arrows) for protein
in marine herbivorous fishes and proposed methods associated with these (yellow
boxes). SIA = Stable isotope analysis and CSIA-AA = Compound specific isotope
analysis for amino acids.

was identified, tested and applied to all stable isotope analyses. Without obtaining

a “pure” microbial pellet from the guts material found in these fish, our analyses

would not be solely representative of the symbiotic microbial community of the

sampled fishes, and the results of any stable isotope analysis would be confounded.

Many techniques have been developed to isolate microbes from gut contents in

other animals, including ruminants and humans (Stephen and Cummings 1980,

Merry and McAllan 1983, Macfarlane and Englyst 1986, Martin et al. 1994,

Volden and Harstad 1998), but many of these are either costly (requiring special-

ized equipment and reagents) and/or time consuming, and cannot be performed in

the field. Several methods of separation were developed and tested to extract the

microbial populations from the gut contents of the fish until verifiable techniques

were identified. ese methods included density gradients with the addition of

Percoll™ [non-dialyzable polyvinylpyrrolidone (PVP) coated silica particles] and

modifications of previously published centrifugation techniques (Seeto et al. 1996,

Skea et al. 2005).

1.2.2 Bulk Stable Isotope Analysis (Chapter 3)

Stable isotope analysis (SIA) has been used extensively in ecosystem studies for

more than 30 years as a tool to determine diet composition and to estimate trophic

9



. General Introduction

positions (TP) of organisms within food webs (Peterson and Fry 1987, Michener

and Schell 1994), and can be applied to a variety of taxa within all types of en-

vironments (Boecklen et al. 2011). Most stable isotope approaches utilize the

natural variations in stable isotope ratios that are derived from physical, chemi-

cal, and biological processes generated during primary production and subsequent

heterotrophic fractionation of isotopes (Craig 1953).

e SIA of carbon and nitrogen stable isotope are most frequently employed

for ecological studies. is is because the ratios of carbon (13C/12C) and nitro-

gen (15N/14N) tend to change in predicable ways. e isotopic value of carbon

(δ13C) in a consumer reflects the composition of the inorganic carbon substrate

used and the photosynthetic pathway involved by the primary producer, and there-

fore, fractionation of the isotope is relatively low between diet and consumer (0-

1‰ DeNiro and Epstein 1978). e isotopic value of nitrogen (δ15N) increases

trophically from diet to consumer and was thought to have relatively consistent

fractionation values (i.e. trophic discrimination factors; TDFs) within ecosystems

(Deniro and Epstein 1981, Minagawa and Wada 1984). However, the variance

in TDFs for both carbon (∆13C) and nitrogen (∆15N) has received recent atten-

tion as it appears to depend on several factors, such as: the form of excretion, the

diet, the tissue used in analysis, the taxon, and the environment (Vander Zanden

and Rasmussen 2001, Post 2002, Caut et al. 2009, Caut et al. 2010, Boecklen et

al. 2011, Vander Zanden et al. 2015). erefore, direct measurement of dietary

sources to empirically determine TDFs between consumer and diet has been called

for to further the understanding of trophic fractionations in carbon and nitrogen

stable isotopes between taxa, trophic levels, and environments (Caut et al. 2010,

Boecklen et al. 2011).

Another recent caveat in SIA studies is the use of lipid extraction on samples to

normalise samples for carbon SIA. Lipids can cause variation across sample types

because they tend to be depleted in 13C (DeNiro and Epstein 1977, DeNiro and

Epstein 1978, Focken and Becker 1998). By removing the lipids from samples

before SIA analysis, one can remove the variation induced by differences in lipid

composition. However, many studies have either confirmed or rejected any benefit

10



1.2. esis outline and objectives

of lipid extraction in SIA (Post et al. 2007, Boecklen et al. 2011). erefore,

experimental tests should be used to determine whether a) the lipid composition

of the samples used in a study alters the δ13C value, b) lipid extraction improves

or increases the variation found for δ13C, and c) the extraction method used does

not affect the δ15N value.

In order to examine the relationships among host fish tissues and their dietary

and symbiont constituents, bulk SIA was used to identify carbon and nitrogen sta-

ble isotope values (δ13C and δ15N) for fish tissue (muscle and liver), dietary algae,

and hindgut microbes (Chapter 3). Before using this approach, a subset of sam-

ples were used to determine the appropriateness of lipid extraction in this analysis.

Additionally, stomach/foregut contents were sampled from a subset of specimens

to find whether they could be used as a proxy for algal diet in SIA. By compar-

ing stomach/foregut contents to specimens of potential dietary algal species, any

effects of ingestion on algae to stable isotopic values could be determined. Finally,

empirical values for TDFs were determined and compared to the carbon and ni-

trogen constants typically used in stable isotope studies. ese empirically derived

TDFs were also compared to values calculated from a model that has recently

been suggested as an alternative to using the traditional TDF constants (Caut et

al. 2009).

1.2.3 Compound Specific Isotope Analysis- (Chapters 4 and 5)

When determining the effects of multiple dietary sources and differences in frac-

tionation within a consumer, interpretation of bulk δ15N and δ13C can be prob-

lematic (Peterson 1999). Recent advances in compound-specific isotopic analysis

(CSIA) has made possible the direct measurements of δ15N and δ13C on certain

compounds or molecules, specifically amino acids (Macko et al. 1987). e carbon

and nitrogen isotopes determined using CSIA for AAs (CSIA-AA) reflect both

the dietary sources and metabolic processes of the target species (Boecklen et al.

2011) and can therefore be used to better understand the contribution of dietary

protein sources to the consumer (Newsome et al. 2011)
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Nitrogen CSIA-AA

Similar to bulk δ15N, the δ15N values of certain individual amino acids (AA)

show evidence of trophic fractionation occurring from diet to consumer (McClel-

land and Montoya 2002, McClelland et al. 2003), and the δ15N for specific AAs

may determine the δ15Nbaseline value (δ15N value expected for the baseline organ-

ism) for a species (McMahon et al. 2013). Trophic fractionations in bulk δ15N

are created by varying patterns of fractionation among specific AAs. ese AAs

can experience large isotopic fractionation through transamination/deamination

and are termed “trophic” AAs. Conversely, AAs that show little to no fraction-

ation between δ15Nbaseline and δ15N of the consumer are termed “source” AAs

(Chikaraishi et al. 2007, Chikaraishi et al. 2009). Trophic position (TP), simi-

lar to the TP found using bulk δ15N, can be estimated using the δ15N of specific

trophic and source AAs determined through CSIA (TPCSIA; McClelland and

Montoya 2002, Popp et al. 2007, Chikaraishi et al. 2009). ese trophic posi-

tions are typically estimated from constants (e.g. TDFs) determined from previ-

ous studies (McClelland and Montoya 2002, Chikaraishi et al. 2009, Chikaraishi

et al. 2010) and have garnered recent attention for their discrepancy with empir-

ical values calculated using known consumer and diet CSIA-AA values for δ15N

(Bradley et al. 2015, McMahon et al. 2015, Nielsen et al. 2015) .

erefore, in Chapter 4, nitrogen CSIA-AA was used to investigate the pos-

sible contribution of symbiotic microbial AAs to host protein nutrition through

the patterns that could be identified in trophic and source AAs among the fish

tissues, the algal diet, and the microbial symbionts. Also through this analysis a

closer examination of differences between fish tissue types (muscle and liver) was

conducted. Additionally, because evidence of N2-fixation by hindgut microbes

has been identified in these fish species, this analysis was used to seek out any evi-

dence showing this “new” nitrogen contributing to microbial protein and therefore

to the host. Finally, similar to the aims of the bulk δ15N analyses, empirical calcu-

lations of TDFs were determined and compared to those values typically used in

determination of TPs.
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Carbon CSIA-AA

Typically, the bulk SIA value for carbon for a consumer reflects that of its diet due

to the relatively small amount of fractionation that occurs (0-1‰ ; DeNiro and

Epstein 1978). However, significant variation in this fractionation (∆13C) can

occur depending on consumer taxa, dietary sources and the tissues used in analysis

(Gannes et al. 1997). Furthermore, the carbon skeletons of proteins, lipids, and

carbohydrates from the diet can be routed into different tissue constituents through

isotopic routing causing the bulk δ13C values for consumer and diet sources to dif-

fer (Schwarcz 1991). However, carbon CSIA-AA can provide much more infor-

mation than bulk SIA for carbon and can determine the sources of protein in the

diet, and more specifically the sources of essential AAs (EAAs), the AAs which

cannot be biosynthesized in animals butmust come directly from their diets (Reeds

2000, Howland et al. 2003, McMahon et al. 2010). Additionally, Newsome et al.

(2011) determined that contributions of EAAs from microbial symbionts could be

detected if the discrimination of the δ13C values of EAAs (∆13CEAA) between

the diet and the consumer was greater than the assumed analytical error of 1‰ .

Furthermore, they found that consumer δ13CEAA values that fall below the bulk

δ13C values for the diet but above the δ13CEAA of diet are also an indication of

microbial EAA contribution. erefore, Chapter 5 examines the potential contri-

bution of symbiotic microbial protein to the host fish through the δ13CEAA values

of fish tissues and dietary sources (algal diet and hindgut microbes). Additionally,

evidence of heterotrophic re-working of carbon skeletons by hindgut microbes is

determined through the patterns derived from the δ13C values of non-essential

AAs (NEAAs) of the hindgut microbes as compared to the algal diet.

Finally, for Chapters 4 and 5, an isotope mixing model was used to quan-

tify the contribution of microbial protein to the host fish species in this study.

e Bayesian mixing model FRUITS (Food Reconstruction Using Isotopic Trans-

ferred Signals) determines the contributions of the algal diet and microbial sym-

bionts to fish muscle tissues. One of the conditions of using FRUITS is that the

identified dietary sources should be significantly different for the chemical com-

ponents used in the analysis (Fernandes et al. 2014). erefore, only those fish
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species which exhibit statistically different stable isotope values between algal diet

and microbial pellets can be used in this analysis.

Together these chapters aim to provide evidence of contribution from symbi-

otic microbial protein to herbivorous host fish nutrition. Additionally, this study

strives to determine any contribution of “new” nitrogen produced through N2-

fixation by gut microbiota to the nitrogen nutrition of the host fish. Chapter 6 as-

similates all of the results from previous chapters to present the overall conclusions

of this study and the significance of these findings in furthering our understanding

of the importance of hindgut symbionts to temperate and tropical fish species in

particular, and to host organisms in general.

14



Methods for isolating symbiotic gastrointestinal

microorganisms for stable isotope analysis 2

2.1 Introduction

Stable isotope analysis (SIA) is a powerful tool for examining the dietary input

of many species (Peterson and Fry 1987, Fry 1988), and by using mixing mod-

els, one can determine the proportional contribution of each diet item (Martínez

del Rio et al. 2009). is type of analysis can be used to investigate the impor-

tance of even the smallest organisms and nutritional inputs, e.g. plankton, bacteria,

biofilm, detritus, etc. (Berglund et al. 2007, Limén et al. 2007, Majdi et al. 2012).

More specifically, stable isotope analysis can be used to identify contribution of

nutritional inputs by symbiotic hindgut bacteria in host organisms (Zoetendal et

al. 2004). However, these types of investigations depend on capturing a clear

signal from target diet items without contamination from other source materials

(Boschker et al. 1999).

To investigate the role of hindgut microbes in supplying protein to herbivo-

rous fishes, I treated the algal diet of the fish (stomach/foregut contents) and the

hindgut microbiota as potential nutritional sources and applied SIA and CSIA-

AA to estimate the relative contribution of these sources. To do that, it was im-
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. Isolating symbiotic gastrointestinal microorganisms

perative that I identified a method for separating hindgut microbiota from other

components in fish hindgut contents, e.g., algae, arthropods, diatoms, gut fluid,

etc. A pure microbial pellet was required to reflect the isotopic signals from the

hindgut microbiota of the sampled fishes and avoid confounding the results of any

stable isotope analyses. Although many techniques have been developed to isolate

microbes from gut contents in animals such as ruminants (Merry and McAllan

1983, Martin et al. 1994, Volden and Harstad 1998) humans (Stephen and Cum-

mings 1980, Macfarlane and Englyst 1986) and fish (Seeto et al. 1996, Skea et

al. 2005), for many other types of analyses (e.g., nutritional, microbial concentra-

tion, microbial identification, fermentation rates, etc.), many of these are either

costly (requiring specialized equipment and reagents) and/or time consuming; for

example, the method developed by Seeto et al. (1996) constitutes a combined

centrifugation time of 200 minutes and cannot be performed in the field. Several

methods of separation were tested to determine the best extraction method for iso-

lating microbial pellets from the whole hindgut contents of one temperate and one

tropical herbivorous fish species including (i) a simple pelleting method [modified

from Skea et al. (2005)], (ii) density gradient centrifugation with the addition of

Percoll™ (non-dialyzable polyvinylpyrrolidone (PVP) coated silica particles), and

(iii) serial centrifugation methods using fixed and swinging-bucket rotors.

2.2 Methods

2.2.1 Specimen collection and processing

2.2.1.1 Temperate rocky reef fish species

Individuals from the temperate reef fish species,Kyphosus sydneyanus (family Kyphosi-

dae) were collected from shallow subtidal reefs by spear, using the University of

Auckland’s research vessel, RV Hawere. All specimens were collected at Great

Barrier Island, Hauraki Gulf, New Zealand (36° 4’S, 175°20’E), during several

sampling trips from November 2010-December 2013. Fish were removed from

the water immediately following capture, and the anus of the fish was clamped by

artery forceps to prevent any loss of gut material and undue movement of mate-
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2.2. Methods

Figure .: e gut of a K. sydneyanus specimen divided into five sections. Labels
indicate section I (stomach/foregut), and hindgut sections III, IV, and V.

rial within the gastrointestinal tract. e specimens were then pithed, measured,

weighed, and dissected as approved by the University of Auckland Animal Ethics

Committee protocols AEC/2009/R717 and AEC/2012/R1009. e entire ali-

mentary tract was removed and divided into five sections (I-V) labelled anteriorly

to posteriorly as described in Clements and Choat (1997; see Figure 1). Gut con-

tents from sections III, IV, and V were collected separately and sieved through a

layer of muslin to remove all large algal fragments from the gut fluid. Large frag-

ments collected in the muslin were discarded. e remaining gut fluid was then

processed using one of the pelleting methods to be tested.
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2.2.1.2 Tropical fish species

Specimens of the tropical kyphosid, Kyphosus cinerascens, were collected by spear at

outer reefs near Lizard Island, Great Barrier Reef, Queensland, Australia (14°34’S,

145°36’E) in February 2011 and January 2012. We removed fish from the water

and placed them immediately on ice for processing at the nearby Lizard Island Re-

search Station under the approval of James Cook University Animal Ethics Com-

mittee A1641 and A2027, Queensland Fisheries Permit # 103256, and the Great

Barrier Reef Marine Protected Area Permit G10/33239.

All fish were treated as above (section 2.2.1). Gut fluid was retained and pro-

cessed using the swinging-rotor centrifugation method below (2.2.4).

2.2.2 Pelleting methods

2.2.2.1 Simple pelleting method

e simple pelleting method was based on the method described in Skea et al.

(2005). e gut fluid of three species of temperate reef fish (K. sydneyanus, A. arc-

tidens, and A. etheridgii) was transferred to 1.5 mL tubes and spun at 10,000 RCF

for five minutes in a fixed rotor centrifuge (Hettich Mikro 200R). e resulting

supernatant (gut fluid) and pellet (microbial pellet) were separated and frozen im-

mediately in liquid nitrogen.

Following transport back to the laboratory in liquid nitrogen, microbial pellets

were thawed and then examined microscopically using a fluorescence microscope

to determine purity of the pellets for bacteria.

2.2.2.2 Percoll™ pelleting method

Percoll™ was used to form a self-generated gradient through centrifugation to sep-

arate bacteria from other cells and subcellular particles isopycnically. Percoll™ con-

sists of colloidal silica particles of 15-30 nm diameter coated with polyvinylpyrroli-

done (PVP), a water-soluble polymermade from themonomerN-vinylpyrrolidone.

Gradients were created based on the method described in Lindqvist (1997). Spec-

imens of K. sydneyanus were processed as described in section 2.2.1 and then the
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Figure .: Layers generated by isopycnically-created gradient using the Percoll™
pelleting method.

gut fluid from each section was transferred to 2mL tubes and spun in a fixed rotor

centrifuge (Hettich Mikro 200R) at 7000 RCF for ten minutes. e supernatant

was retained as gut fluid and placed into 15mL tubes and frozen in liquid nitrogen.

Pellets were resuspended in 1mL Phosphate Buffered Saline, pH 7.4 (PBS; Sigma

P3813). A 0.9mL aliquot of resuspended material (homogenate) was placed in

a 1.5mL tube, and a 0.6mL 50% Percoll/PBS mixture was layered on to the ho-

mogenate. e tube was then spun at 10,000 RCF for 10 minutes. Each layer

created was microscopically examined to determine the identity of the microbial

layer. Layers that resembled white, flocculent material contained the highest con-

centration of bacterial content, while other layers (usually tan to dark brown or

green in colour) contained diatoms, algae, and invertebrate parts (Figure 2.2). e

microbial layer was removed by pipette and washed twice with 1mL of PBS to

remove the Percoll™. e final pellet was then frozen in liquid nitrogen and then

processed for SIA as described below (section 2.2.4).
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2.2.2.3 Serial centrifugation methods

Serial centrifugation methods were developed using two types of rotor designs,

the fixed rotor and the swinging bucket rotor. Although the swinging bucket ro-

tor would have been sufficient and perhaps preferable for all microbial pellet iso-

lations, I employed the fixed rotor centrifuge to process samples in the field. All

specimens of the temperate rocky reef species, K. sydneyanus, were collected and

then processed immediately onboard a research vessel during several two to three

day collecting trips. Because of the continuous motion experienced onboard a ves-

sel, the swinging bucket rotor could not be used as it could become unbalanced,

disrupting the centrifugation process and becoming a potential hazard to everyone

nearby. erefore, the fixed rotor centrifuge was employed as it was more stable,

more compact, and could provide the centrifugation necessary to process the fish

gut material.

Fixed Rotor Centrifuge

For the serial centrifugation method using a fixed rotor centrifuge, gut fluid

fromK. sydneyanus was collected as described above (section 2.2.1) and transferred

to 2mL tubes and spun at 7000 RCF in a fixed rotor centrifuge (Hettich Mikro

200R) for 10 minutes. For O. pullus, a 50% dilution with PBS buffer was nec-

essary due to the extreme viscosity of the gut fluid. e supernatant (gut fluid)

was placed in 15mL tubes and frozen in liquid nitrogen. e remaining pellets

were re-suspended in PBS buffer using a Dremel 300 Series rotary tool with a

custom-made vortex bit, and were then centrifuged at 3000 RCF for 3 minutes.

is process was performed twice to isolate the bacteria from each section. For

each spin, the supernatants were collected and the pellets discarded. After the sec-

ond centrifugation at this speed, the supernatant was collected, and the vials were

then spun at 10,000 RCF for ten minutes. e pellets were retained and frozen in

liquid nitrogen for transport (Figure 2.3).

In addition, we collectedK. sydneyanus hindgut contents directly from sections

III, IV, and V without manipulation (whole gut contents) to compare to the bac-

terial pellets above.

Swinging Bucket Centrifuge
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For the swinging bucket centrifugation, fish were processed as described in

section 2.2.1. Gut fluid from sections III, IV and V was placed in 15mL tubes and

centrifuged at 3000RCF for 7minutes in a swinging bucket centrifuge (Eppendorf

model 5702).

At this stage, pellets were kept for processing, while the supernatant (gut fluid)

was retained from each section and frozen in liquid nitrogen. Pellets were then re-

suspended in PBS using a vortex at low to medium speed to limit lysis of microbial

cells. Two further spins were performed at 100 RCF for 3.5 minutes. For each

spin, the supernatant was retained and the pelleted material discarded. e final

spin was at 3000 RCF for 10 minutes. ese final pellets (i.e. microbial pellets)

were frozen in liquid nitrogen and the supernatant discarded (Figure 2.3).
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Figure .: Flow chart displaying stepwise protocol of serial centrifugation
method for two different rotor types (fixed and swinging bucket) and the result-
ing pellets formed at each step. Phase contrast images show material from section
V of Kyphosus sydneyanus (fixed rotor) and section IV of K. cinerascens (swinging
bucket).

2.2.3 Microscopy

Pellet samples from all three methods were examined microscopically to determine

concentration and purity of bacteria visually. Algal chloroplasts autofluoresce un-

der different wavelengths of UV-light, and epifluorescence can thus be used to

determine the proportion of algal cells remaining in pellets (Wilde and Fliermans

1979). We photographed samples using white light and epifluorescence for the

simple pelleting method (i.e. on temperate fish species), and phase contrast imag-

ing for both the temperate and tropical fish species at each step along the centrifu-

gation process (temperate: Leica DMRE light microscope; tropical: Leitz Dialux

22 compound microscope).

Post-hoc transmission electron microscopy (TEM) was used for the Percoll™

gradient derived microbial pellets to investigate possible Percoll™ colloidal silica
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residue in the samples. Samples were negative-stained using 2% aqueous uranyl

acetate on parlodion-coated 400-mesh copper grids. TEM was performed on a

Philips model CM12 operating at 120 kV, using a Gatan Bioscan digital camera.

2.2.4 Stable Isotope Analysis

Whole gut contents from section I and pelleted bacterial samples from all meth-

ods were lyophilized and cryogenically ground using an MM301 ball mill (Retsch).

Bacterial pellets for hindgut sections III, IV, and V of a Kyphosus sydneyanus indi-

vidual generated using both the simple and Percoll™ pelleting methods were sent

to Waikato Stable Isotope Unit at the University of Waikato for nitrogen (δ15N)

stable isotope and % nitrogen analyses. Percoll™ was also analyzed to determine

δ15N and % N.

All gut material collected from sections I, III, IV, and V from K. sydneyanus

and K. cinerascens for the fixed rotor and swinging bucket centrifugation methods,

respectively, was weighed into tin (Sn) capsules (∼3 mg) and shipped to Univer-

sity of California at Davis Stable Isotope Facility for carbon (δ13C) and nitrogen

(δ15N) stable isotope analyses and for % carbon and nitrogen.

Nitrogen and carbon isotope ratios are expressed in parts per thousand (per

mille, % ) relative to air and Pee Dee Belemnite (V-PDB) international standards,

respectively. ese ratios are calculated using the following formula:

δX = [(Rsample/Rstandard)− 1]× 1000

where X is either 15N or 13C and R is the ratio of the heavier isotope to the lighter

isotope (15N/14N; 13C/12C).

2.2.5 Statistical Analysis

Comparisons among section I and the microbial pellets from sections III, IV, and

V were performed using univariate permutation-based analysis of variance (PER-

MANOVA) conducted (using 9999 permutations) onEuclidian distance similarity

matrices for δ15N and δ13C stable isotope values in Primer v.7 (Anderson 2005).
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To test for homogeneity of dispersions, a PERMODISP was performed (analo-

gous to a Levene’s test). If the assumption of homogeneity was not met, the data

were normalized before PERMANOVA analysis. If a significant difference was

found (α = 0.05), post hoc pairwise comparisons were performed among section I

and the microbial pellets from sections III, IV, and V for each species. Monte

Carlo test values are reported for the pairwise test function in PERMANOVA if

low numbers of unique permutations (i.e. fewer than 100) were obtained (Ander-

son 2005).

Ratios of percent carbon and nitrogen (C:N) were analysed using a one-way

Analysis of Variance (ANOVA) in SPSS (v21) after assumptions of normality and

homogeneity were tested using Shapiro-Wilk’s and Levene’s tests, respectively.

Differences between sample types were determined using a post hoc Turkey’s HSD

(Honestly Significant Difference) test in SPSS (v21).

2.3 Results

2.3.1 Simple PelletingMethod

e simple pelleting method did not separate endosymbiotic bacteria from other

material in gut contents of the temperate fish species, K. sydneyanus. Microscopic

examination of the final pellets revealed the presence of high concentrations of non-

microbial cellular material such as unidentified marine invertebrate exoskeletons,

algae, and diatoms (Figure 2.3; A, B, and D). e epifluorescence showed clear

evidence of algal material fluorescing within the samples (Figure 2.3; C).

2.3.2 Percoll™ PelletingMethod

e Percoll™ pelleting method achieved “clean” microbial pellets with little non-

microbial material and little to no autofluorescence of algal material (i.e., chloro-

plasts). However, δ15N stable isotope and % N analysis showed dramatic differ-

ences between the simple pelleting method and pellets produced using the Per-

coll™ pelleting method on microbial pellet samples from a K. sydneyanus individ-

ual. Stable isotope analysis showed lowered values of δ15N in Percoll™ pellets
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Figure .: Microscopic photographs of bacterial pellets from Section IV of
Kyphosus sydneyanus generated using the simple pelleting method. Algal and in-
vertebrate fragments and diatoms are evident in A, B, and D (examples indicated
by arrows). C is an epifluorescencemicrograph of B showing fluorescent algal cells.
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Table 2.1: δ15N stable isotope values and % nitrogen for microbial pellets pro-
duced by the Percoll™ method, simple pelleting method (Simple Pellet) and the
centrifugation method (Centrifuge) for hindgut sections III, IV and V of Kyphosus
sydneyanus. Results from Percoll™ without addition of gut contents shown as “No
Pellet”. Error for centrifugation method is ±SE.

from all hindgut sections while % N was greatly reduced in sections IV and V

(Table 2.1). Percoll™ alone had a much lower δ15N of 1.69‰ , and a lowered

nitrogen content of -2.66 (Table 2.1).

A post hoc examination of the samples obtained using the Percoll™ pelleting

method using scanning electron microscopy showed solid evidence of Percoll™

colloidal silica remaining in the pellets (Figure 2.4).

2.3.3 Fixed Rotor and Swinging Bucket CentrifugationMethod

2.3.3.1 Microscopy

rough microscopy we saw serial concentrations from the raw pellet to the fi-

nal pellet through the centrifugation methods applied. Photographic evidence

from the centrifugation methods for both the swinging bucket and the fixed rotor

centrifuge methods depicted concentration and purification of the microbial flora

from the hindgut samples (Figure 2.2). e majority of non-bacterial material was

removed by the process, and the autofluorescence of algal material (chloroplasts)

in pellets was almost completely eradicated. At the end of the centrifugation steps

the bacteria were still alive, intact and motile, suggesting that little lysis of bacterial

cells occurred throughout the pelleting process.
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Figure .: Micrograph of a microbial pellet derived by the Percoll™ pelleting
method showing evidence of a dense Percoll™ colloidal silica residue.

2.3.3.2 Stable Isotopes

In K. sydneyanus, we found a significant difference (p = 0.003) between section I

and all pellets from sections III-V for δ15N but not δ13C (p=0.670; Figure 2.6, A;

Appendix A.1 and A.3).

A post hoc pairwise comparison for δ15N revealed differences between section

I and the microbial pellets from sections III (p = 0.011), IV, (p = 0.001) and V (p

= 0.002). Additionally, section I (algal diet) was more enriched in δ15N than the

microbial pellets (Figure 2.6, Appendix A.2).

Analyses of the gut samples from the tropical fish species K. cinerascens re-

vealed significant differences between section I and hindgut microbial pellets for
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δ15N (p=0.048) but not δ13C (p=0.067; Figure 2.6, A; Appendix A.4 and A.6). A

post hoc pairwise comparison showed significant differences between only section

I and hindgut microbial pellets from section IV (p=0.016). IV and V-pellets were

depleted in δ15N relative to the algal diet value but the III-pellet was very similar

to section I contents (Figure 2.6, B; Appendix A.5).

2.3.3.3 C:N Ratio

e C:N ratios differed significantly among all samples for both Kyphosus syd-

neyanus and K. cinerascens (p<0.001; Fig 2.7; Appendix A.7 and A.9). In K. syd-

neyanus, the section I contents had a greater C:N ratio (14.3± 2.4) than the section

III-V pellets (5.4 ± 1.6, 4.8 ± 0.7, and 5.8 ± 0.8, respectively). K. cinerascens sec-

tion I contents also had a greater C:N ratio (11.42± 2.4) in than the section III-V

pellets (4.8 ± 0.66, 4.8 ± 1.4, and 5.2 ± 1.3, respectively).

I found significant differences in C:N values between section I and all microbial

pellets (sections III-V) for both K. sydneyanus and K. cinerascens using post hoc

analyses (Tukey’s HSD test; Appendix A.8 and A.10), although microbial pellets

did not differ from each other.

When comparing the C:N ratio of K. sydneyanus hindgut bacterial pellets and

stomach contents (I-contents) with whole gut contents from the hindgut sections,

we found a significant difference among samples (Figure 2.8, Appendix A.11),

while a post hoc Tukey’s HSD test showed significant differences in the stomach

contents and raw material with the pelleted bacteria (Appendix A.12) using the

serial centrifugation method above (p<0.001; Figure 2.8).

2.4 Discussion

Examination of different dietary inputs using stable isotope analysis and mixing

models can estimate the importance of unknown nutritional contributions from

different diet sources (Peterson and Fry 1987, Boecklen et al. 2011). However,

caution must be used when collecting samples used for analysis to ensure purity of

the potential dietary inputs, especially when working with microscopic organisms.

Here we tested several techniques to isolate bacteria from other material present
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Figure .: Mean (± SE) bulk carbon (δ13C) and nitrogen (δ15N) stable isotope
values for section I (algal diet) and sections III, IV, and V (microbial pellets) for
A) Kyphosus sydneyanus and B) K. cinerascens. (n) = sample size. e letters a and b
indicate significant differences among sample types for δ15N only. No significant
differences were found for δ13C.
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2.4. Discussion

Figure .: Mean % C and % N (± SE) for section I contents (Algal Diet) and
sections III, IV, and V microbial pellets for A) Kyphosus sydneyanus and B) K. cin-
erascens. Sample numbers are in parentheses. e letters a and b indicate signifi-
cant differences in the C:N ratio (α = 0.05).

in the hindgut contents of herbivorous fishes in order to examine the relative nutri-

tional contributions of symbiotic microbes and dietary algae to the fish host. is

chapter demonstrated that using a serial centrifugation method with a fixed or a

swinging bucket rotor was the best of the methods tested to isolate bacteria from

the hindguts of the species sampled.

2.4.1 Simple pelleting method

e simple pelleting method, although the fastest to perform, was not effective

in removing non-bacterial constituents from the hindgut contents of fish. Mi-

croscopy showed many other types of organisms and unwanted materials present

in the processed samples. ese pellets would not be pure enough to represent a

useful bacterial signal for analysis of stable isotopes or percent carbon and nitrogen.
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Figure .: Mean C:N (±SE) of the whole material and bacterial pellets from gut
segments I (Algae), IV, and V [whole gut contents (Whole) and bacterial pellets
(Pellet). e letters a and b indicate significant differences among sample types
(p< 0.001). Dotted line shows C:N value (5.66) recorded for isolated ruminal gut
microbiota (Czerkawski 1986).
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2.4.2 Percoll™ pelleting method

Time intensive and expensive, the Percoll™ pelleting method was effective in re-

moving foreign materials from the bacterial pellets of the hindgut. However, we

saw a reduction of % N and a depletion of δ15N in the samples separated using

this method. ese depleted signals were caused by the presence of Percoll™ re-

maining in the sample as Percoll™ is a silica-based colloidal medium that con-

tains polyvinylpyrrolidone (PVP) which coats the silica particles to allow for low

osmolality and low viscosity (GE Healthcare 2006). However, this PVP contains

inorganic nitrogen which would deplete the 15N value (Haaf et al. 1985). Typical

washing techniques to eliminate the Percoll™ present in the samples could not

remove the Percoll™ completely, and therefore contaminated the isotope values

and chemical composition of the bacterial pellets. Consequently, the results of

these tests suggest that Percoll™ should not be used when performing these types

of analyses, and caution should be employed when using any chemical aids when

performing density gradient separations.

2.4.3 Serial Centrifugation method

e serial centrifugation method proved the best way of the methods examined to

separate bacteria from the other material in fish hindgut samples. For use in stable

isotope analysis, the bacteria of the hindgut sections were successfully isolated and

pelleted using both the fixed and swinging bucket rotors. Our results indicated not

only a clear separation in C:N and δ15N between the pellets and the algal material

obtained from segment I in both K. sydneyanus (fixed rotor) and K. cinerascens

(swinging bucket rotor), but also a significant difference between the raw (whole

gut contents) and the resulting bacterial pellets in C:N for K. sydneyanus.

As seen in Figure 2.7, the raw bacterial pellets reflected the C:N ratio of the

algal material (diet) of segment I, while the bacterial pellets for sections IV and

V were significantly lower. In comparison with other symbiotic gut bacteria, ru-

men microbes were found to have a C:N ratio of 5.65 (Czerkawski 1986), which

matches our results very closely and suggests a thorough separation of the micro-

bial matter in our samples.
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2.5 Conclusion

With the use of SIA becoming progressively important in determining the con-

stituents of dietary inputs to organisms and for our understanding of developing

foodwebs, the need for eradicating error through poor sample preparation is imper-

ative. With questions arising about microbial contributions to ecological systems

and to species themselves, methods must be developed to insure purity of the sam-

ples being analysed. Here, we examined several methods for isolating bacterial pel-

lets from hindgut samples of herbivorous fishes and found only one of the methods

to be effective in purifying samples for microbial materials. Although other meth-

ods have been developed to isolate microbial constituents from gut material, many

of these methods require bulky equipment and/or long processing time and are not

applicable to collection of microbial pellets in the field. Additionally, this method

was developed to try and isolate intact microbial cells to insure isotope values that

represented the microbial community residing in the guts of these fish. With lysis

of the microbial cells, cellular material could be released into the supernatant dur-

ing centrifugation and may alter the outcome of the analysis. erefore, freezing

whole gut contents and processing them at a later time using methods that incor-

porate many reagents, specialized equipment or lengthy processing times would

increase the destruction of cells through the freezing/thawing of the samples. e

serial centrifugation method developed here for fixed and swinging bucket rotors

could be used, not only for gut contents of fishes, but, when modified, applied to

many samples where isolation of bacteria is necessary and careful, efficient collec-

tion of the microbial pellet is required.
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e use of bulk stable isotopes to determine nutritional

sources in marine herbivorous fishes 3

3.1 Introduction

Stable isotope analysis (SIA) is an increasingly popular ecological tool that is used

to understand not only the relationships between consumers and their dietary

sources but to examine the flow of nutrients through a system and within an or-

ganism (Peterson and Fry 1987, Gannes et al. 1998, Kelly and Martínez del Rio

2010). Primarily, nitrogen and carbon stable isotopes are used to determine trophic

positioning of species and to define trophic dynamics of consumers and their di-

etary sources (Peterson and Fry 1987, Martínez del Rio et al. 2009, Boecklen et

al. 2011). In order to understand these relationships, dependable interpretation

of stable isotope ratios is required (Peterson and Fry 1987).

SIA uses a ratio of heavier to lighter isotopes: 15N/14N (δ15N) for nitrogen

and 13C/12C (δ13C) for carbon. e assumption that each trophic level has a

constant increase (termed trophic enrichment) in the heavier isotopes of carbon

(13C) and nitrogen (15N) has been propagated over the last 20 years (Boecklen

et al. 2011). Discrimination factors (values of trophic enrichment between con-

sumer and diet source isotopic values) of 3.4‰ for nitrogen (∆15N) and ∼0.5‰
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for carbon (∆13C) were obtained (Minagawa and Wada 1984, Vander Zanden

and Rasmussen 2001, Post 2002) and used as standard discrimination factors to

determine consumer-diet relationships regardless of species type and environment

(Caut et al. 2009). However, many studies have shown these values to be incon-

sistent with empirical discrimination factors determined between consumers and

diets at different trophic levels within various systems (Caut et al. 2009). Dis-

crimination factors range from less than -1 to more than 5‰ for ∆15N (Peterson

and Fry 1987, Post 2002, McCutchan et al. 2003), and 0 to 1.5‰ for ∆13C

(Schwamborn et al. 2002). Discrimination factors can also vary greatly between

consumer tissue types (e.g. muscle, liver, blood, etc.) and end member organisms

(i.e. dietary source species; Tieszen et al. 1983, Hobson and Clark 1992, Sweeting

et al. 2005, Caut et al. 2009, Kelly and Martínez del Rio 2010, Wolf et al. 2015).

As a result, determining correct discrimination factors and closely examining all

potential dietary sources is essential to correctly evaluate trophic relationships be-

tween consumer tissues and end members within ecological communities (Barnes

et al. 2007).

Variation in discrimination factors is also found among different feeding strate-

gies and diet types (McCutchan et al. 2003, Davis et al. 2012). For fish species,

studies conducted in aquatic ecosystems identified significant differences between

carnivorous and herbivorous fishes in nitrogen discrimination factors ( Jennings et

al. 1997, Sweeting 2004, Wyatt et al. 2010, Bloomfield et al. 2011). A few

of these studies noted unexpectedly high ∆15N and/or δ15N values in herbivo-

rous fishes, leading researchers to conclude that either 1) herbivorous fish must

incorporate more animal protein in their diet than previously observed ( Jennings

et al. 1997, Pinnegar and Polunin 2000, Carseldine and Tibbetts 2005), or 2) her-

bivores consume a high daily ration of food, which can amount to 20% of body

weight daily compared to 3-4% in carnivores (Horn 1989, Mill et al. 2007). How-

ever, these conclusions disregard the finding that some herbivorous fish assimi-

late short-chain fatty acids (SCFA) produced via hindgut fermentation by symbi-

otic microbes (Clements et al. 1994, Clements and Choat 1995, Mountfort et al.

2002). rough fermentation, these microbes may produce enriched carbon rela-
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tive to the algal diet as they are processing unassimilable algal constituents such as

mannitol into usable substrates like short-chain fatty acids (SCFA) from the algal

diet (Seeto et al. 1996, Mountfort et al. 2002, Zemke-White et al. 2002). ese

host fishes may possibly also take up microbial protein (Clements et al. 2009, New-

some et al. 2011), supplementing the relatively nitrogen-poor algal diet (Atkinson

and Smith 1983).

Symbiotic microorganisms in the hindgut can also play a critical role in the

nutrition of host vertebrates through their role in protein metabolism. Microbial

communities contribute to host protein uptake in hindgut-fermenting caecotrophs,

such as the guinea pig, through the host animal’s consumption of protein-rich

microbial faecal pellets (Foley and Cork 1992, Karasov et al. 2007). Foregut-

fermenting ruminants, such as cows and sheep, also digest a portion of the rumen

flora each day (Chen and Holmes 1995), but by direct passage from the rumen to

the distal gastrointestinal tract rather than through caecotrophy. Microbial pro-

tein uptake has also been shown in non-caecotrophic hindgut-fermenters such as

pigs, rats and humans, although the mechanism is unclear (Torrallardona et al.

2003, Davila et al. 2013). Some studies suggest host assimilation of essential

amino acids (EAA) synthesised de novo by the intestinal microbiota from nitrogen

sources derived from endogenous amino acids, ammonia and urea (Metges 2000).

Furthermore, carbohydrates that cannot be degraded by host enzymes and are ex-

ploited by gut microbiota are used to produce microbial EAA that can be utilized

by the host (Torrallardona et al. 2003) as another potential source of microbial

nitrogen.

e fish species in this study were selected on the basis that they are all hindgut

fermenters and thus assimilate short-chain fatty acids (SCFA) produced by their

hindgut symbionts from the algal diet (Clements et al. 1994, Clements and Choat

1995, Mountfort et al. 2002). ese gut microbiota also have the potential to con-

tribute to the nitrogen economy of host marine herbivorous fishes as described

above. Additionally, diazotrophic (N2-fixing) microbes have been identified from

the hindguts of these species (Bojarski 2014). erefore, sources of depleted nitro-

gen for the hindgut microbiota in these fishes may be derived from a) microbial
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N2-fixation creating “new” nitrogen, and/or b) from low molecular weight organic

nitrogen (e.g. amino acids and ammonia) derived from intestinal nitrogen recy-

cling (Metges 2000, Davila et al. 2013). e microbial products from both of

these processes could potentially be assimilated by the host fish species.

Examples of uptake of depleted nitrogen are known from both terrestrial and

marine invertebrates. Wood-eating termites feed on a diet depleted in nitrogen

and depend on their symbiotic gut microbial community for digestion, fermen-

tation, nitrogen fixation and nitrogen cycling in order to survive (Breznak and

Brune 1994, Brune and Ohkuma 2011). Fong and Mann (1980) discovered that

sea urchins (Strongylocentrotus droebachiensis) utilize intestinal microbial nitrogen,

and that this nitrogen may be a more important source than that from amino acids

derived fromdietary algae. Newsome et al. (2011) hypothesized that when the om-

nivorous fish, Nile tilapia (Oreochromis niloticus) was a fed low protein diet (3.75%

), 55-75% of essential amino acids were derived from protein biosynthesized by

gastrointestinal microbiota from non-protein-sourced carbon. However, these es-

timates were based on models which authors caution can only be confirmed with

direct measurements of the intestinal microbiota. erefore, to date, no direct ev-

idence of microbial protein assimilation in fish or studies that show N2-fixation

contributing directly to microbial protein uptake in vertebrates has been reported.

Chapter aims

In this chapter, muscle and liver tissues, stomach/foregut contents (ingested al-

gal diet), and isolated hindgut microbes from temperate and tropical herbivorous

fishes were examined for bulk carbon and nitrogen stable isotope values to infer

trophic relationships. Ingested algal diets were used as a proxy for fish diets. Di-

ets of herbivorous fishes vary ontogenetically, by location, and by season (Horn et

al. 1986, Clements and Choat 1993, Moran and Clements 2002, Johnson 2011,

Kopcho 2011); therefore using the ingested algal diet captures actual diet com-

position directly without having to estimate the proportions of the various algal

species consumed by each study fish species at the time of collection. Similarly,

algae can also vary isotopically by location and season (Dethier et al. 2013), and
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therefore ingested algal diet samples are the most direct way of providing a snap-

shot of what an individual fish had consumed at the time of capture (Deb 1997).

Although some studies suggest caution when using gut contents as a dietary proxy

for stable isotope analysis (Guelinckx et al. 2008, Wyatt et al. 2010), Johnson

et al. (2012) found no significant difference between fresh samples of primary di-

etary algae and samples of algae from the foregut of the temperate herbivorous fish

Odax pullus. Crossman and colleagues (2000) found that percent protein of stom-

ach content samples from Kyphosus sydneyanus did not differ from reported values

of the fresh dietary algal species it consumes. Additionally, Wyatt and co-authors

(2010) found that isotopic changes to ingested algae in the foregut of some coral

reef fish species were small relative to the discrimination factor between tissue and

diet.

Estimating the trophic relationships between hindgut-fermenting herbivorous

fishes and their dietary algal sources requires an understanding of the nutritional in-

puts of both dietary algae and hindgut symbionts. For example, if the community

of hindgut microbes utilize algal carbohydrates for fermentation substrates and, in

turn, provide SCFA to the fish host, then bulk δ15N for hindgut microbial sym-

bionts is likely to fall between the algal diet and the tissues of the fish host and be

slightly enriched in δ13C relative to the algal diet value (see Enriched model; Fig-

ure 3.1). is is because enrichment from source to consumer occurs for nitrogen

stable isotopes, while carbon has relatively little enrichment (i.e. hindgut micro-

biota will be enriched in nitrogen and slightly enriched in carbon if they receive

nutrients from algae; Zanden and Rasmussen 2001). Alternatively, if hindgut

microbes fix nitrogen, the nitrogen isotopic value would be lower relative to the

dietary algal signal. erefore, we would expect to see a plot of the bulk stable

isotopes of a species with N2-fixing hindgut microbiota that reflects the depleted

nitrogen model below (N2-fixation; Figure 3.1). However, if the hindgut com-

munity of host fishes uses both depleted nitrogen, i.e. from N2-fixation and/or

utilizes ammonia secreted into the intestine which is lower in δ15N compared to

host tissues (Wada and Hattori 1990, Montoya 2008) and ferments algal amino

acids and carbohydrates, the 15N isotopic ratios of the hindgut microbes would be
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Figure .: Model plots representing possible outcomes (Enriched and N2-
fixation) for bulk stable isotope analysis of carbon and nitrogen for fish tissue (fish),
algal diet (triangle), and hindgut microbial pellets (circle). e Enriched model
(left) shows the microbial pellet enriched in nitrogen and carbon relative to the al-
gal diet suggesting uptake of nutrients by the hindgut microbes from the algal diet.
e N2-fixation model (right) demonstrates what we would expect if the hindgut
microbes were utilizing inorganic nitrogen causing the microbial pellet signal to
be depleted in nitrogen relative to the algal diet.

expected to fall somewhere in between the two models.

In order to identify trophic position or determine diet end members, a direct

measurement of discrimination factors for individual species is necessary (Olive

et al 2003, Wyatt et al. 2010). erefore, this chapter focuses on determining

the relationship of isotopic values of carbon and nitrogen to evaluate the differ-

ences between tissues and the contributing nutritional components (algal diet and

microbes), and also generate empirical discrimination factors for tissues from tem-

perate and tropical herbivorous reef fish species.

3.2 Methods

3.2.1 Specimen collection

3.2.1.1 Temperate reef fish species

Muscle, liver, stomach/foregut contents and microbial pellets (see Chapter 2) for

stable isotope analysis were sampled from four temperate fish species, Kyphosus

sydneyanus (family Kyphosidae), Odax pullus (family Labridae), Aplodactylus arc-
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tidens and A. etheridgii (family Aplodactylidae), collected from Great Barrier Is-

land, Hauraki Gulf, New Zealand (36° 4’S, 175°20’E) from February 2011 to

August 2015. ree potential temperate dietary algal species (Ecklonia radiata,

Carpophyllum maschalocarpum, and Ulva fasciata) were also collected in August

of 2015 to compare to stomach/foregut contents. Seven tropical fishes, the sur-

geonfishes Acanthurus lineatus, Naso tonganus, N. unicornis, and Zebrasoma velifer

(family Acanthuridae), the drummersKyphosus cinerascens andK. vaigiensis (family

Kyphosidae), and the rabbitfish Siganus doliatus were collected from Lizard Island,

Great Barrier Reef (14°40’S; 145°28’E) in March 2011 and January 2012. Addi-

tionally, in December 2014 only fish muscle and foregut/stomach contents were

obtained from these tropical species (Table 3.1), and 17 algal species/types were

also collected to compare to fish foregut/stomach contents (see Table 3.2). All

temperate and tropical fish were adult and subadult specimens, and were collected

on spear between mid-morning and mid-afternoon to maximize the likelihood

of a full gut. Fish collection in the Hauraki Gulf was conducted under Univer-

sity of Auckland Animal Ethics Committee approvals R717, 001009 and 001636,

while collections at Lizard Island were covered by James Cook University of North

Queensland Animal Ethics Committee approvals A1641 and A2027.

3.2.1.2 Sample preparation

All fish were processed as described in Chapter 2.2.1 by the location-specific meth-

ods (tropical and temperate reefs). Fish hindgut microbes were isolated using the

serial centrifugation methods described in Chapter 2.2.2.3. A fixed rotor was em-

ployed to isolate the hindgut microbes in temperate fishes (New Zealand), while a

swinging bucket rotor was used for the tropical species (Lizard Island). For viscous

gut samples (i.e. O. pullus and N. tonganus), a 1:1 aliquot of phosphate buffered

saline (PBS) was added to the gut sample before pelleting in the first spin (see

Chapter 2.2.2.3). Samples from both temperate and tropical fishes were frozen

and temporarily stored in liquid nitrogen after processing. Samples were then

lyophilized and treated as described in Chapter 2.2.4. Lipid extraction was per-

formed on all samples for consistency based on Folch (1957), as follows. 10-20mg
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of sample was placed in a 5mL glass vial. 500µL chloroform, 400 µL milli-Q and

1000µL methanol was added, and the vial was vortexed and sonicated (40 kHz at

4°C for 5 min). 500 µL of chloroform was added and the vial was sonicated (as

above) and centrifuged (2000 RCF for 5 minutes). e combined chloroform layer

was removed using a glass pipette, and the remaining solvent layer was dried down

in a speedvac. Lipid extraction is necessary to ensure an accurate interpretation of

carbon stable isotope data, as lipids are 13C-depleted relative to proteins (Focken

and Becker 1998, Sweeting et al. 2006). However, some studies have found that

lipid extraction may affect δ15N values. erefore, a subset of samples from one

temperate species, K. sydneyanus, for muscle, liver, ingested algal diet, bacterial

pellets, and potential algal diet sources (E. radiata, C. maschalocarpum, and U. fa-

ciata) were prepared with (LE) and without (NLE) lipid extraction to determine

any effects of this treatment on both δ13C and δ15N.

3.2.2 Stable isotope analysis

Whole gut contents from section I (anterior intestine or stomach) were obtained

as a proxy for the diet of the fish (ingested algal diet). All sample types [muscle

and liver tissues, ingested algal diet, bacterial pellets from sections IV and V, as

described in chapter 2, or a combined pellet (All Pellet) from all hindgut sections

when the material was limited in smaller fish species (A. lineatus, S. doliatus and

Z. velifer)] were lyophilized and cryogenically ground using an MM301 ball mill

(Retsch). e dried material was weighed (∼3-5 mg) into a tin (Sn) capsule, and

analysed at both the Waikato Stable Isotope Unit and the University of Califor-

nia at Davis Stable Isotope Facility for nitrogen (δ15N) and carbon (δ13C) stable

isotope analysis performed as described in Chapter 2.2.4. Additionally, poten-

tial dietary algal samples from one sampling period from both temperate (August

2015) and tropical fish (December 2014) were collected and prepared for SIA as

above to test for any differences between gut contents and potential dietary algal

species.
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3.2.3 Trophic models and Discrimination Factors

Stable isotope results were plotted for all fishes and comparisons were made to

the models described above (see Figure 3.1) to determine position of the hindgut

microbes (pellet) relative to the ingested algal diet (foregut contents). Empirical

discrimination factors (EDF) were calculated for all species and total mean values

were calculated for both fish tissue types (muscle and liver), by region (temperate

and tropical) and ingested algal diet (algal diet). Trophic fractionation was deter-

mined using the following equation modified from O’Leary (1981):

∆X = δXConsumer − δXSource (3.1)

where X is 13C or 15N for fish muscle tissue (consumer) and the ingested algal

diet (source). EDF values were determined using paired samples for each fish and

corresponding diet sources, then a mean calculated by species.

EDF values found using the above equation were compared to discrimina-

tion factors calculated using the Diet-Dependent Discrimination Factor method

(DDDF) described by Caut et al. 2009 where mean δ13C and δ15N values for fish

muscle are inserted in the equations below:

∆15N = −0.281δ15N + 5.879 (3.2)

∆13C = −0.248δ13C − 3.4770 (3.3)

Liver DDDF is not calculated but has values of 1.61 ±0.34 for ∆15N and 0.77

±0.30 for ∆13C.

Muscle discrimination factors for nitrogen were also compared to the values of

3.4 ±1 calculated by Post (2002) and 4.78 ±1.3 suggested for herbivorous fishes

by Mill et al. (2007). For carbon, the values were compared to 0.4 ±1.3 from Post

(2002).

Trophic positions for each species were estimated by the model (modified from

Post 2002):
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Trophic Position = 1 + (δ15NConsumer − δ15NSource)/∆
15N (3.4)

Using the discrimination factors for nitrogen (∆15N) as calculated/stated above

(for both EDF and DDDF) and the mean muscle and liver (consumer) and the

mean ingested algal diet (source) δ15N values. ese values were compared sta-

tistically for muscle tissue ∆15N but not for liver as the DDDF values were not

calculated.

3.2.4 Statistical analyses

To test for the effect of lipid extraction on sample type nitrogen (δ15N) and carbon

(δ13C) values, paired t-tests were performed between lipid extracted (LE) and non-

lipid extracted (NLE)sample types of K. sydneyanus and algal material collected in

August of 2015 in SPSS version 22. Normality was tested using the Shapiro-Wilk

test.

Tests for differences between ingested algal diet and species of algae collected

for K. sydneyanus in August of 2015 and all tropical species in December 2014

were performed using permutation-based analysis of variance (PERMANOVA)

conducted (using 9999 permutations) on Euclidian distance similarity matrices

for δ15N and δ13C stable isotope values in Primer v.7 (Anderson 2005). If a sig-

nificant difference was found (α = 0.05), pairwise a posteriori comparisons were

performed between the ingested algal diet and potential dietary algae by region for

each species.

To test for differences in collection date and sample type (muscle, ingested al-

gal diet and microbial pellets) for each species, a mixed term, two-factor crossed

PERMANOVA was conducted as above. e presence of outliers was tested us-

ing Mahalanobis distance (Penny 1996), and if no outliers were found, the PER-

MANOVA was performed on all data using the unrestricted permutation of raw

data (which is appropriate for small sample sizes; Anderson and Braak 2003). If an

effect of collection date (Type x Collection Date) was found (α = 0.05), pairwise

a posteriori comparisons were performed within collection date for sample type. If
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no effect for collection date was found, pairwise comparisons on sample type were

performed for all collection dates combined. Monte Carlo test values are reported

for the pairwise test function in PERMANOVA if low numbers of unique permu-

tations (i.e. fewer than 100) were obtained (Anderson 2005). Tests for differences

between ingested algal diet and species of algae collected for K. sydneyanus in Au-

gust of 2015 and all tropical species in December 2014 were also performed as

above but with only one factor. Principal components analyses (PCA) ordinations

using δ13C, δ15N and C:N as variables were performed to visualise differences

between algal species and ingested algal diets in Primer v.7.

Tests between muscle and liver discrimination factors for carbon and nitrogen

were performed using paired t-tests for each species. ese same tests were used

to examine similarities between the discrimination factors found using the chap-

ter data (EDF) and the DDDF for muscle. Normality for all statistical tests were

examined using the Shapiro-Wilk test. If data did not meet this assumption, trans-

formations of log 10 or natural log were used. If normality was not reached using

either of these transformations, the non-parametric Wilcoxon Rank test for de-

pendent samples was employed (SPSS v.22). Statistical analysis between the EDF

and DDDF discrimination factors for liver were not performed as the DDDF for

liver was given and not calculated as for muscle (see 3.3.2).

Unless presented in the text, results from PERMANOVA analyses and pair-

wise tests can be found in Appendix B.

3.3 Results

3.3.1 Lipid extraction

e δ13C for K. sydneyanus muscle, liver, gut sample types and potential dietary

algal species differed between LE and NLE samples, except for the fish muscle

tissue which had a C:N of <3.5. However, mean δ13C for all LE samples were

enriched after lipid extraction. e δ15N did not differ between LE and NLE

samples for any of the K. sydneyanus samples or algal species (Table 3.3). Another

concern with lipid extraction is that it increases error in both δ13C and δ15N (Pin-
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negar and Polunin 1999a). A paired t-test of standard deviations of NLE and LE

samples showed no difference in variability of standard deviation for either δ13C

or δ15N (t = -1.256, df=6, p = 0.256; t = -0.681, df = 6, p = 0.521; respectively).

3.3.2 Algal diet analysis

Samples of ingested algal diet (i.e. stomach/foregut contents) from K. sydneyanus

and three potential dietary algal species (E. radiata, C. maschalocarpum, and U. fas-

ciata), that shown previously to be consumed by this fish species (Crossman et al.

2000), were collected at the same time and from the same location to determine

if stable isotope values of ingested algal diet were different from the “fresh” algal

diet. e ingested algal diet did not significantly differ from E. radiata (t = 0.7943,

P(MC) = 0.810), but differed from both C. maschalocarpum andU. faciata (t = 3.49,

P(MC) = 0.009; t = 3.28, P(MC) = 0.024).

For the tropical fishes, the isotopic similarity between ingested algal diet and

algal species varied among fish species (Table 3.4). e ingested algal diet of all

species, except K. vaigiensis and N. unicornis, had similar carbon and nitrogen iso-

topic signals as the thallate red alga, L. flexilis (LFLE). e isotopic value of in-

gested algal diet from A. lineatus was not significantly different from Ganonema

farinosum, Laurencia flexilis, and Portieria hornemannii. In K. cinerascens and N.

tonganus the ingested algal diets reflected the δ13C and δ15N values of L. flexilis

only. e ingested algal diet of K. vaigiensis was similar to Turbinaria condoides;

but N. unicornis ingested algal diet did not significantly differ from the reproduc-

tive structures of the same alga. S. doliatus ingested algal diet was similar to G.

farinosum, L. flexilis and P. hornemannii, while the ingested algal diet of Z. velifer

had a similar value to the five algal speciesG. farinosum, Galaxaura marginata,Hal-

imeda macrophysa, L. flexilis and P. hornemannii.

Temperate and tropical fish samples differed in δ13C and δ15N values (PER-

MANOVA: F1,312 = 293.2, p = 0.0001), with the tropical fish samples being

more enriched in δ13C and lower in δ15N than the temperate fish samples. e

temperate fish muscle tissues had a wider range for carbon isotope ratios (-25.3‰

to-14.0‰ ), while the tropical fish muscle tissue nitrogen isotope ratios had a
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greater range (4.4‰ to 9.2‰ ; Figure 3.2). erefore, the tropical and temperate

fishes were examined and presented separately by region.

3.3.3 Bulk stable isotopes

3.3.3.1 Temperate fishes

Temperate fish species differed in δ13C and δ15N (PERMANOVA: F3,134 =

36.497, p = 0.0001), and pairwise comparisons showed that only A. arctidens and

A. etheridgii were not significantly different from each other (t = 1.676, p = 0.678).

None of the temperate species presented an effect of collection date on the SIA

of sample type (Appendix B.1-B.7). A. arctidens differed in sample types (PER-

MANOVA: F4,25 = 15.69, p=0.0003). Pairwise comparisons revealed that the

ingested algal diet and microbial pellets (IV and V) were statistically distinct from

muscle and liver, but not from each other (Appendix B.2). Stable isotope ratios in

A. etheridgii also differed between sample types (PERMANOVA: F4,8 = 0.137, p

= 0.0137), with a difference between liver and muscle tissues (t = 5.8585, p(MC)

= 0.0481), and between those tissues and all dietary sources (IV and V-Pellet and

ingested algal diet; Appendix B.4). K. sydneyanus sample types were significantly

different (PERMANOVA: F4,33 = 27.63, p = 0.0001), with muscle and liver tis-

sues differing from the ingested algal diet and both microbial pellets, but only the

V-pellet differed from the ingested algal diet (Appendix B.6). For O. pullus, the

sample types differed from each other (PERMANOVA:F3,16 = 16.73, p = 0.0005)

and the ingested algal diet and V-pellet differed from the tissues but not from each

other in pairwise tests (Appendix B.8; see Figure 3.3).

e plots of the bulk stable isotope data for most of the temperate fishes did

not reflect the Enriched model (Figure 3.1), i.e. where the microbial pellets were

predicted to fall between the fish tissue and the ingested algal diet (see Figure 3.3).

Only A. arctidens had an outcome which reflected the Enriched model, with both

microbial pellets (IV and V) falling between the ingested algae and the fish tissues.

A. etheridgii and K. sydneyanus resembled the N2-fixing model, where pellets were

more depleted in 15N than the ingested algal diet. In O. pullus, the ingested algae

and the microbial pellets displayed similar isotopic values for both 13C and 15N.
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For tropical fish species, all sample types except for Z. velifer were found have

significantly different bulk carbon and nitrogen isotopic values (Figure 3.4 and 3.5;

Appendix B.9-B.22), and were thus examined by pairwise comparisons to detect

differences between sample types. Among the surgeonfishes (Figure 3.4), ingested

algal diet and muscle differed significantly from each other only in A. lineatus (t =

9.28, p(MC) = 0.0134). Liver and muscle differed from each other in N. tonganus,

but only the hindgut microbes (IV and V-pellets) and muscle differed from each

other in pairwise comparisons (Appendix B.17). e liver and muscle tissues also

differed in N. unicornis, but only the IV-pellet was significantly different from the

tissues (Figure 3.4; Appendix B.19).

e analyses of the drummers revealed that K. cinerascens values differed be-

tween ingested algal diet and the tissues, as well as between V-pellet and liver (Fig-

ure 3.5; Appendix B.11). Of all of the tropical fishes, collection dates had an effect

on sample types only in K. vaigiensis (PERMANOVA: F4,21 = 4.32, p = 0.0014),

therefore this species was analysed for differences between sample types by collec-

tion year. For 2011, K. vaigiensis liver and muscle tissues differed from each other,

and ingested algal diet significantly differed from both fish tissues (Figure 3.5). IV-

pellet differed from both liver and muscle, but V-pellet only differed from muscle,

while ingested algal diet, IV-pellet and V-pellet did not differ from each other (Ap-

pendix B.13). For 2012, ingested algal diet only differed from muscle, and IV and

V-pellets differed from both tissues, but not from each other. However, liver and

muscle tissues significantly differed from each other as in 2011 (Appendix B.15).

For the rabbitfish, S. doliatus, the muscle and liver tissues differed from each other

and the combined microbial pellet (All-pellet) differed from muscle (Figure 3.5;

Appendix B.21).

e plotted bulk stable isotopes resembled the Enriched model for the sur-

geonfishes (family Acanthuridae), with two exceptions: (i) V-Pellet ofN. tonganus,

which was depleted in nitrogen and enriched in carbon values relative to the in-

gested algal diet (Figure 3.4), and (ii) Z. velifer, which like the temperate O. pullus

had a microbial pellet with very similar values to the ingested algal diet. e drum-

mers, K. cinerascens and K. vaigiensis (family Kyphosidae), were different with K.
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cinerascens having both pellets (IV and V) clearly depleted in δ15N compared to

the ingested algal diet as in the N2-fixing model and also enriched in δ13C. For K.

vaigiensis collected in 2011, the ingested algal diet and microbial pellets displayed

similar δ13C and δ15N values, with the IV-pellet slightly depleted in nitrogen and

enriched in carbon, as in both microbial pellets of K. cinerascens. IV and V-pellets

from K. vaigiensis collected in 2012 were not depleted in nitrogen compared to the

ingested algal diet, but the V-pellet was more enriched in carbon. e microbial

pellet (All-Pellet) of the rabbitfish S. doliatus (family Siganidae), fell between in-

gested algae and the tissues (i.e. wasmore enriched in nitrogen), as in the Enriched

model (Figure 3.1).

3.3.4 Discrimination factors

Discrimination factors for both temperate and tropical reef fish species were deter-

mined only using paired δ15N and δ13C values for the muscle liver and ingested

algal diet samples for individual fish (Table 3.5). e data were more variable in

carbon than for nitrogen within the temperate fishes, and were greater in δ15N

and lower in δ13C relative to the tropical fishes.

3.3.4.1 Temperate fishes

Mean discrimination factors of temperate fish species determined from δ15N val-

ues (∆15N) of paired muscle tissues and ingested algal diets using the EDF ranged

from between 3.75± 0.99 to 4.16± 0.90, and 3.95± 0.97 for all species combined

(Figure 3.6; Table 3.6). Although liver and muscle tissue differed in δ15N in two

of the four temperate fish species examined (K. sydneyanus and A. etheridgii; Fig-

ure 3.3), only K. sydneyanus tissues differed for ∆15N [t(10)=14.02, p < 0.001], yet

∆15N differed between all species combined [t(26)=3.93, p=0.001]. No statistical

tests were performed on discrimination factors for A. etheridgii due to the paucity

of the data (n=2). ∆15N for both EDF and results from the DDDF method (see

3.2.3) were similar and greater than the traditionally accepted value of 3.4±1 (Post

2002), but less than the mean ∆15N value of 4.78 ± 1.3 determined by Mill et al.

(2007) for marine herbivorous fishes (Figure 3.6; Table 3.6).
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For liver tissues, ∆15N for EDF ranged from 2.40± 1.04 to 4.11± 0.75, with

an overall species mean of 3.32 ± 1.16. Differences between EDF and DDDF

∆15N were not statistically tested because DDDF values were given for liver tissue

(1.61 ± 0.34), but not calculated as in muscle tissues (Caut et al. 2009). However,

EDF ∆15N values were much greater than DDDF, with a combined mean value

of 3.32 ± 1.16 for EDF and a standard DDDF value of 1.61 ± 0.34 (Table 3.6).

Trophic positions (TP) were calculated using the discrimination factors for

both EDF and DDDF using the same equation (see 3.2.3). TP for EDF were

2.0 for both muscle and liver. e DDDF TPs for muscle were very similar to

the EDF TP (ranging from 1.97 to 2.02). However, the liver DDDF TPs were

much greater for individual species than the EDF TPs, and the combined species

DDDF TP value was a trophic step higher than the EDF TP (see Table 3.6).

∆13C discrimination factors in muscle were greater than liver for all species,

but differed between K. sydneyanus, O. pullus and all species combined (see Ap-

pendix B.23). EDFs for all temperate species ranged from 0.24 ± 2.70 to 1.61

±1.45, with a mean of 0.85 ± 1.82, and were slightly more variable than ∆15N.

e EDF and DDDF values for ∆13C were similar for the muscle tissues of

A. arctidens and K. sydneyanus; however, A. etheridgii had a mean EDF value of

0.86 ± 2.77 compared to the DDDF value of 2.55 ± 0.95. In samples of O. pullus

liver the EDF ∆13C value (1.61 ± 1.45) was greater than the DDDF value (0.40

± 0.15) (Table 3.7). e combined species’ mean EDF ∆13C value was closer to

the value of 0.4±1.3 (Post 2002), while the DDDF∆13C mean species value was

1.01 ±0.17 (Figure 3.6; Table 3.7). For liver, although not tested statistically (see

above), EDF and DDDF∆13C values differed from each other and from the Post

∆13C of 0.4 ±1.3, with an EDF mean value of -0.14 ±1.45 and a mean DDDF

value of 0.77±0.30.

3.3.4.2 Tropical fishes

Discrimination factors for both ∆13C and ∆15N in liver and muscle tissues of

tropical species differed in A. lineatus, K. cinerascens, K. vaigiensis, N. tonganus, N.

unicornis and all species combined (Table 3.7; Appendix B). e EDF for both
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∆13C and ∆15N were more variable than the values calculated using the DDDF

(Figure 3.7; Tables 3.6 and 3.7).

e EDF and DDDF ∆15N differed for individual tropical species and all

species combined except for K. cinerascens which had the greatest EDF ∆15N at

4.54 ± 0.85 which was similar to the DDDF ∆15N value of 5.05 ± 0.08 and

to the Mill et al. (2007) value of 4.78 ± 1.3. e other individual species EDF

∆15Nvalues varied around the Post (2002) value of 3.4± 1.0, ranging from 2.98±

0.77 to 3.98 ± 1.16 (Figure 3.7; Table 3.6). e individual and combined species

DDDF∆15N values of muscle tissue∆15N were greater than the EDF values and

were very close to the Mill et al. (2007) value of 4.78 ± 1.3 (Figure 3.7; Table 3.6).

Mean muscle TP value for EDF for both the temperate and the tropical species

was 2.00 while DDDF TP values were 2.03 and 1.73, respectively.

e calculated EDF and standard DDDF ∆15N of liver (2.03 ± 1.05 and

1.61 ± 0.34, respectively) differed less than the temperate fish liver discrimination

factors and were greater than then all DDDF ∆15N except for N. tonganus (Table

3.6). e TP values for EDF and DDDF (2.13 and 2.42) were also more similar

than the temperate fish TP (Table 3.6).

EDF and DDDF muscle tissue values for ∆13C differed in A. lineatus, K. cin-

erascens, and N. unicornis, but combined species ∆13C did not. EDF values for

individual species ranged from -0.80 ± 2.31 to 2.11 ± 1.68, with a combined

mean of 0.60 ± 2.16. Only in K. cinerascens and N. tonganus were values similar

to the Post (2002) value of 0.4 ± 1.3, with ∆13C values of 0.51 ± 0.98 and 0.38

± 3.06, respectively. e DDDF ∆13C values were similar among species but all

below zero, with a mean value of -0.44 ± 0.25.

EDF∆13Cvalues for liver tissue were highly variable within and among species

and differed from the standard DDDF value of 0.77± 0.30 (Table 3.7). e EDF

∆13C combined species mean value (-0.34± 1.73) was lesser than the Post (2002)

value of 0.4 ± 1.3.
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3.4 Discussion

3.4.1 Lipid extraction

e importance of lipid extraction for SIA samples has generated much discussion,

with varying opinions on when its usage is appropriate (Post et al. 2007), how it

should be performed (Honeycutt et al. 1995, Logan et al. 2008), whether mathe-

matical correction for lipids is a better alternative (Sweeting et al. 2006), the effects

of lipid extraction on δ15N (Sotiropoulos et al. 2004, Murry et al. 2006, Ingram et

al. 2007) and the variability of δ15N and δ13C (Ingram et al. 2007). e decision

on whether or not to extract lipids is complicated as it is mainly dependent on the

type of organism under examination (Boecklen et al. 2011). A test between lipid

extracted (LE) and non-extracted (NLE) material from study subjects is generally

necessary to determine (a) if extraction is required to reduce artificial 13C enrich-

ment of lipids, and (b) whether extraction affects δ15N (Sotiropoulos et al. 2004)

and/or increases variability in δ15N and δ13C (Ingram et al. 2007).

Differences between LE and NLE in K. sydneyanus muscle, liver and ingested

algal diet samples and the three potential dietary algal species demonstrated that

lipid extraction was necessary for most tissue types (C:N > 3.5), and that δ13C was

indeed inflated in the NLE samples. According to Post et al. (2007), tissues with

a C:N less than 3.5 do not have a large enough lipid content for extraction to be

considered necessary. erefore, the absence of a significant difference in muscle

tissue δ13C was not surprising, most likely due to the low C:N value (<3.5). How-

ever, lipid extraction of this sample type affected neither δ15N or δ13C, therefore

performing lipid extraction on samples with C:N<3.5 would not have altered the

interpretation of the relationship to other sample types, and would, therefore, re-

duce any confounding caused by treating sample types differently. Additionally,

C:N ratios calculated from % C and % N for all species in the present study re-

vealed that even after lipid extraction, one of the fish species had muscle tissue

C:N ratios > 3.5. Furthermore, C:N of liver tissues, hindgut microbial pellets, and

ingested algal diets from all fish species in this study exceed that value (Figure 3.8).

C:N is not a good predictor of lipid content in algae as it does not follow the >3.5
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guideline. However, lipid extraction should be performed on end members with

differences in δ13C less than 10-12‰ (Post et al. 2007). is is the case for all end

members (including microbial pellets and ingested algal diet) in the present study.

Additionally, mathematical lipid corrections use sample C:N values to determine

normalized δ13C (McConnaughey and McRoy 1979, Lesage et al. 2001, Fry et al.

2003, Schmidt et al. 2003). erefore, these corrections may be appropriate for

fish tissues (Sweeting et al. 2006) but not for algal samples where only corrections

using % C should be applied, and only for algal material with a carbon content

>40% , i.e. greater than the carbon content in any algal material presented in the

present study (Post et al. 2007).

3.4.2 Isotopic analysis of algal diet

Tests of isotopic signal between the stomach/foregut contents (ingested algal diet)

and freshly collected dietary algal species for the eight study species (one temperate

and seven tropical) confirmed that the ingested algal diet (i.e. stomach content)

samples reflect δ15N and δ13C of algal species consumed by each fish species. e

isotopic value of stomach content samples from K. sydneyanus resembled that of

the brown alga E. radiata, but differed from C. maschalocarpum and U. fasciata. E.

radiata is frequently consumed by K. sydneyanus, and although C. maschalocarpum

and U. fasciata are consumed by K. sydneyanus (Moran and Clements 2002, Kop-

cho 2011), these algae were less frequently encountered in the stomach contents

collected in the present study.

e isotopic ratios of the ingested algal samples from the tropical species re-

sembled those of algal types known to occur in the diet of each of the study fish

species. A. lineatus consumes mostly red algae and K. cinerascens consumes mostly

red thallate algae and a mixture of filamentous algal types (Choat et al. 2002). N.

unicornis andK. vaigiensis both have a diet consisting mainly of thallate algae, with

N. unicornis consuming mostly brown algae and K. vaigiensis consuming a mixture

of brown and green algal species (Choat et al. 2002). N. tonganus (referred to as

N. tuberosus in Choat et al. 2002) has a diet of mostly green and red thallate algae.

e diet of S. doliatus consists of red and brown thallate, green foliose and red fila-
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mentous algae (Fox et al. 2009, Hoey et al. 2013). e diet of Z. velifer is mainly

filamentous species of red, green and brown algae ( Jones 1968).

Stomach contents (ingested algal diet) for each study fish species represented

only a snapshot of what each fish could potentially have eaten over time and be-

tween locations. For example, using SIA we determined that both N. unicornis

and K. vaigiensis consumed Turbinaria condoides, but found that the ingested algal

diet isotopic values of K. vaigiensis resembled the values of non-reproductive thalli,

while N. unicornis algal diet only resembled T. condoides reproductives. is is not

to say that these fish species consume only non-reproductive or reproductive algal

tissues, but rather that the individuals collected at that time and at that location

had ingested these particular algal types. is could be considered a confounding

factor for treating the ingested algal diet (stomach/foregut contents) as a proxy for

diet to use in SIA and for determining DF. However, sampling inferred dietary

algal taxa from the field based on gut content analysis suffers from the same po-

tential spatial and temporal confounding factors, and ingested algae thus provide

a more direct proxy for diet and thus the calculation of isotopic discrimination

factors, assuming no fractionation following consumption occurred.

Only 13 tropical algal species were included in this analysis, which represents

a small proportion of the enormous diversity of algal species available in the region

where these fish were collected (Cowan 2006). is aim of this analysis was not

to identify all algal species consumed by these fish species, but rather to verify the

stomach/foregut contents as an acceptable proxy for diet for use in SIA and for

determining DF.

3.4.3 Bulk stable isotopes

Bulk stable isotope analysis allows the direct measurement of source nutrients, as

not all digested material is assimilated (Michener and Schell 1994, Melville and

Connolly 2003). Although many of the dietary sources in the present study were

not statistically distinct, the pattern of the trophic position revealed in the plots

of δ15N and δ13C was still relevant for interpretation of the data in the context of

previously presented models (see section 3.1). Only one temperate and three tropi-
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cal fish species had isotopic values resembling the Enriched model, and only three

fish species (one tropical and two temperate) resembled the N2-fixation model.

Most of the fish species sampled displayed a pattern where the microbial pellet(s)

was isotopically similar to that of ingested algae. is suggests that the level of

N2-fixation varies between the symbiotic microbial communities inhabiting the

hindguts of the study fish species. e assimilation of N2 through diazotrophy

results in a depleted microbial δ15N signal (Yamamuro 1999). Conversely, the as-

similation of algal nitrogen or nitrogenous waste products from the host fish (e.g.

ammonia or urea) by microbes would enrich δ15N. However, several microbial pel-

lets were enriched in δ13C relative to the ingested algal diet and fish tissues. is

suggests these hindgut microbes may not only be fermenting carbohydrates from

the ingested algal diet, but also processing carbon from endogenous sources within

the gut of the fish. Also, marine diazotrophs, like Trichodesmium, typically have

enriched δ13C signals (Wada and Hattori 1990, Carpenter et al. 1997); therefore,

the presence of N2-fixing microbial communities in the guts of these fish may be

the driver for the enriched 13C values observed in microbial pellet(s) of over half

of the fish species analysed in this study.

Two temperate fish species (K. sydneyanus and A. etheridgii) and five tropical

fish species (K. vaigiensis, N. tonganus, N. unicornis and S. doliatus) displayed iso-

topic differences between muscle and liver tissues. ese differences could be at-

tributed to many factors. For example, these fish may have switched diets and/or

the isotopic values in algae are not consistent over time. If diets were consistent

over time, differential assimilation of essential and non-essential amino acids in

muscle and liver tissues may lead to different δ15N values (Pinnegar and Polunin

1999a). Furthermore, if algal amino acids are mainly assimilated in the proximal

intestine and microbial amino acids in the distal intestine, and there are differences

between gut regions in the proportion of amino acids utilized by epithelial cells of

the intestine, then the proportions reaching peripheral circulation (i.e. post-liver)

might differ. For example, microbial recycling of nitrogenous waste may occur in

the hindgut where ammonia is either incorporated into microbial protein or re-

cycled to the liver for hepatic synthesis of nonessential amino acids (Stevens and
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Hume 1998, Bucking et al. 2013). ese processes could also result in differences

between tissues in δ15N.

Levels of essential amino acids (EAA) may be relatively low in the algal diets

of these fish species, since proteins in plants are often deficient in EAAs (Freidman

1996), but this is not the case for all algae (Crossman et al. 2000, Dawczynski et al.

2007). e assimilation of protein (i.e. amino acids) generated from hindgut mi-

crobial N2-fixation and/or microbial amino acid synthesis may be very important

in host-microbiota interactions (Clements et al. 2009). ese EAAs may be cre-

ated de novo from the ingested algal diet or from endogenous material (Kirchman

et al. 1986). Guerinot and Patriquin (1981) found that the urchin species Strongy-

locentrotus droebachiensis, receives 8-15% of its daily nutritional requirements from

microbial N2-fixation, and recent research using compound-specific SIA of EAAs

has shown the uptake of protein from gut symbionts in the omnivorous tilapia

(Newsome et al. 2011) and in marine turtles (Arthur et al. 2014). Finally, a recent

review by Davila and colleagues (2013) stated that, in some mammals, symbiotic

gut microbiota are able to synthesize amino acids and can therefore contribute mi-

crobial EAAs to the host. Nevertheless, because bacteria can utilize a variety of

nitrogen sources, a difference between the δ15N of ingested algal diet and hindgut

microbes may be difficult to detect (McCarthy et al. 2007). As previously men-

tioned, the microbial contribution can be tested through compound-specific SIA

for amino acids. rough this analysis, end members can be traced through es-

sential amino acids for carbon (Newsome et al. 2011) and source amino acids for

nitrogen (Popp et al. 2007). Due to the complexity of potential sources (dietary

or microbial synthesis) and assimilation, such further analysis is necessary to inves-

tigate the contribution of microbial symbionts to herbivorous fish nutrition.

3.4.4 Discrimination factors

Differences between muscle and liver for ∆15N and ∆13C were evident for the

combined species means for both tropical and temperate fishes. is is to be ex-

pected, as many studies have shown a difference in turnover rates between these

two distinct tissue types (Tieszen et al. 1983, Pinnegar and Polunin 2000, Dalerum
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and Angerbjörn 2005, Boecklen et al. 2011, omas and Crowther 2015), while

differences in δ15N may be the result of the ratio of EAAs to non-essential amino

acids (NAA) (Pinnegar and Polunin 1999a). In fact, white muscle tissue may

be enriched in 15N relative to the liver because it tends to contain more EAAs,

which show less enrichment as a result of metabolism. Although liver tissue was

significantly different in δ15N and δ13C compared to muscle tissue in half of the

temperate fish species and the majority of the tropical fish species, liver and mus-

cle tissues did not differ greatly in ∆15N in individual temperate fish species, but

∆15N in was greatly depleted relative to muscle in tropical fish species. is may

reflect higher metabolic rates in tropical fish species compared to temperate fishes

(Gillooly et al. 2001, Seibel and Drazen 2007). Interestingly, the differences in

∆13C between muscle and liver in temperate and tropical species did not present

the same pattern as ∆15N, as ∆13C was less for liver compared to muscle in the

temperate species, but greater for the tropical species. Differences between trop-

ical and temperate fishes in metabolic rates would affect 15N, but not necessarily
13C, as assimilated isotopes are routed differentially (Gannes et al. 1997).

Two different patterns were revealed when nitrogen discrimination factors for

temperate and tropical fishmuscle tissues were compared with previously described

discriminationmodels. e two temperate fish species that reflected theN2-fixation

model (i.e. K. sydneyanus and A. etheridgii) had lower ∆15N than the one species

that reflected the Enriched model (i.e. A. arctidens), and O. pullus fell somewhere

between the two models (intermediate; Figure 3.9). Tropical species, however, had

an inverse pattern. Two of the three species matching the N2-fixation model had

greater ∆15N (i.e. K. cinerascens and K. vaigiensis) than the species that matched

the Enriched model and/or was intermediate between the two models (i.e. A. lin-

eatus,N. tonganus, S. doliatus andZ. velifer; Figure 3.9). N. unicornis had the lowest

∆15N, but resembled the N2-fixation model for the microbial pellet from section

V and intermediate for IV-pellet (Figure 3.4).

e differences between the two patterns could possibly be explained, as previ-

ously, by differences between the two regions in selective assimilation of nitrogen.

Marine fish usually produce NH4+ as a primary waste product through the deami-
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nation of proteins and amino acids, and this appears to be themain cause of isotope

fractionation (Bada et al. 1989, Macko et al 1986). erefore, the finding that N2-

fixation occurs in the hindguts of all species sampled here (Bojarski 2015) indicates

that species may differ in the nitrogen product(s) assimilated by fish tissues from

the hindgut microbiota. Tropical fish species showing the pattern of N2-fixation

in their hindgut microbes may be assimilating a higher proportion of microbial

amino acids synthesized from endogenous nitrogen sources (e.g., NH4+, amino

acids, enzymes, etc. released into the gut by the host fish), and therefore have

a relatively greater ∆15N then temperate fish species. Recently, Steffan and col-

leagues (2015) demonstrated that bacteria fractionate nitrogen isotopes more like

animals than previously thought. Assimilation of heterotrophicmicrobial products

derived from endogenous materials (i.e. released into the gut by host fish) would

ultimately enrich fish tissues relative to the degree of fractionation associated with

assimilating only the algal diet. is could reveal that mechanisms for nitrogen

conservation occur in coral reef fishes as they do in other tropical reef organisms

(Szmant et al. 1990). However, results from for the temperate drummer, K. syd-

neyanus, and the tropical reef drummers, K. vaigiensis and K. cinerascens, show that

all three have the highest N2-fixation rates of any of the fish in this study (except

for A. etheridgii, for which N2-fixation rates were not determined; Bojarski 2015).

ese findings make interpretation for uptake of nitrogen from N2-fixation versus

nitrogen recycling difficult. erefore, further investigation through analysis such

as compound-specific isotope for amino acids is necessary.

Compared to the other tropical fish species, N. unicornis had the most reduced

δ15N for muscle and ingested algal diet values, as well as the lowest ∆15N (Ta-

bles 3.5 and 3.6). is is peculiar given that δ15N of the algal diet of N. unicornis

was similar to the brown alga Turbinaria condoides, similar to the algal diet of K.

vaigiensis. ese two fish species also resembled the same hypothetical fraction-

ation models (N2-fixation and intermediate), but ∆15N was much greater in K.

vaigiensis. However, the lowered δ15N ratio of N. unicornis algal diet and muscle

tissues could be also be explained by a different mechanism: the possible inges-

tion and assimilation of cyanobacteria (i.e. diazotrophic organisms) by the fish,
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rather than assimilation of material produced by diazotrophs in the hindgut. N.

unicornis may preferentially consume macroalgae, such as T. condoides, which are

epiphytised by diazotrophic cyanobacteria (Figure 3.10). Epiphytic cyanobacteria

are commonly found on macroalgae on coral reefs (Larkum et al. 1988, Ritson-

Williams et al. 2005, Fong et al. 2006, Charpy et al. 2012), and ingestion of

such material would generate a substantially reduced δ15N compared to macroal-

gae without such epiphytes. is could explain the lowered δ15N value seen in

ingested algal diet and muscle samples from N. unicornis, especially given the im-

pact that the high protein content of cyanobacteria (Becker 2007, López et al.

2010) compared to algae (Montgomery and Gerking 1980) will have on overall ni-

trogen intake. Moreover, nitrogen discrimination factors tend to be less for those

with diets containing higher quality of protein (Robbins et al. 2005, Robbins et

al. 2010), and cyanobacteria can contain a greater percentage of protein (over

70% ; Nagarkar et al. 2004) as compared to algal diets consumed by this study’s

species (<25% ; Crossman et al. 2000, Crossman et al. 2005). Many sources argue

that most marine herbivorous fishes do not preferentially consume cyanobacteria

because they contain high concentrations of secondary metabolites that deter her-

bivory (Nagle and Paul 1998, 1999, O’Neil 1999, acker et al. 2001, acker

and Paul 2001). However, studies have shown that some cyanobacterial secondary

metabolites deter some fish but not others (see Meyer et al. 1994), and cyanobacte-

ria can constitute a significant proportion of the diet for herbivorous damselfishes

(Sammarco 1983, Klumpp and Polunin 1989).

e model developed by Caut et al. (2009) were developed to determine dis-

crimination factors for both carbon and nitrogen using source diet isotopic signals

and “to obtain more adequate estimates when no detailed data for the studied sys-

tem exists” (Caut et al. 2010). However, this model is only appropriate for species

in which dietary carbon and/or nitrogen stable isotope values can be measured

directly. erefore, discrimination factors and trophic position estimates derived

from this model cannot be used to determine all dietary sources, but rather provide

values for∆15N and∆13C when data are lacking. e TP output from this model

(i.e. DDDF, Caut et al. 2009) can nevertheless be directly compared to the TP
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Figure .: Turbinaria conoides (center) individual showing epiphytic cyanobac-
teria (species unknown) growing on the blades.

using empirically-determined discrimination factors derived in the present study.

However, a recent study presents a model that determines TP from discrimination

factors derived from set of data from semi-controlled and controlled studies that

fail to include herbivorous fishes, and cannot be shown to be applicable to the fish

species in this study (Hussey et al. 2014).

DDDF estimates (Caut et al. (2009) were similar to EDF values for ∆15N

of temperate study fish species, but the model was not able to predict ∆15N of

tropical reef fishes where DDDF was much greater than EDF values. Again, this

reflects a regional difference between temperate and tropical herbivorous fishes, as

most of the studies used to create the models for DDDF were based on temperate

marine or freshwater fishes (see Table S1 in Caut et al. 2009). Caut et al. (2009)

suggest that ∆15N is negatively correlated with diet δ15N, however, this was not

75



. Bulk Stable Isotopes

the case in the present study for the tropical species. Additionally, both temperate

and tropical species displayed lower muscle ∆15N values than proposed by Mill

et al. (2007; Figures 3.6 and 3.7). Given that ∆15N should be greater for species

with lower quality protein diets, this suggests that these fishes may be receiving

protein from symbiotic microbial sources. More research is needed to determine

the contribution of microbial sources of δ15N for these fishes.

Trophic position (TP) for each of the temperate and tropical fish species and

all species combined for both regions was estimated using EDF and DDDF∆15N

values. TP for all temperate and tropical muscle tissue samples in the present study

was estimated as 2.0 because the data used to estimate EDF was the same used to

estimate TP. erefore the calculation of TP is circular. Because of the similarities

between DDDF and EDF∆15N of muscle tissue from temperate fish species, the

TP for DDDF was around the expected value of 2.0 (Table 3.6). is suggests that

DDDF may be an appropriate model for temperate herbivorous fishes, although

further studies are needed that include fish with different EDFs. For tropical fish

species, TP calculated using DDDF ∆15N was less than 2.0, but was not drasti-

cally different with a combined species value of 1.73. However, the DDDF model

may be a good predictor of tropical herbivorous fish muscle TP but not∆15N, and

should not be used in place of explicitly determined ∆15N for determination of

end members.

Results for ∆13C from temperate and tropical fish species were variable be-

tween species for both EDF and DDDF for muscle. Most of the EDF values

from temperate fish species were similar to DDDF values with the exception of O.

pullus, and the combined mean species values were not statistically different (Table

3.7). However, for the tropical fishes, TP was similar only for three of the seven

species, and the combined mean species EDF values differed from tropical fishes

for DDDF ∆13C were much lower than EDF (Table 3.7). e DDDF model

for ∆13C is based on studies that show that ∆13C increases as the diet becomes

more depleted in 13C (Caut et al. 2009). Although this is the case for most of

the tropical and temperate herbivorous fishes studied here, tropical algal diets are

greatly depleted in δ13C compared to temperate algal diets, but DDDF ∆13C is
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only slightly lower empirical values for the temperate fish species EDF(Tables 3.5

and 3.7). e DDDF model underestimates ∆13C when applying the enriched
13C values of the algal diet signals from tropical fish species. Again, this is proba-

bly due to the lack of tropical studies used in determining the DDDF model. e

combined species EDF for the temperate and tropical muscle tissues are closer to

the commonly employed ∆13C of 0.4 ±1.3 than the DDDF values. However,

because of the variability of ∆13C, ∆15N is probably the best discrimination fac-

tor to use for determining dietary sources, reflecting the findings of Wyatt et al.

(2010).

Unfortunately, Caut et al. (2009) found no relationship between discrimina-

tion factors and diet isotopic values for the liver tissues reviewed in their study, so

a mean estimate was given for ∆13C and ∆15N to use for liver tissue discrimi-

nation factors. ese mean ∆13C and ∆15N values did not reflect the majority

of the values generated in the present study (Tables 3.6 and 3.7). Estimated TP

values for ∆15N were much higher than expected for temperate species, but sim-

ilar to expected for tropical fishes. erefore, unlike the muscle tissue ∆15N, the

DDDF liver values were more similar to empirical values for the tropical species

than the temperate species. ese findings suggest that liver tissues assimilate nu-

trients differently to muscle, and that assumptions for liver ∆15N and ∆13C in

the DDDF model values may not reflect field data. Turnover rates for liver tissues

are generally much faster than muscle tissues (Pinnegar and Polunin 1999b, Perga

and Gerdeaux 2005, Buchheister and Latour 2010, Carleton and del Rio 2010),

therefore further investigation into differences between liver and algal diet sources

is necessary to determine more accurate discrimination factors.

3.5 Conclusion

Although this study does not definitively demonstrate that hindgut microbes in

general, or diazotrophic hindgut microbes in particular, contribute to nutrition

of host tropical and temperate herbivorous fish species, it does suggest that these

symbiotic microbial communities provide nitrogen in various ways. e patterns

observed between bulk stable isotope values from muscle, liver, ingested algal diet
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and microbial pellet samples from these fishes were highly variable, indicating dif-

ferences in the relationships between the diet and hindgut microbes in the study

fish species. Ingested algal diet (stomach/foregut contents) proved to be an excel-

lent proxy for end member values for herbivorous reef fishes. However, caution

must still be taken when using ingested algal diet in stable isotope studies, as this

samples merely a snapshot of what the fish is eating at the time of capture. As-

similation of diet occurs over a period of time, and diets and isotopic values of the

algae in these diets can vary over time and space ( Johnson et al. 2012, Dethier et

al. 2013).

White muscle tends to be less variable than liver tissues (Pinnegar and Polunin

1999a) and incorporates dietary isotopic values over a longer period of time. How-

ever, liver discrimination factors may be more appropriate when examining species

where a diet (such as algae) varies over time, as liver generally has a much shorter

turnover rate for both 15N and 13C (Trudel et al. 2010). erefore, determining

∆15N and ∆13C for both muscle and liver may be necessary to identify dietary

sources correctly.

e most accurate way to determine explicit turnover rates for these fish tis-

sues would be to experimentally test turnover rates in a controlled, captive study

(e.g. German and Miles 2010). However, wild-caught fishes are generally highly

stressed in captivity (Pankhurst and van der Kraak 1997), and perhaps, as a result,

may lose all of their hindgut microbes when removed from the wild (Fishelson et

al. 1985). Testing assimilation rates on captive fish that are likely to have compro-

mised symbiotic hindgut communities that are essential for digestion of algal diets,

may thus fail to accurately determine turnover rates or discrimination factors for

these fish. Furthermore, caution is advised when applying any model or standard

value from any study to determine trophic positions and/or discrimination factors

to organisms that do not have commonality with the species represented (Perga

and Grey 2010).
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Nitrogen isotope fractionation of amino acids to

determine nutritional sources in marine herbivorous

fishes 4

4.1 Introduction

Nitrogen is required for growth and development of all animals as it is an essen-

tial compound of many molecules, including amino acids (the building blocks of

proteins), nucleic acids, and vitamins. However, many herbivorous species have

diets that can be limiting in nitrogen-containing nutrients (White 1978, White

1993a), specifically, essential amino acids (EAAs). ese are amino acids (AAs)

that cannot be synthesised by eukaryotic organisms but must be obtained directly

from the diet (Rose 1938). A paucity of nitrogen concentrations within the diets

of some herbivores has led to different strategies by these animals to meet their nu-

tritional needs (White 1993a). One such strategy is the greater consumption and

assimilation of plant material in order to extract the necessary amount of nitrogen

(White 1993b). Alternatively, some animals may supplement their herbivorous

diet either directly or indirectly by consuming animals or animal material (includ-

ing coprophagy). Finally, many herbivores utilize microorganisms to break down
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plant material to provide essential nutrients that the diet alone would not provide

(White 1993a). ese animals can also use these microorganisms as direct sources

for protein. ese microbiota may occur externally, as in the case of marine snails

that “farm” microbial fungi to break down plant or algal material (Silliman and

Newell 2003, McMillan 2010), or internally, as endo- or ecto-cellular symbionts

in the gut of the animal (White 1993a). Animal hosts of microbial gut commu-

nities include all herbivorous mammals (Hume 1989, Metges and Petzke 2005,

Ley et al. 2008), birds (Waite and Taylor 2014), reptiles (Bjorndal 1997), fish

(Rimmer and Wiebe 1987, Clements 1991, Clements and Choat 1995, Seeto et

al. 1996, Clements 1997, Mountfort et al. 2002, Moran et al. 2005), and inver-

tebrates (Guerinot 1981, Breznak 1982, Harris 1993, Nardi et al. 2002, Bui and

Lee 2015). However, across these taxa, it is unclear whether these microorganisms

contribute to the overall nitrogen budget and, more importantly, to the acquisition

of protein by the host.

Microorganisms have been shown to contribute greatly to the nitrogen and

protein requirements of arthropods (Nardi et al. 2002, Ayayee et al. 2014, Ayayee

et al. 2016) and mammals such as ruminants and foregut fermenters, where mi-

crobes and microbial protein are digested in the small intestine (Wallace 1994, Ley

et al. 2008). Mammals with caecal fermentation have special pellets containing

their excreted gut microorganisms that they then reingest, therefore consuming

the microbes through caecotrophy (Hirakawa 2001). Additional evidence of ab-

sorption of microbial nutrients has been shown in birds that have caecal fermenta-

tion but are not caecotrophs (Obst and Diamond 1989). For those animals with

hindgut fermentation, microbial protein in the form of EAAs and non-essential

AAs (NEAAs) may be absorbed in the gut of the host organism, presumably after

the lysis of microbial cells (Houpt and Houpt 1971, Parra 1978). Possible mech-

anisms for absorption of microbial protein have been observed in the hindguts of

very few species through carrier-mediated absorption or through passive diffusion

(Stevens and Hume 1998). Although the mechanisms for host absorption of mi-

crobial protein is unclear for most hindgut fermenters, contributions of microbial

protein to non-mammalian, vertebrate, herbivorous organisms has been observed
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in marine turtles (Arthur et al. 2014), but not in herbivorous fish. However, for

the omnivorous, hindgut-fermenting tilapia (Kihara and Sakata 1997), microbial

contributions to host protein have been demonstrated through diet experiments

and modelling (Newsome et al. 2011).

Most microbial contributions to herbivorous fish nutrition have been measured

in the form of short-chain fatty acids (SCFAs; Clements and Choat 1995, Mount-

fort et al. 2002). SCFAs are the end products of microbial hindgut fermentation of

dietary fibres, and they provide energy to the host (Karasov and Hume 2010, den

Besten et al. 2013). Although researchers have discussed the potential for symbi-

otic microbial communities to provide a source of protein to these host species, no

studies to date have offered evidence of microbial contributions to the nitrogenous

diet of these herbivorous fishes (Clements et al. 2009). Additionally, in a recent

study, researchers identified diazotrophic (N2-fixing) microbes in the hindguts of

several temperate and tropical hindgut-fermenting, herbivorous fish species (Bo-

jarski 2014). is suggests that, if symbiotic hindgut microbes are found to provide

AAs to the host fish species, one potential source of nitrogen to these AAs could

be derived from N2-fixation. is would be the first time “new” nitrogen (i.e. ni-

trogen created from N2-fixation by microbial symbionts) was shown to contribute

to host nutrition in vertebrates.

Associations of eukaryotic host organisms with nitrogen-fixing bacteria occur

in many environments and encompass a wide range of interaction types (Kneip et

al. 2007). ese relationships have only been documented in invertebrates, with

the majority of these associations occurring in insects such as: higher and lower

termites (Ohkuma and Brune 2010), bark beetles (Morales-Jiménez et al. 2009),

and stag beetles (Kuranouchi et al. 2006); a few examples can be found in the ma-

rine system [e.g., urchins (Fong and Mann 1980, Guerinot 1981) and shipworms

(Lechene et al. 2007)]. However, the nutritional contributions of “new” nitrogen

created by these N2-fixing endosymbionts to their animal hosts are not well docu-

mented (Douglas 2009). is is partly due to the paucity of experimental research,

the limited genetic identification of symbiotic microbial species, and identification

of their functional and metabolic capabilities (Douglas 2009). Determination of
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potential contribution to the host animal does not equate to actual contribution;

therefore, alternative methods to identify microbial contribution to host organisms

should be employed.

Understanding the contributions of hindgut microbes and herbivorous diets

to animal hosts is complicated and difficult to quantify. Stable nitrogen isotope

ratios (δ15N) have been used extensively in ecosystem studies for more than 30

years to determine dietary sources in consumers and to estimate trophic positions

(TP) of organisms within food webs (Peterson and Fry 1987, Michener and Schell

1994, Boecklen et al. 2011). is is because the ratio of 15N/14N increases troph-

ically from diet to consumer and has a relatively consistent fractionation value (i.e.

trophic discrimination factor; TDF) within ecosystems (Bloomfield et al. 2011,

Boecklen et al. 2011). However, when determining the effects of multiple di-

etary sources and differences in fractionation within a consumer, interpretation of

bulk δ15N can be problematic (Peterson 1999), especially when different sources

of nitrogen (i.e. inorganic and organic nitrogen sources) are utilized by baseline

organisms (i.e. primary producers found at the bottom of a food web; McCarthy

et al. 2007).

Recent advances in compound-specific isotopic analysis (CSIA) has made it

possible to directly measure δ15N in certain compounds and molecules, specifically

AAs (CSIA-AA;Macko et al. 1987). Similar to bulk δ15N, the δ15Nvalues of cer-

tain individual AAs show evidence of trophic fractionation occurring from diet to

consumer (McClelland and Montoya 2002, McClelland et al. 2003). ese vary-

ing patterns created by specific AAs translate to the trophic fractionations found in

bulk δ15N. Termed trophic AAs, this group of AAs include alanine, aspartic acid,

glutamic acid, isoleucine, leucine, proline, and valine (Popp et al. 2007). ese

AAs can experience large isotopic fractionation through transamination/deamina-

tion, where retention of the heavier isotope, 15N, over the lighter isotope, 14N,

usually occurs (Deniro and Epstein 1981, McClelland and Montoya 2002). Of

these trophic AAs, glutamic acid is thought to have the largest fractionation be-

tween diet and consumer and is generally selected as the trophic AA to be used in

estimating trophic fractionation (McClelland and Montoya 2002, Chikaraishi et
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al. 2007). Conversely, the δ15N for some AAs may determine the δ15Nbaseline

signature (δ15N value expected for the baseline primary producer) for the food web

of an organism (McMahon et al. 2013). Known as source AAs, these AAs show

little to no fractionation between δ15Nbaseline and δ15N of the consumer and

include lysine, methionine, phenylalanine and tyrosine (Chikaraishi et al. 2007,

Chikaraishi et al. 2009). Among these AAs, phenylalanine is considered the least

variable and typically has the least trophic fractionation among any AAs because

carbon and nitrogen bonds do not form or break during metabolic processing (Mc-

Clelland and Montoya 2002, Chikaraishi et al. 2007, Chikaraishi et al. 2009).

erefore, the δ15N value of phenylalanine is usually selected as the best proxy for

source AAs and is most frequently used to determine δ15Nbaseline of an organism

or ecosystem (Lorrain et al. 2009, Vokhshoori and McCarthy 2014, Nielsen et al.

2015).

Trophic position (TP), similar to the TP found using bulk δ15N, can be es-

timated using the δ15N of trophic and source AAs determined through CSIA

(TPCSIA; McClelland and Montoya 2002, Popp et al. 2007, Chikaraishi et al.

2009). Applying the proxies for trophic and source AAs, glutamic acid and pheny-

lalanine are typically used to estimate the consumer TPCSIA using the equation:

TPCSIA = 1 + [(δ15NGlu–δ15NPhe–β)/TDFGlu−Phe] (4.1)

where δ15NGlu–δ15NPhe is the difference between the δ15N of glutamic acid and

phenylalanine for the consumer, β is the difference between δ15NGlu and δ15NPhe

for the baseline organism and TDF is the trophic discrimination factor (i.e. the
15N enrichment of glutamic acid with respect to phenylalanine at each trophic step

between the consumer and diet source; see Figure 1) calculated as follows:

TDF = (δ15Nconsumer–δ15Ndiet)Glu–(δ15Nconsumer–δ15Ndiet)Phe (4.2)

e TPCSIA is used to estimate trophic position without having to empirically

determine the δ15N signature(s) for the dietary source(s) for an organism in a food

web (McClelland and Montoya 2002, Popp et al. 2007, Chikaraishi et al. 2009).
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Chart.png

Figure .: Graphic representation of the relationship between the nitrogen iso-
topic composition of trophic and source amino acids (AAs) and trophic positions
(TP), within a food web having the same δ15Nbaseline. β is calculated by taking
the difference between trophic and source AAs at the primary producer level (TP
= 1). e trophic discrimination factor (TDF) is estimated for each TP by taking
the difference between the changes in the trophic and source AAs (∆source and
∆trophic) between the diet and consumer. TDF and β are used to calculate the
TP for an organism using Eqn. 1. Modified from Chikaraishi et al. (2010).
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Most studies have used the constants 3.4± 0.9‰ for β as found in aquatic primary

producers (Chikaraishi et al. 2009, Chikaraishi et al. 2010), and 7.6 ± 1.3‰ for

TDF, which was calculated from an assortment of trophic levels and species types

in controlled feeding experiments (McClelland and Montoya 2002, Chikaraishi et

al. 2009). However, some recent studies have applied modifications to this calcu-

lation by altering the source and trophic AA proxies employed (McClelland and

Montoya 2002, McCarthy et al. 2007, Popp et al. 2007), while others have em-

ployed or determined different values for β (Chikaraishi et al. 2010, Sabadel et al.

2016) and TDF (Bradley et al. 2015, McMahon et al. 2015b, Nielsen et al. 2015).

By using TPCSIA along with stomach content analysis, Bradley et al. (2015) de-

rived a TDF 2‰ lower than the constant value of 7.6 ± 1.3‰ , while Nielsen

et al. (2015) found an average TDF of 6.6 ± 1.7‰ , both from a broad trophic

range of wild marine fishes. ese differences could be related to diet quality as

McMahon et al. (2015b) found through a controlled feeding study that fish con-

suming high protein diets had lower TDF values than the constant, while fish fed

low protein diets had higher TDF values. Additionally, several recent field stud-

ies using the TDF constant of 7.6 ± 1.3‰ to determine TPCSIAs for a range of

consumers found estimates of TPCSIA to be much lower than expected (Lorrain

et al. 2009, Dale et al. 2011, Choy et al. 2012, McMahon et al. 2015a). In-

terestingly, Steffan et al. (2013) conducted controlled feeding trials that initiated

a trophic hierarchy from plants to insect herbivores to insectivores and found all

species to have TPCSIA values near to their expected TPs using the TDF constant

value of 7.6 ± 1.3‰ . However, mean values of β empirically calculated from the

basal food sources of the species had significantly improved the estimation of all

TPCSIA values. erefore, empirical estimation of the TDF and β values, when

baseline δ15NAA measurements are available, can contribute to more accurate es-

timations of TPs based on CSIA data (Chikaraishi et al. 2015, McMahon et al.

2015a).

When applying the CSIA approach to herbivorous animals who maintain in-

ternal symbiotic relationships with microbial communities, an understanding of

specific microbial biosynthetic pathways is necessary. AAs can be biosynthesised
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by microbes, de novo, and can contribute to the overall nutritional needs of the host

animal. In some cases, these AAs can be created from several nitrogen sources,

both organic and inorganic, each possibly having a distinctive isotopic signature

creating unique δ15N CSIA-AA patterns as found in other baseline organisms

(McClelland et al. 2003, McCarthy et al. 2007, Popp et al. 2007). For example,

one potential source of nitrogen would be from the herbivorous diet which would

be heterotrophically reworked by the hindgut microbes. is microbial resynthe-

sis of algal/plant materials can affect each individual AA in different ways. Strong

fractionation may occur in only a few AAs due to specific microbial biochemical

pathways creating δ15NAA specific to microbial heterotrophy (Ziegler and Fogel

2003, McCarthy et al. 2004, Scott et al. 2006, McCarthy et al. 2007). A recent

study investigating enrichments of 15N to AAs of heterotrophic microbes found

the patterns of fractionation for source and trophic AAs to be similar to those of

animal consumers, specifically the relationship between glutamic acid and pheny-

lalanine in determining TDF and TP (Steffan et al. 2015). is study also stated

that organisms feeding on thesemicrobes would have predictable consumer trophic

fractionation for δ15NAA, as microbes would act as “meat” to the organisms that

consumed them. erefore, it is possible that the relationship between ingested

algal/plant material and heterotrophic microbial symbionts within a herbivorous

host species would be similar to primary producer-primary consumer, and the host

organism, depending on the amount of microbial AAs assimilated by the host,

would have δ15NAA signatures similar to a secondary consumer. In an organism

with symbiotic hindgut microbes, this would translate to a higher TDF between

the herbivorous diet and the herbivorous host.

Conversely, symbiotic microorganisms in the hindgut of herbivores may have

depleted δ15NAA signatures relative to the algal/plant diet of the host organism.

Microbial symbionts that have been shown to fix nitrogen would be depleted in
15N relative to the diet (Macko et al. 1987, McClelland et al. 2003). Additionally,

endogenous products from the host may also be depleted in 15N, due to isotopic

routing within the host system (Metges et al. 1999, Metges 2000). erefore,

sources of depleted nitrogen for the hindgut microbiota in these fishes may be
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derived from a) microbial N2-fixation creating “new” nitrogen, and/or b) from low

molecular weight organic nitrogen (e.g. amino acids and ammonia) derived from

intestinal nitrogen recycling (Metges 2000, Davila et al. 2013). e microbial

AAs biosynthesised from both of these processes could potentially be assimilated

by the host fish species and, through trophic transfer, affect the δ15NAA signatures

of the host tissues.

Chapter aims

To investigate the possible contribution of symbiotic microbial AAs to host protein

nutrition, we sampled temperate and tropical herbivorous fish species that have

hindgut microbial fermentation (i.e. heterotrophic microorganisms; Clements and

Choat 1995, Mountfort et al. 2002) with microbiota that have been found to fix

nitrogen (i.e. autotrophic microorganisms; Bojarski 2014). Muscle and liver tis-

sues, stomach/foregut contents (algal diet), and isolated hindgut microbes were

extracted from the fish and analysed for δ15NAA to ascertain a) whether hindgut

microbes contribute to host fish protein, and if so, b) whether contributions are

from heterotrophic and/or autotrophic microorganisms, and c) any differences be-

tween muscle and liver tissues in isotopic routing from the algal diet and hindgut

microorganisms to the tissues. Differences in bulk δ15N between tissue types have

been described for fish and have been attributed to the differences in metabolic

rates among tissues. However, to date, no studies have used δ15NAA to examine

these differences.

In this study, we also obtained the trophic position for all sample types using

the approach developed by McClelland et al. (2003) and the TDF and β constants

determined using glutamic acid and phenylalanine. To investigate the potential

differences between those constants and empirically derived values, TDF and β

values were calculated using both the isolated microbes and algal diet as baseline

organisms. Because the hindgut microbes also have the potential to act as primary

consumers, TDF values were also calculated using the algal diets as the diet sources

and the microbes as the consumers to determine if this trophic relationship exists

within the guts of the fish hosts.
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4.2 Methods

4.2.1 Specimen collection

Muscle, liver, stomach/foregut contents and microbial pellets (see Chapter 2) for

stable isotope analysis were sampled from three temperate fish species, Kyphosus

sydneyanus (family Kyphosidae), Odax pullus (family Labridae), and Aplodactylus

arctidens (family Aplodactylidae), collected from Great Barrier Island, Hauraki

Gulf, New Zealand (36° 4’S, 175°20’E) from February 2011 to August 2015. Five

tropical fishes – the surgeonfishesAcanthurus lineatus,Naso tonganus, andN. unicor-

nis (family Acanthuridae), and the drummers Kyphosus cinerascens and K. vaigien-

sis (family Kyphosidae) – were collected from Lizard Island, Great Barrier Reef

(14°40’S; 145°28’E) in March 2011 and January 2012. All temperate and tropi-

cal fish were adult and subadult specimens, and were collected on spear between

mid-morning and mid-afternoon to maximize the likelihood of a full gut. Fish

collections in the Hauraki Gulf were conducted under University of Auckland An-

imal Ethics Committee approvals R717, 001009, and 001636, while collections

at Lizard Island were covered by James Cook University of North Queensland

Animal Ethics Committee approvals A1641 and A2027.

Sample preparation

All fish were processed as described in Chapter 2.2.1 by the location-specific meth-

ods (tropical and temperate reefs). Fish hindgut microbes were isolated using the

serial centrifugation methods described in Chapter 2.2.2.3. A fixed rotor was em-

ployed to isolate the hindgut microbes in temperate fishes (New Zealand), while

a swinging bucket rotor was used for the tropical species (Lizard Island). For

viscous gut samples (i.e. O. pullus and N. tonganus), a 1:1 aliquot of phosphate

buffered saline (PBS) was added to the gut sample before pelleting in the first

spin (see Chapter 2.2.2.3). Samples from both temperate and tropical fishes were

frozen and temporarily stored in liquid nitrogen after processing. Samples were

then lyophilized and treated as described in Chapter 2.2.4. Sample types included

fish tissues (muscle and liver), stomach/foregut contents (algal diet) and microbial

88



4.2. Methods

pellets [IV-pellet and V-pellet from hindgut sections IV and V, and All-pellet (a

combination of all hindgut sections) from A. lineatus, and IV-pellet, which was

collected in the second to last centrifugation spin during pellet isolation for N.

tonganus]. We collected the IV-pellet for N. tonganus because it contained a high

concentration of epulos (large bacteria) that were not collected in the final centrifu-

gation spin. Sample numbers and fish size ranges are presented in Table 4.1.

4.2.2 Stable isotope analysis for bulk δ15N

Stable isotope data for bulk nitrogen was taken from Chapter 3 and all analyses

were performed as described in section 3.2.2. However, the data for tropical fish

species collected in December 2014 is not presented in this chapter as no microbial

pellets were collected for these individuals.

As described in Chapter 3, TDF was determined using the following equation

modified from O’Leary (1981):

∆X = δXConsumer − δXSource (4.3)

where X is 15N for fish muscle tissue (consumer) and the dietary sources, algal diet,

and microbial pellets (source), and were determined using paired samples for each

fish and corresponding dietary sources, then a mean calculated by species.

4.2.3 Compound-specific stable isotope analysis for δ15NAA

For nitrogen CSIA-AA, dried, homogenized material was weighed into 2 mL Ep-

pendorfs and shipped overnight to University of California at Davis Stable Isotope

Facility for CSIA-AA for δ15N by GC-C-IRMS. 5-10 mg of each sample was hy-

drolysed by acid (6M HCl) and derivatized using methyl chloroformate. 0.2-0.5

µL of the analytes were injected and separated on an Agilent Technologies DB-23

column (30mm X 0.25mm ID micron film thickness) at 250°C. e amino acid

derivatives (AA-MCF) were then converted to N2 using an oxidation reactor at

950°C. Water was removed via a nafion dryer and N2 went through the IRMS.

NIST standard reference materials were used to calibrate working standards for

correction of all δ-values (Walsh et al. 2014).
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Using these methods, δ15N values were consistently determined in duplicate

for the trophicAAs [alanine (Ala), aspartic acid (Asp), glutamic acid (Glu), isoleucine

(Ile), leucine (Leu), proline (Pro), and valine (Val)] and the source AAs [glycine

(Gly), lysine (Lys), and phenylalanine (Phe)].

Results from the CSIA-AA analysis and bulk SIA for nitrogen were presented

for each fish species in three ways: 1) δ15N of individual AAs and bulk SIA for

each sample type; 2) individual AA discriminations (∆15NAA) calculated using

the following formula:

∆15NAAx = (δ15Nconsumer–δ15Ndiet)AAx (4.4)

where AAx is an individual AA, consumer is either muscle or liver tissue, diet is

algal diet or one of the microbial pellets listed above, and bulk SIA ∆15N was

determined as described in section 4.2.2; and 3) ∆15NAA between muscle tissue

and diet sources displayed in a radar plot to show “elbows” as described by Steffan

et al. (2015) (see section 4.1).

Microbial enrichment

To investigate enrichment of 15N in certain AAs by microbial reworking as de-

scribed by Calleja et al. (2013), the difference between the algal diet and microbial

pellets was determined for all AAs for each fish species using the equation:

∆15N = (Microbial pellet)AAx–(Algal diet)AAx (4.5)

where AAx is an individual AA, microbial pellet is one of the microbial pellets

sampled as described above (see section 4.2.1) and algal diet is the ingested algae

found in the foregut/stomach contents of the fish. e top four mean ∆15NAA

showing the greatest enrichment of microbes relative to algal diet were selected

and compared to those AAs found to be associated with heterotrophic reworking

by bacteria (Calleja et al. 2013).
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4.2.4 Trophic Position

TPCSIA was calculated using a common method employed in a many studies (Mc-

Clelland and Montoya 2002, Chikaraishi et al. 2007, McCarthy et al. 2007, Popp

et al. 2007, Chikaraishi et al. 2009, Chikaraishi et al. 2010). It typically utilizes

the difference in δ15N between the trophic AA (glutamic acid) and the source AA

(phenylalanine) using Equation 1 (see Introduction 4.1). Uncertainty in TPCSIA

was calculated by propagation of errors (POE) as described by Blum et al. (2013).

Empirical determination of TDF

To examine differences between empirically determined TDF using the data pre-

sented here and theTDF value of 7.6± 1.3‰ typically used to determineTPCSIA,

TDF values were calculated as follows:

∆15NAAx = (δ15Nconsumer–δ15Ndiet)AAx (4.6)

where consumer is muscle tissue and diet is algal diet or one of the microbial pellets

(as described above). In order to examine the possibility that hindgut microbes are

acting like consumers as predicted by recent studies (Calleja et al. 2013, Steffan et

al. 2015), TDF was also calculated using microbial pellets as consumers and algal

diet as diet in the above equation.

Empirical determination of β

Empirical calculations of β using the equation:

β = δ15Nglu–δ15Nphe (4.7)

were also determined for each dietary source for all fish species sampled to com-

pare to the frequently applied constant of 3.4 ± 0.9‰ in TPCSIA estimations

(Chikaraishi et al. 2009).
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4.2.5 Statistical analyses

Statistical analyses to test for differences among sample types for δ15N of individ-

ual AAs and bulk δ15N for each fish species were conducted in SPSS ver22 where

sample sizes were > 2. Assumptions for normality and homogeneity were tested

using Shapiro-Wilk and Levene’s tests, respectively. If assumptions were not met,

data were transformed using square root or log 10 transformations. An analysis of

variance (ANOVA) was conducted to test for differences among sample types and

if found to be significantly different, a Tukey’s post hoc pairwise test was used to

test for differences between sample types.

If assumptions of normality could not be met using any transformations, data

were analysed using a fixed, one-factor PERMANOVA with sample types as the

factor and raw δ15N values in Primer ver7. Data were first tested for homogeneity

of dispersion using the PERMDISP function. If the assumption for homogeneity

was met, PERMANOVAs were performed on all data using the unrestricted per-

mutation of raw data (which is appropriate for small sample sizes; Anderson and

Braak 2003). If the analysis for a species showed significant differences (α=0.05)

for sample types, a post hoc pairwise comparison of sample types was performed

to determine differences between dietary sources and the fish tissues, as well as

differences between liver and muscle and among algal diet and hindgut micro-

bial pellets. Monte Carlo test values are reported for the pairwise test function in

PERMANOVA if low numbers of unique permutations (i.e. fewer than 100) were

obtained (Anderson 2005).

If violations of assumptions occurred using the tests above for ANOVA and

PERMANOVA, a non-parametric Kruskal-Wallis test was conducted in SPSS

ver22 to test for significant differences between sample types for data as above. If

significant differences were found (α=0.05), post hoc pairwise tests were performed

between sample types. All results of statistical analyses can be found in Appendix

C when not presented in text.

Tests between expected TPCSIA for all sample types and TPCSIA determined

using Equation 1 as described above (see Empirical determination of TDF) were

performed using one sample t-tests for each species (SPSS v.22). ExpectedTPCSIA
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were as follows for each sample type: muscle and liver tissues = 2 and all dietary

sources (algal diet, All-pellet, IV-pellet and V-pellet) = 1. Normality for all data

was examined using the Shapiro-Wilk test.

To estimate contribution of dietary sources of nitrogen assimilated by con-

sumers, the Bayesian mixing model FRUITS (Food Reconstruction Using Iso-

topic Transferred Signals) ver2.0 (Fernandes et al. 2014) was used to determine

contribution of the algal diet and microbial symbionts to fish muscle tissues. One

of the conditions of using FRUITS is that the identified dietary sources should

be significantly different for the chemical components used in the analysis (Fer-

nandes et al. 2014). erefore, only those fish species which exhibited statistically

different δ15NAA values between algal diet and microbial pellets were used in this

analysis.

4.3 Results

4.3.1 CSIA-AA results for δ15N

For all of the temperate and tropical fish species, the δ15NAA values for both the

algal diet and microbial pellets were significantly different from the host muscle

tissues for the majority of the trophic AAs (Tables 4.2 and 4.3; Appendix C). How-

ever, in several instances, liver tissues had δ15NAA that was not statistically distinct

from one or more of the dietary sources, and for the majority of trophic AAs, was

depleted in 15N relative to the muscle. In some species, liver and muscle were

found to be statistically distinct from each other for a few trophic AAs, particu-

larly proline, where five of the eight species were found to have differences between

the two tissue types. Interestingly, four of those five species also had significant

differences between liver and muscle for bulk δ15N (Tables 4.2 and 4.3; Appendix

C). For the source AAs, where no differences between diet and consumer were

expected, significant differences in glycine were found between one or more of the

dietary sources and the tissues for six of the eight fish species sampled. Lysine

and phenylalanine had consumer tissues that were similar to the dietary sources

for most of the species sampled (Tables 4.2 and 4.3; Appendix C). For all source
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AAs, muscle and liver tissues were not significantly different for any of the fish

species analysed.

When combining all species and analysing the normalized δ15NAA data for

the combined source AAs (glycine, lysine, and phenylalanine; see section 4.2.3),

significant differences were found among sample types (PERMANOVA: F4,174 =

10.187, p = 0.0001). A. lineatus was removed from the analysis due to possible con-

founding factors of using data from the All-pellet (the microbial pellet combined

from the three posterior gut sections) versus the IV and V-pellets obtained for the

other fish species sampled (see section 4.2.1). Post hoc tests revealed the muscle and

liver tissues to have similar values, while the algal diet was significantly different

from the all sample types (Appendix C). e IV and V-pellets were significantly

different from all sample types, but not from each other. erefore, two separate

analyses were performed using the Bayesian mixing model FRUITS to determine

the contributions of dietary sources to the muscle tissues of all fish species for all

source AAs combined.

All dietary sources had similar contributions to the muscle tissues of the fish

species included in the analyses. When comparing the contribution of the IV-

pellet and the algal diet, the two dietary sources were very similar with estimated

mean contributions of 50.7% and 49.3% respectively, which may indicate that the

mixing model could not distinguish between the two sources (Figure 4.2, A; Ap-

pendix C). e V-pellet had a slightly greater contribution than the algal diet with

a mean value of 53.8% , while the algal diet contributed 47.2% (Figure 4.2, B; Ap-

pendix C). Analysis on individual species for source AAs was conducted on indi-

vidual AAs as the patterns among the AAs were different (specifically for glycine),

and by combining the source AAs, the contributions and significant differences

among dietary sources would be indiscernible (Table 4.2 and 4.3).

Temperate fish species

A. arctidens and K. sydneyanus differed significantly between consumer tissues and

dietary sources for all trophic AAs (Table 4.2; Appendix C). However, results var-

ied forO. pulluswith several trophic AAs having no significant differences between
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Figure .: Probability distributions and boxplots showing % contributions of
algal diet (algae) and microbial pellets [IV-pellet (A) and V-pellet (B)] to host
muscle tissue for all fish species combined using FRUITS. Analysis was performed
on δ15N for all source AAs (glycine, lysine, and phenylalanine). Boxes in boxplots
provide a 68% confidence interval (corresponding to the 16th and 84th percentiles),
while the whiskers provide a 95% confidence interval (corresponding to the 2.5th
and 97.5th percentiles). e horizontal continuous line indicates the mean, while
the horizontal dashed line indicates the median (50th percentile).
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one or both tissues and one or both dietary sources (algal diet and V-pellet; Table

4.2; Appendix C). For the source AA glycine, all species differed between tissues

and algal diet, with only the microbial pellets found to be similar to the host tis-

sues. For lysine and phenylalanine, all fish species tissues and dietary sources were

similar. K. sydneyanus was an exception, where only the algal diet and IV-pellet

were similar to host tissues and the V-pellet was significantly different (Table 4.2;

Appendix C).

A. arctidens dietary sources (algal diet and V-pellet) and tissues (muscle and

liver) differed in bulk δ15N and all trophic AA signatures (Table 4.2; Figure 4.3,

A; Appendix C). For alanine, all sample types were significantly different from

each other with the microbial pellet enriched in 15N relative to the algal diet. In

fact, mean δ15N was greater for the V-pellet than the algal diet for all of the trophic

AAs and for the source AA glycine, where the algal diet was significantly different

from both the tissues and the microbial pellet (Table 4.2; Figure 4.3, A; Appendix

C). e liver and muscle tissues were found to be significantly different for only

two AAs, alanine and proline. No significant differences were found among sam-

ple types for the source AAs lysine or phenylalanine (Table 4.2; Figure 4.3, A;

Appendix C).

Discrimination values between the tissues ofA. arctidens and the dietary sources

(Figure 4.3 B) clearly demonstrates the trophic enrichment from diet to consumer

for all trophic AAs and bulk δ15N. Again, these plots show the enrichment of the

V-pellet relative to the algal diet (i.e. the difference in δ15N between tissues and

V-pellet is less than between tissues and algal diet), with alanine and glutamic acid

showing the greatest enrichment of tissues relative to the diet (i.e. greater ∆15N).

e radar plot clearly showed the “elbows” as described by Steffan et al. (2015)

for phenylalanine and lysine (Figure 4.3, C). For glycine, the pattern was not as

discernible; however, the “elbow” can still be observed especially for the microbial

pellet (Figure 4.3, C).

Glycine was the only source AA with significantly different dietary sources

(algal diet and microbial pellet) that could be analysed using FRUITS. e contri-

bution of the microbial pellet to muscle tissue for glycine was much greater than
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4.3. Results

Figure .: Results of nitrogen CSIA-AA analysis for the temperate fish species,
A. arctidens. A) Mean (±SE) of bulk δ15N and δ15NAA (showing trophic and
source AAs) for consumer tissues (muscle and liver) and dietary sources [algal diet
(algae), and hindgut microbes (V-pellet)]. Letters (a, b, c, and d) indicate sig-
nificant differences among sample types determined with post hoc pairwise tests
(α = 0.05) where differences were found. B) δ15N discrimination (∆15N; enrich-
ment or depletion) between dietary sources and consumer tissues, muscle (left) and
liver (right), of bulk data (bulk) and trophic and source AAs. Asterisks indicate
significant differences between consumer tissue and dietary source. Hash sym-
bols denote significant differences between dietary source types. C) Radar plot of
∆15NAA of trophic and source AAs between consumer muscle tissues and dietary
sources showing the “elbows”, as described by Steffan et al. (2015), at each of the
source amino acids (glycine, lysine, and phenylalanine), indicated by asterisks.
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Figure .: Probability distributions and boxplots showing % contributions of al-
gal diet (algae) and microbial pellet (V-pellet) to host muscle tissue for A. arctidens
using FRUITS. Analysis was performed on δ15N for glycine. Boxes in boxplots
provide a 68% confidence interval (corresponding to the 16th and 84th percentiles),
while the whiskers provide a 95% confidence interval (corresponding to the 2.5th
and 97.5th percentiles). e horizontal continuous line indicates the mean, while
the horizontal dashed line indicates the median (50th percentile).

that from algal diet with mean contributions of 70.0% and 30.0% , respectively

(Figure 4.4).

K. sydneyanus dietary sources (algal diet, IV-pellet and V-pellet) and tissues

(muscle and liver) differed in bulk and trophic AA δ15N signatures (Table 4.2;

Figure 4.5, A; Appendix C). For bulk δ15N, algal diet and microbes were signifi-

cantly different from each other although the pellets did not differ from each other.

Only valine had significant differences among dietary sources for trophic AAs with

algal diet and the V-pellet found to be statistically distinct (Table 4.2; Figure 4.5,

A; Appendix C). Unlike A. arctidens, K. sydneyanus microbial pellets were not en-

riched in 15N for trophic AAs relative to the algal diet. e microbial pellets were

depleted in 15N or had very similar δ15N signatures to the algal diet, except for

proline, where δ15N signatures for both microbial pellets were greater than the

algal diet (Table 4.2; Figure 4.5, A; Appendix C). Liver and muscle tissues were

found to be significantly different only for the trophic AA valine. e liver and

muscle tissues were significantly different for bulk and proline δ15N signatures.

For the source AAs, the algal diet was significantly different from both the
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tissues and the microbial pellets for glycine. No significant differences were found

among sample types for lysine and phenylalanine (Table 4.2; Figure 4.5, A; Ap-

pendix C).

As with A. arctidens, above, discrimination values between the tissues of K. syd-

neyanus and the dietary sources (Figure 4.5, B) demonstrate the trophic enrichment

from diet to consumer for all trophic AAs and bulk δ15N. For muscle, proline had

the greatest ∆15N between the tissue and all dietary sources, but for liver tissue,

alanine and aspartic acid had the greatest 15N tissue enrichment relative to the

diet. e radar plot clearly showed the “elbows” for all source AAs (Figure 4.5, C).

However, the “elbow” for glycine is created by the microbial pellets and not the

algal diet (Figure 4.5, C).

FRUITS analysis was conducted for contributions to glycine for muscle tissues

from the algal diet and the microbes (IV and V-pellet) with the pellets analysed

with the algal diet separately (i.e. only two dietary sources can be analysed when

only one chemical element is used; Phillips 2001). Both microbial pellets con-

tributed more than the algal diet to the muscle tissue of K. sydneyanus. Compar-

isons in contributions between algal diet and IV-pellet revealed that the IV-pellet

had an estimated mean contribution of 87.5% , while the algal diet had only a

12.5% contribution (Figure 4.6 A; Appendix C). e V-pellet had an 86.1% con-

tribution, while the contribution of the algal diet was only a 13.8% (Figure 4.6, B;

Appendix C).

For O. pullus, δ15N was significantly different for the bulk signatures and most

of the trophic AAs between the consumer tissues and the dietary sources (algal

diet and V-pellet; Table 4.2; Figure 4.7, A; Appendix C). However, for leucine,

algal diet was significantly different from both muscle and liver tissues, while the

microbial pellet differed only from muscle. e two dietary sources were only sig-

nificantly different for one of the trophic AAs, alanine. For the source AAs, algal

diet and V-pellet differed from all other sample types for glycine alone. No dif-

ferences were found among sample types for lysine, but the V-pellet differed from

all sample types for phenylalanine and was enriched in 15N. e liver and muscle

tissues were not significantly different for bulk or AA δ15N signatures. Similar to
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Figure .: Results of nitrogen CSIA-AA analysis for the temperate fish species,
K. sydneyanus. A) Mean (±SE) of bulk δ15N and δ15NAA (showing trophic and
source AAs) for consumer tissues (muscle and liver) and dietary sources [algal diet
(algae), and hindgut microbes (IV and V-pellet)]. Letters (a, b, c, and d) indi-
cate significant differences among sample types determined with post hoc pairwise
tests (α = 0.05) where differences were found. B) δ15N discrimination (∆15N;
enrichment or depletion) between dietary sources and consumer tissues, muscle
(left) and liver (right), of bulk data (bulk) and trophic and source AAs. Asterisks
indicate significant differences between consumer tissue and dietary source. Hash
symbols denote significant differences between dietary source types. C) Radar plot
of ∆15NAA of trophic and source AAs between consumer muscle tissues and di-
etary sources showing the “elbows”, as described by Steffan et al. (2015), at each
of the source AAs (glycine, lysine, and phenylalanine), indicated by asterisks.
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Figure .: Probability distributions and boxplots showing % contributions of
algal diet (algae) and microbial pellets (A: IV-pellet and B: V-Pellet) to host mus-
cle tissue for K. sydneyanus using FRUITS. Analysis was performed on δ15N for
glycine. Boxes in boxplots provide a 68% confidence interval (corresponding to the
16th and 84th percentiles), while the whiskers provide a 95% confidence interval
(corresponding to the 2.5th and 97.5th percentiles). e horizontal continuous line
indicates the mean, while the horizontal dashed line indicates the median (50th
percentile).
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Figure .: Results of nitrogen CSIA-AA analysis for the temperate fish species,
O. pullus. A) Mean (±SE) of bulk δ15N and δ15NAA (showing trophic and source
AAs) for consumer tissues (muscle and liver) and dietary sources [algal diet (algae),
and hindgut microbes (V-pellet)]. Letters (a, b, and c) indicate significant differ-
ences among sample types determined with post hoc pairwise tests (α = 0.05) where
differences were found. B) δ15N discrimination (∆15N; enrichment or depletion)
between dietary sources and consumer tissues [muscle (left) and liver (right)], of
bulk data (bulk) and trophic and source AAs. Asterisks indicate significant differ-
ences between consumer tissue and dietary source. Hash symbols denote signifi-
cant differences between dietary source types. C) Radar plot of∆15NAA of trophic
and source AAs between consumer muscle tissues and dietary sources showing the
“elbows”, as described by Steffan et al. (2015), at each of the source AAs (glycine,
lysine, and phenylalanine), indicated by asterisks.
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A. arctidens, the microbial pellet of O. pullus was enriched in 15N for all of the AAs

(Table 4.2; Figure 4.7, A; Appendix C).

Discrimination values between the tissues of O. pullus and dietary sources (Fig-

ure 4.7, B) shows trophic enrichment from diet to consumer for all trophic AAs

and bulk δ15N. For both muscle and liver, alanine and leucine had the greatest 15N

enrichment of tissues relative to the diet. Unlike A. arctidens andK. sydneyanus, the

radar plot only shows “elbows” for two source AAs, lysine and phenylalanine (Fig-

ure 4.7, C). e “elbow” for glycine is not evident for either the algal diet or the

microbial pellet (Figure 4.7, C).

FRUITS analysis was conducted for contributions to glycine and phenylala-

nine for muscle tissues from algal diet and microbial pellet (V-pellet). For glycine,

the microbial pellet contributed more than the algal diet to the muscle tissue of O.

pullus. Comparisons in contributions between algal diet and V-pellet showed that

the V-pellet had an estimated mean contribution of 80.5 ± 0.16% while the algal

diet had a 19.4 ± 0.16% contribution (Figure 4.8, A; Appendix C). For phenylala-

nine, the estimated contributions from the dietary sources were similar with the

algal diet contributing slightly more than the V-pellet (57.7% and 41.3% , respec-

tively; Figure 4.8, B; Appendix C).

Tropical fish species

A. lineatus had significant differences for δ15N values between liver and muscle tis-

sues for bulk SIA and for five of the seven trophic AAs, including alanine, aspartic

acid, isoleucine, leucine, and valine (Table 4.3; Figure 4.9, A; Appendix C). Both

dietary sources (algal diet and All-pellet) were significantly different from mus-

cle tissue for all trophic AAs, with the exception of proline where no significant

differences were found among sample types (Table 4.3; Figure 4.9, A; Appendix

C). Dietary sources were significantly different from liver for only alanine and as-

partic acid, except for isoleucine where only the microbial pellet differed. Algal

diet and All-pellet did not differ in any of the trophic AAs, but did differ in bulk

δ15N with the microbial pellet enriched in 15N relative to the algal diet. Signifi-

cant differences were only observed in source AA glycine. Unlike the temperate
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Figure .: Probability distributions and boxplots showing % contributions of al-
gal diet (algae) and microbial pellet (V-pellet) to host muscle tissue for O. pullus
using FRUITS. Analysis was performed on δ15N for glycine (A) and phenylala-
nine (B). Boxes in boxplots provide a 68% confidence interval (corresponding to
the 16th and 84th percentiles), while the whiskers provide a 95% confidence in-
terval (corresponding to the 2.5th and 97.5th percentiles). e horizontal continu-
ous line indicates the mean, while the horizontal dashed line indicates the median
(50th percentile).
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fish species, the algal diet was similar to the tissues, while the microbial pellet was

significantly different from the tissues and the algal diet (Table 4.3; Figure 4.9, A;

Appendix C). No significant differences were found among sample types for lysine

and phenylalanine.

Mean discrimination values between themuscle tissue ofA. lineatus and dietary

sources (Figure 4.9, B) shows trophic enrichment from diet to consumer for all

trophic AAs and bulk δ15N, but with much more variability than the temperate

fish species. Muscle tissues had the greatest 15N enrichment of tissues relative

to the diet for alanine and leucine. Liver ∆15N did not have the same pattern

for trophic enrichment with only alanine, aspartic acid, and glutamic acid being

significantly different between both dietary sources and liver tissues. In the radar

plot, showing ∆15N between muscle and dietary sources (Figure 4.9, C), “elbows”

are evident for the source AAs lysine and phenylalanine. For glycine, the “elbow”

indicates a larger contribution from the algal diet (algae) than from the microbes

(All-pellet).

FRUITS analysis was conducted for contributions to glycine for muscle tissues

from algal diet and microbial pellet (All-pellet). Comparisons in mean contribu-

tions between algal diet and the microbial pellet revealed that the All-pellet had

an estimated contribution much lower than that of the algal diet, unlike many of

the other species sampled with All-pellet which had a contribution of only 21.2%

, while the algal diet had a 78.8% contribution (Figure 4.10; Appendix C).

For the tropical drummer K. cinerascens, muscle and liver tissues were signifi-

cantly different for the bulk δ15N signatures and the δ15NAA of leucine and proline

(Table 4.3; Figure 4.11, A; Appendix C). For bulk SI and all trophic AAs, all di-

etary sources (algal diet, IV-pellet and V-pellet) were significantly different from

both liver and muscle tissues. Microbial pellets were not significantly different for

any AAs, but were significantly different from algal diet (algae) for the trophic

AA alanine and the source AA glycine. No significant differences were found

among sample types for the source AAs lysine and phenylalanine, but algal diet

was significantly different from both tissues and the microbial pellets in glycine.

e IV-pellet differed from muscle tissue, while the V-pellet was similar to both
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Figure .: Results of nitrogen CSIA-AA analysis for the temperate fish species,
A. lineatus. A) Mean (±SE) of bulk δ15N and δ15NAA (showing trophic and
source AAs) for consumer tissues (muscle and liver) and dietary sources [algal diet
(algae), and hindgut microbes (all-pellet)]. Letters (a, b, and c) indicate signifi-
cant differences among sample types determined with post hoc, pairwise tests (α =
0.05) where differences were found. B) δ15N discrimination (∆15N; enrichment
or depletion) between dietary sources and consumer tissues, muscle (left) and liver
(right), of bulk data (bulk) and trophic and source AAs. Asterisks indicate signifi-
cant differences between consumer tissue and dietary source. Hash symbols denote
significant differences between dietary source types. C) Radar plot of ∆15NAA

of trophic and source AAs between consumer muscle tissues and dietary sources
showing the “elbows”, as described by Steffan et al. (2015), at each of the source
AAs (glycine, lysine, and phenylalanine), indicated by asterisks.
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Figure .: Probability distributions and boxplots showing % contributions of
algal diet (algae) andmicrobial pellet (all-pellet) to hostmuscle tissue forA. lineatus
using FRUITS. Analysis was performed on δ15N for glycine. Boxes in boxplots
provide a 68% confidence interval (corresponding to the 16th and 84th percentiles),
while the whiskers provide a 95% confidence interval (corresponding to the 2.5th
and 97.5th percentiles). e horizontal continuous line indicates the mean, while
the horizontal dashed line indicates the median (50th percentile).

tissues.

Discrimination values between the tissues of K. cinerascens and the dietary

sources (Figure 4.11, B) clearly demonstrate the trophic enrichment from diet to

consumer for all trophic AAs and bulk δ15N. Enrichment of the microbial pellets

relative to the algal diet (i.e. ∆15N for tissues and microbial pellets is less than be-

tween tissues and algal diet), only occurs in alanine for both pellets and glutamic

acid for the V-pellet (Figure 4.11, B). e pattern of trophic enrichment is less for

liver tissues, especially for bulk ∆15N and proline. e radar plot clearly shows

the “elbows” for phenylalanine and lysine, but for glycine, the microbes constitute

the “elbow” (Figure 4.11, C), unlike A. lineatus where the algal diet was the main

contributor (Figure 4.9, C).

Glycine was the only source AA with significantly different dietary sources

(algal diet and V-pellet) that could be analysed using FRUITS. e contribution

of the microbial pellet to muscle tissue for glycine was much greater than that from

algal diet, with mean contributions of 82.1% and 19.9% respectively (Figure 4.12;

Appendix C).
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Figure .: Results of nitrogen CSIA-AA analysis for the temperate fish species,
K. cinerascens. A) Mean (±SE) of bulk δ15N and δ15NAA (showing trophic and
source AAs) for consumer tissues (muscle and liver) and dietary sources [algal diet
(algae) and hindgut microbes (IV and V-pellet)]. Letters (a, b, c, and d) indi-
cate significant differences among sample types determined with post hoc, pairwise
tests (α = 0.05) where differences were found. B) δ15N discrimination (∆15N;
enrichment or depletion) between dietary sources and consumer tissues, muscle
(left) and liver (right), of bulk data (bulk) and trophic and source AAs. Asterisks
indicate significant difference between consumer tissue and dietary source. Hash
symbols denote significant differences between dietary source types. C) Radar plot
of ∆15NAA of trophic and source AAs between consumer muscle tissues and di-
etary sources showing the “elbows”, as described by Steffan et al. (2015), at each
of the source AAs (glycine, lysine, and phenylalanine), indicated by asterisks.
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Figure .: Probability distributions and boxplots showing % contributions of
algal diet (algae) and microbial pellet (V-pellet) to host muscle tissue for K. cin-
erascens using FRUITS. Analysis was performed on δ15N for glycine. Boxes in
boxplots provide a 68% confidence interval (corresponding to the 16th and 84th
percentiles), while the whiskers provide a 95% confidence interval (corresponding
to the 2.5th and 97.5th percentiles). e horizontal continuous line indicates the
mean, while the horizontal dashed line indicates the median (50th percentile).

K. vaigiensis had significantly different δ15N for both bulk and several trophic

AA signatures between liver and muscle tissues, including isoleucine, leucine, pro-

line, and valine (Table 4.3; Figure 4.13, A; Appendix C). e dietary sources (algal

diet, IV-pellet and V-pellet) were significantly different from the muscle tissues

for bulk SI and all trophic AAs. e same was found for liver, with the exception

of the AAs alanine, glutamic acid, and proline, where one or more of the dietary

sources were not significantly different (Table 4.3; Figure 4.13, A). No significant

differences were found among sample types for any of the source AAs (Table 4.3;

Appendix C). erefore, FRUITS analysis could not be performed for K. vaigien-

sis.

Like K. cinerascens, one or both of microbial pellets of K. vaigiensis were only

enriched in 15N for alanine and glutamic acid relative to the algal diet (Figure

4.13, A; Appendix C). For all other AAs, the algal diet was either similar to or

greater than the microbial pellets for δ15N (Table 4.3). is pattern can be seen

in the discrimination values for both muscle and liver (Figure 4.13, B). However,

like A. lineatus and K. cinerascens, trophic enrichment for trophic AAs was not as
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great in liver as in muscle. For muscle, trophic enrichment in 15N from dietary

sources can be clearly observed for bulk and trophic AAs (Figure 4.13, B) with the

greatest discrimination occurring in alanine. All source AAs have ∆15N values

between all dietary sources and both fish tissues near zero with the exception of

algal diet and liver tissue for glycine (Table 4.3; Figure 4.13, B). e radar plot

clearly shows contributions from all dietary sources to the “elbows” for all three

source AAs, with the microbial pellets contributing slightly more than the algal

diet for glycine (Figure 4.13, C).

For the tropical surgeonfish N. tonganus, all dietary sources were significantly

different frommuscle tissue in δ15N for bulk SI and trophic AAs (Table 4.3; Figure

4.14, A; Appendix C). For liver, the dietary sources were significantly different

from the tissue for alanine, aspartic acid, glutamic acid, and proline (Table 4.3;

Figure 4.13, A; Appendix C). Muscle and liver tissues differed significantly for

isoleucine and leucine. None of the dietary sources were significantly different

from each other for any AAs. For source AAs, no significant differences were

found among sample types for lysine or phenylalanine (Table 4.3; Figure 4.14, A;

Appendix C). Glycine showed significant differences between the algal diet and

both tissues, while the IV-pellet differed from liver. No significant differences

were found among diet types for glycine (Table 4.3; Figure 4.14, A; Appendix C).

erefore, FRUITS analysis could not be performed for any of the source AAs for

N. tonganus.

For ∆15N, proline had the greatest enrichment between muscle tissue and di-

etary sources (Figure 4.14, B; Appendix C), while the other trophic AAs were

similar in enrichment for all diet types with the exception of valine. For discrimi-

nation between liver and diet sources, proline again had the greatest ∆15N along

with alanine (however, only algal diet was significantly different from liver). ∆15N

for liver and dietary sources for the other AAs were much different from the∆15N

of muscle as many of the dietary sources were not significantly different from liver

and had very low discrimination values. For source AAs, glycine appears to have

greater discrimination values than phenylalanine for both tissues and lysine for

liver. Lysine ∆15N is highly variable for muscle for all dietary sources (Figure
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Figure .: Results of nitrogen CSIA-AA analysis for the temperate fish species,
K. vaigiensis. A) Mean (±SE) of bulk δ15N and δ15NAA (showing trophic and
source AAs) for consumer tissues (muscle and liver) and dietary sources [algal diet
(algae) and hindgut microbes (IV and V-pellet)]. Letters (a, b, c, and d) indicate
significant differences among sample types determined with post hoc pairwise tests
(α = 0.05) where differences were found. B) δ15N discrimination (∆15N; enrich-
ment or depletion) between dietary sources and consumer tissues [muscle (left) and
liver (right)], of bulk data (bulk) and trophic and source AAs. Asterisks indicate
significant differences between consumer tissue and dietary source. No significant
differences between dietary source types were found. C) Radar plot of ∆15NAA

of trophic and source AAs between consumer muscle tissues and dietary sources
showing the “elbows”, as described by Steffan et al. (2015), at each of the source
AAs (glycine, lysine, and phenylalanine), indicated by asterisks.
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Figure .: Results of nitrogen CSIA-AA analysis for the temperate fish species,
N. tonganus. A) Mean (±SE) of bulk δ15N and δ15NAA (showing trophic and
source AAs) for consumer tissues (muscle and liver) and dietary sources [algal diet
(algae), and hindgut microbes (IV and V-pellet)]. Letters (a, b, and c) indicate
significant differences among sample types determined with post hoc pairwise tests
(α = 0.05) where differences were found. B) δ15N discrimination (∆15N; enrich-
ment or depletion) between dietary sources and consumer tissues [muscle (left)
and liver (right)], of bulk data (bulk) and trophic and source AAs. Asterisks in-
dicate significant differences between consumer tissue and dietary source. Hash
symbols denote significant differences between dietary source types. C) Radar plot
of ∆15NAA of trophic and source AAs between consumer muscle tissues and di-
etary sources showing the “elbows”, as described by Steffan et al. (2015), at each
of the source AAs (glycine, lysine, and phenylalanine), indicated by asterisks.
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4.14, B; Appendix C). e radar plot showing discrimination values between di-

etary sources and muscle tissue shows the elbows created by all diet types for all

three source AAs (Figure 4.14, C). However, like K. cinerascens, the V-pellet ap-

pears to contribute more to the elbow of glycine than either the IV-pellet or algal

diet.

Lastly, the results of the δ15NAA for N. unicornis were highly variable with

only the algal diet differing from the muscle tissues for all trophic AAs (Table

4.3; Figure 4.15, A; Appendix C).e V-pellet differed from muscle for all but

glutamic acid and proline. For liver tissues, the algal diet differed in δ15NAA for all

trophic AAs with the exception of proline. e V-pellet only differed from liver for

aspartic acid, leucine, and valine. However, both dietary sources (algal diet and V-

pellet) were significantly different from both fish tissues for bulk δ15N, with the V-

pellet depleted in 15N relative to the algal diet, although they were not significantly

different from each other (Figure 4.15, A; Appendix C). e only trophic AA

found to be significantly different between the two diet types was alanine, where

the V-pellet was enriched in 15N relative to the algal diet. In fact, mean microbial

δ15NAA was greater than the algal diet for all trophic and source AAs. Muscle and

liver were also significantly distinct for bulk δ15N, but no significant differences

were found between the tissues for any AAs. For source AAs, algal diet differed

from the tissues for glycine; however, the V-pellet differed from the liver tissue, and

the algal diet and the microbial pellet were not significantly different from each

other. For phenylalanine, the V-pellet differed from both liver and the algal diet,

but was not significantly different from muscle tissue. No significant differences

were found among sample types for lysine (Table 4.3; Figure 4.15, A; Appendix

C).

Discrimination values for both liver andmuscle show themicrobial enrichment

for δ15NAA to algal diet with ∆15N less for the V-pellet relative to the algal diet

(Figure 4.15, B). For trophic AAs, alanine and leucine show the greatest ∆15N

between muscle tissue and algal diet, while alanine and aspartic acid are the great-

est for liver tissues (Figure 4.15, B). Additionally, the enrichment of the V-pellets

relative to the algal diet can be seen clearly for both tissues in Figure 4.15, B as the
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discrimination factors for the microbial pellet are lower than that of the algal diet.

e most remarkable microbial enrichment is that of the source AA phenylala-

nine where the discrimination value is less than zero, meaning that the microbial

pellet is greater than the fish tissues for δ15N (Figure 4.15, B). e radar plot for

discrimination values between dietary sources and muscle tissue show that the “el-

bows” for the source AA lysine is created by the both the microbial pellet and algal

diet; whereas for pheynylalanine, only the microbial pellet seems to be contribut-

ing. For glycine, the “elbow” is not distinct for any of the diet types (Figure 4.15,

C).

Phenylalanine was the only sourceAAwith significantly different dietary sources

(algal diet and V-pellet) that could be analysed using FRUITS. e contribution

of the microbial pellet to muscle tissue for phenylalanine was greater than that

from algal diet with mean contributions of 61.1% and 38.9% , respectively (Figure

4.16).

4.3.2 Microbial enrichment

Mean discriminations between the δ15NAA of the algal diet and microbial pellets

(calculated using equation 3) revealed that the trophic AAs alanine and leucine,

and the source AAs glycine and phenylanaline, were the four AAs that consis-

tently had greater enrichment for all microbial pellets for each species (Table 4.4).

All microbial pellets (14 in total) were included in this analysis (including those

with < 3 samples) for all eight fish species sampled. irteen microbial pellets had

alanine as one of the top four AAs that were enriched relative to the algal diet with

a range in 15N enrichment of 0.91 ± 1.8‰ to 5.48 ± 0.6‰ (Table 4.4). Glycine

had 11 pellets (with a range of 0.96 ± 1.0‰ to 5.87 ± 0.6‰ ), and phenylala-

nine had 10 (with a range of 0.42 ± 1.6‰ to 4.16 ± 1.2‰ ). Leucine ranked

fourth in the number of microbial pellets for the top discrimination values with

five microbial pellets having a range of 0.34 ± 0.7‰ to 4.08 ± 1.0‰ . Mean

discrimination between all algal diets and all microbial pellets combined reflected

the results above with alanine, leucine, glycine and phenylalanine having the great-

est trophic enrichments in AAs for all species combined with ∆15NAA of 2.12 ±
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Figure .: Results of nitrogen CSIA-AA analysis for the temperate fish species,
N. unicornis. A) Mean (±SE) of bulk δ15N and δ15NAA (showing trophic and
source AAs) for consumer tissues (muscle and liver) and dietary sources [algal diet
(algae), and hindgut microbes (V-pellet)]. Letters (a, b, and c) indicate signifi-
cant differences among sample types determined with post hoc, pairwise tests (α
= 0.05) where differences were found. B) δ15N discrimination (∆15N; enrich-
ment or depletion) between dietary sources and consumer tissues [muscle (left)
and liver (right)], of bulk data (bulk) and trophic and source AAs. Asterisks in-
dicate significant differences between consumer tissue and dietary source. Hash
symbols denote significant differences between dietary source types. C) Radar plot
of ∆15NAA of trophic and source AAs between consumer muscle tissues and di-
etary sources showing the “elbows”, as described by Steffan et al. (2015), at each
of the source AAs (glycine, lysine, and phenylalanine), indicated by asterisks.
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4.3. Results

Figure .: Probability distributions and boxplots showing % contributions of
algal diet (algae) and microbial pellet (V-pellet) to host muscle tissue forN. unicor-
nis using FRUITS. Analysis was performed on δ15N for phenylalanine. Boxes in
boxplots provide a 68% confidence interval (corresponding to the 16th and 84th
percentiles), while the whiskers provide a 95% confidence interval (corresponding
to the 2.5th and 97.5th percentiles). e horizontal continuous line indicates the
mean, while the horizontal dashed line indicates the median (50th percentile).

0.5‰ , 0.93 ± 0.6‰ , 2.70 ± 0.5‰ and 1.25 ± 0.6‰ , respectively (Table 4.4).

To determine if any of the microbial enrichments found in the comparisons

above were statistically significant, a post hoc examinination of mean δ15NAA for

the dietary sources (algal diet, IV-pellet, and V-pellet) combined by temperate

and tropical fish species was performed using the analytical methods described in

section 4.2.4. A. lineatus was removed from this analysis because the All-pellet

was collected and combined from several hindgut sections and was not relevant

to either the IV or V-pellets examined in this analysis (see section 4.2.1). is

analysis was designed to determine an overall pattern in enrichment of hindgut

microbes to the algal diet. e species were separated by temperate and tropical

reefs in order to decrease mean variability in δ15NAA due to regional differences.

Significant differences were found among diet types for the trophic AA alanine,

and the source AAs glycine and phenylalanine for both temperate and tropical

species (Figure 4.17, A and B; Appendix C). Post hoc comparisons revealed that,

for all fish species, the V-pellet was significantly enriched relative to the algal diet

for all three AAs listed above, and no significant differences were found for any
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. Nitrogen isotope fractionation of amino acids

Figure .: Mean δ15N (±SE) of combined algal diet (algae) and microbial
pellets (IV-pellet and V-pellet) for all temperate (A) and tropical (B) fish species
(excluding A. lineatus). AAs with significant differences among sample types are
designated with an asterisk (α = 0.05). e letters a and b indicate significant
differences between diet types determined by post hoc tests. Numbers in parenthesis
are numbers of samples analysed.

AAs between the two microbial pellets (Figure 4.17, A and B). e IV-pellet was

significantly enriched relative to the algal diet for glycine and phenylalanine in

temperate fish species (Figure 4.17, A), and for alanine and glycine in tropical reef

species (Figure 4.17, B).
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. Nitrogen isotope fractionation of amino acids

4.3.3 Trophic position

TPCSIA estimations

e TPs for the muscle tissues of all fish species sampled were found to be very

similar to the expected primary consumer value of 2 with a range of 1.63 ± 0.2 to

2.55 ± 0.3 (Table 4.5; Figure 4.18). However, three tropical species (K. vaigiensis,

N. tonganus, and N. unicornis) had TP values significantly different from 2 (Table

4.5; Appendix C). Similarly, TPs determined for liver tissues were all similar to 2,

with the exception of A. arctidens which had a significantly different TP of 2.87

± 0.3 (Table 4.5). e TPs of the liver tissues for the other species ranged from

1.85 ± 0.2 to 2.18 ± 0.3. TPs for algal diet (algae) were all greater than the

expected value of 1 for primary producers, ranging from 1.12 ± 0.2 to 1.87 ± 0.2,

and statistical analyses revealed the algal diets for all species, with the exception

of A. arctidens, were significantly different from the expected TP of 1. Microbial

pellets varied between pellets and species. Assuming that the symbiotic microbes

are acting as baseline organisms in the fish host systems, expected TP would be 1.

e mean TPs for all microbial pellets were greater than 1, with IV-pellets ranging

from 1.08 ± 0.2 to 1.62 ± 0.3 and the V-pellets ranging from 1.03 ± 0.2 to 1.78

± 0.2 (Table 4.5). For the IV-pellet, only K. vaigiensis differed from 1. e V-

pellet in all temperate fish species had mean TPs similar to 1, but three of the

four tropical species analysed were found to be significantly different, with only

N. unicornis having a TP value representative of a primary producer (Table 4.5;

Appendix C). e All-pellet for A. lineatus like the majority of the V-pellets from

the tropical fishes was significantly different from 1. For several of the fish species,

the microbial pellets had TPs lower than the algal diet (Table 4.5; Figure 4.18).

For the IV-pellet, only two out of the six species sampled had TPs greater than

algal diet. Similarly, the V-pellet had TPs greater than the algal diet for two of the

six species sampled. e TP for the All-pellet for the tropical fish, A. lineatus was

greater than the algal diet and nearer to the primary consumer TP of 2 (Table 4.5;

Figure 4.18).

When examining differences among sample types for TP, no significant dif-
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ferences were found among dietary sources and only the temperate fish species A.

arctidens had significant differences between muscle and liver tissues (Figure 4.18;

Appendix C). For most species, the dietary sources (algal diet and microbial pel-

lets) were significantly different from the fish tissues. e algal diet for O. pullus

was not significantly different from either tissues, but the V-pellet was significantly

different from both liver and muscle (the IV-pellet was not included in the analysis

due to low sample size). e dietary sources (algal diet and All-pellet) for A. linea-

tus were significantly different from muscle but not for liver. For N. tonganus, the

algal diet and V-pellet were not significantly different from liver, but the IV-pellet

was significantly different from both tissues. For N. unicornis, all dietary sources

were significantly different from liver, but only the V-pellet was significantly dif-

ferent from muscle (as in O. pullus, the IV-pellet was not included in the analysis

due to low sample size; Figure 4.18; Appendix C).

Empirical determination of TDF

Trophic discrimination factors (TDF) were determined between the δ15N of mus-

cle and all dietary sources for all fish species using equation 5 (Figure 4.19, A).

Additionally, TDFs were determined between microbial pellets and algal diets to

establish if microbial pellets had 15N enrichment relative to the algal diet compa-

rable to eukaryotic primary consumers (e.g. Steffan et al. 2015; Figure 4.19, B).

TDFs for muscle varied for dietary sources and among fish species (Figure 4.19,

A). Overall, TDFs between the muscle tissue and the algal diet for all species were

expected to be similar to the constant of 7.6 ± 1.3‰ , but only the temperate fish

A. arctidens (with a TDF of 8.28 ± 1.1‰ ) and the two tropical drummers, K.

cinerascens and K. vaigiensis (with TDFs of 6.63± 0.8‰ and 7.99± 0.8‰ respec-

tively) had values close to this constant. All other TDFs for algal diet were much

lower in value with a range of 1.92 ± 0.8‰ to 5.35 ± 1.1‰ (Figure 4.19, A). For

temperate species, all fish had microbial pellets similar to the TDF constant of 7.6

± 1.3‰ determined by Chikaraishi et al. (2009) with a value of 6.27 ± 0.7‰ for

the IV-pellet of K. sydneyanus and a range of 6.39 ± 1.0‰ to 6.67 ± 0.8‰ for the

V-pellets of all temperate fish species (Figure 4.19, A). e algal diet was similar

123



. Nitrogen isotope fractionation of amino acids
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to the constant only in A. arctidens, while the algal diets for K. sydneyanus and O.

pullus had much lower TDFs (3.66 ± 0.6‰ and 3.14 ± 0.7‰ , respectively). For

tropical fish species, three out of the five species sampled had TDFs for muscle

and all dietary sources with values much lower than the TDF constant of 7.6 ±

1.3‰ (Figure 4.19, A). Only the two drummers, K. cinerascens and K. vaigiensis

had TDFs for all dietary sources similar to the constant with the exception of the

V-pellet (4.80 ± 0.95‰ ).

TDFs calculated using hindgut microbial pellets as consumers and the algal

diet as the diet of the temperate and tropical species revealed that the microbial

TDFs are not similar to that of eukaryotic primary consumers when assuming the

algal diet as the source for nitrogen (Figure 4.19, B). e TDFs for all microbial

pellets for all fish species were much lower than the TDF constant of 7.6 ± 1.3‰

, with values ranging from -3.53 ± 0.8‰ to 1.89 ± 1.1‰ . For those TDF

values below zero, the microbial pellets are depleted in 15N relative to the algal

diet (Figure 4.19, B). ese include both the IV and V pellets from K. sydneyanus

(-2.62 ± 0.8‰ and -2.95 ± 0.7‰ ), the V-pellet from O. pullus (-3.53 ± 0.8‰ ),

the IV-pellet from K. cinerascens (-0.84 ± 0.9‰ ), the V-pellet from K. vaigiensis

(-0.68 ± 0.8‰ ), and both the IV and V-pellets from both N. tonganus (-0.94 ±

1.0‰ and -0.66 ± 0.8‰ ) and N. unicornis (-1.73 ± 1.2‰ and -1.50 ± 0.8‰ ).

Empirical estimations of β

Values for β were calculated for the dietary sources, algal diet (algae), and micro-

bial pellets (All-pellet, IV and V-pellet) using equation 6 for both temperate and

tropical fish species. Mean β values were all highly variable among dietary sources

and among species and were found to be greater than the constant of 3.4 ± 0.9‰

determined by Chikaraishi et al. (2009; Figure 4.20). Additionally, mean β for all

algal diets for all species was 6.6‰ , which was much closer to the β of C3 plants

of 8.4‰ (Chikaraishi et al. 2010). However, empirically determined βs similar to

the constant were found for the microbial pellets of K. sydneyanus (3.98 ± 0.8‰

and 3.64 ± 0.7‰ ) and the microbial pellet of O. pullus (3.75 ± 0.9‰ ; Figure

4.20).
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Figure .: Mean trophic discrimination factors (TDF; ± SE) for δ15N
as determined by the equation: ∆glu–phe = (δ15Nconsumer – δ15Ndiet)glu –
(δ15Nconsumer – δ15Ndiet)phe, for the temperate and tropical fish species A. arc-
tidens (AARC), K. sydneyanus (KSYD), O. pullus (OPUL), A. lineatus (ALIN), K.
cinerascens (KCIN), K. vaigiensis (KVAI), N. tonganus (NTON), and N. unicornis
(NUNI). A) TDF between muscle tissues and dietary sources [algal diet (algae),
and microbial pellets (All-pellet, IV-pellet, and V-pellet). B) TDF between mi-
crobial pellets (i.e. consumer) and algal diet (i.e. diet). Dashed lines indicate
the TDF constant of 7.6 ± 1.3‰ used in TP determinations (McClelland and
Montoya 2002, Chikaraishi et al. 2009).
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Figure .: Mean β values (± SE) determined for the dietary sources [algal
diet (algae) and microbial pellets (All-pellet, IV-pellet, and V-pellet)] of the tem-
perate and tropical fish species A. arctidens (AARC), K. sydneyanus (KSYD), O.
pullus (OPUL), A. lineatus (ALIN), K. cinerascens (KCIN), K. vaigiensis (KVAI),
N. tonganus (NTON), and N. unicornis (NUNI). Dashed line indicates the β con-
stant of 3.4 ± 0.9‰ typically used in TP determinations (Chikaraishi et al. 2009,
Chikaraishi et al. 2010).

4.4 Discussion

As all of the herbivorous fish species in this study have been found to have nitro-

gen fixation occurring in the gut by their symbiotic hindgut microbes (Bojarski

2014), the question is how important is this “new” nitrogen to the nutrition of

the fish? All CSIA-AA results for nitrogen and FRUITS analyses for all species

combined indicated that these fish species are receiving AAs from both their algal

diets and their hindgut microbial communities. ese results also revealed that

the microbial pellets isolated from the hindgut are not enriched in 15N as they

would be if the only source of nitrogen for the biosynthesis of AAs came from

the algal diet (Calleja et al. 2013, Steffan et al. 2015). is suggests that these

symbiotic microbes are biosynthesizing nitrogen from sources depleted in 15N rel-

ative to the algal diet (i.e. N2-fixation). If these host herbivorous fishes were only

receiving AAs from the algal diet, the TDFs between the muscle tissue and the
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algal diet would be consistent with the value previously identified for aquatic pri-

mary consumers (Chikaraishi et al. 2009, Chikaraishi et al. 2010, Steffan et al.

2015). However, many of the fish species in this study had much lower TDFs sug-

gesting an input from microbial AAs depleted in 15N. erefore, the implication

is that the nitrogen acquired from N2-fixation by the microbial communities in

the hindguts of the herbivorous fish species in this study is incorporated into the

biosynthesis of AAs, which are then assimilated into the host fish tissues.

Patterns observed in δ15N for all fish species analysed in this study revealed

that, with only one exception, fish muscle tissues were significantly enriched in

trophic AAs relative to all dietary sources (algal diet and microbial pellets). Liver,

however, had many cases where δ15N was not statistically distinct from one or

more of the dietary sources, and the majority of trophic AAs were lower relative to

the muscle. Additionally, in some species, liver and muscle were found to be statis-

tically distinct from each other for a few trophic AAs, particularly proline, where

five of the eight species were found to have differences between the two tissue types.

Interestingly, four of those five species also had significant differences between

liver and muscle for bulk δ15N. Although differences in tissue types have previ-

ously been examined for bulk δ15N (Tieszen et al. 1983, Pinnegar and Polunin

1999, Dalerum and Angerbjörn 2005, Buchheister and Latour 2010, Boecklen et

al. 2011), this research was not extended to tissue-specific fractionation in δ15N

for AAs in vertebrate taxa. However, Schmidt et al. (2004) did find fundamental

differences in δ15N for AAs between tissue types of the microneckton, Eurphau-

sia superba, and determined these differences are driven by protein synthesis and

degradation of proteins for energy supply. In fish, muscle and liver are distinct in

their functional roles in these two dominant internal processes. Liver synthesizes

protein at amuch higher rate thanmuscle (Carter andHoulihan 2001). is would

attribute to themuch greater metabolic turnover rates found in liver as compared to

muscle (Buchheister and Latour 2010), which causes shorter half-lives of isotopes

in the tissue (Hobson and Clark 1992, MacAvoy et al. 2006, Vander Zanden et al.

2015). is then leads to distinct differences between the tissues. Similar to the

results found in this study, Pinnegar and Polunin (1999) also found fish liver tis-
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sues to be depleted in δ15N relative to muscle tissue in bulk SI. ey hypothesized

that the lower δ15N values were due to the greater proportions of EAAs found in

liver, which, as assumed at that time, exhibited less δ15N enrichment than other

AAs. However, the current understanding of δ15NAA is that trophic enrichment

does occur in the many of the EAAs (e.g., isoleucine, leucine, and valine), with

the exception of lysine, phenylalanine, and threonine (McClelland and Montoya

2002, Popp et al. 2007). erefore, as the liver tissues are found to be depleted in
15N for the majority of the trophic AAs in the fish species found in this study, the

greater concentration of EAAs found in the liver tissues of fish would not drive

the isotopic differences observed here.

e lowered δ15NAA values found in the liver may be explained by ammonia

detoxification that occurs in the tissue during the synthesis of AAs. In a study

that examined metabolism of environmental ammonia by gulf toadfish (Opsanus

beta), the liver was found to “fix” ammonia by incorporating the compound into

glutamine, as well as utilizing the excess nitrogen in the forms of amino or amide

nitrogen to be incorporated into proteins (Rodicio et al. 2003). Additionally, mi-

crobial recycling of nitrogenous waste may occur in the hindgut where ammonia

is either incorporated into microbial protein or recycled to the liver for hepatic

synthesis of NEAAs (Stevens and Hume 1998, Bucking et al. 2013). However,

given that the primary product of N2-fixation in bacteria is ammonia, which can

then be utilized by the bacteria to create AAs de novo, this ammonia derived from

“new” nitrogen can also be used in biosynthesis of non-essential AAs in the liver

(Kim and Gadd 2008). is would produce δ15NAA values depleted in 15N in the

liver relative to other tissues of the fish, but this does not explain the EAAs.

As AAs are absorbed from the gut into the blood, they travel directly to the

liver via the hepatic portal vein to be processed and routed to the rest of the fish

tissues (Rust 2003). is means that all dietary AAs and AAs produced de novo by

the gut microbiota would be assimilated by the liver for hepatic catabolism of AAs,

as well as incorporation of dietary AAs directly into protein (Dabrowski and Gud-

erley 2003). erefore, it is possible that the influx of EAAs coming into the liver is

a combination of AAs assimilated from the algal diet and microbial biosynthesis of
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AAs from nitrogen sources derived from endogenous materials, the algal diet, and

“new” nitrogen from N2-fixation. erefore, EAAs with depleted 15N, biosynthe-

sised de novo from the hindgut microbes, would create lowered δ15NAA values in

the liver tissues relative to the muscle tissues as EAAs with heavier isotopes may

be sent from the liver to the rest of the tissues through isotopic routing (Deniro

and Epstein 1981, Podlesak et al. 2006). is hypothesis would need further in-

vestigation through experimental methods in order to determine the possibility of

preferential isotopic routing of AAs between liver and other tissues in fish with

N2-fixing symbionts.

Heterotrophic resynthesis of AAs by bacteria has been shown to cause trophic

transfer similar to animals with comparable enrichments in trophic AAs from diet

to consumer (Steffan et al. 2015). Given that all of the fish species in this study

have been shown to have symbiotic hindgut microbiota that ferment host-ingested

algae (Clements and Choat 1995, Clements 1997, Mountfort et al. 2002), one

would expect that these microbes would have enrichments in trophic AAs similar

to the fish tissues, as the algal material being fermented by these microbes would

also be used for AA biosynthesis. Hindgut microbes were found to be enriched in
15N relative to the algal diet for the majority of the fish species; however, enrich-

ment in microbial pellets was only slight (and mostly non-significant) and were

not equivalent to the fish (consumer) tissues as expected. Furthermore, the TDF

calculated between the algal diet and the microbial pellets revealed, too, that the

microbial pellets were not enriched in 15N as would be expected for trophic enrich-

ment from diet to consumer. For both the temperate and tropical drummers, K.

sydneyanus, K. cinerascens, and K. vaigiensis, the microbial pellets were lower than

or very similar to the algal diet in δ15N for the majority of the trophic AAs. ese

drummers also had microbial pellets depleted in 15N relative to the algal diet for

bulk stable isotopes, although not always significantly different. As discussed in

Chapter 3, low δ15N values for bulk stable isotopes clearly indicated N2-fixation

by the hindgut microbiota, while microbial pellets not depleted in 15N but had sig-

natures similar to the algal diet or slightly greater were determined to have δ15N

lower than expected. ese signatures were being “pulled” down by the influence
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of “new” nitrogen coming from N2-fixation. Given that the microbial pellets were

enriched in 15N relative to the diet for some fish species and consistently enriched

for a few of the trophic AAs, sources of nitrogen in the biosynthesis of AAs by the

hindgut microbes may come from both N2-fixation and the products produced

through bacterial degradation of the algal diet.

Microbial reworking of AAs has been shown to have a greater enrichment

in nitrogen for specific AAs such as the trophic AAs alanine, aspartic acid, and

leucine, and the source AA glycine (Calleja et al. 2013). For all fish species studied

here, the hindgut microbes had the greatest enrichment of 15N relative to the

algal diet for the trophic AAs alanine and leucine, and the source AAs glycine and

phenylalanine. e results for alanine, leucine, and glycine reflect the findings by

Calleja et al. (2013), which may indicate microbial enrichment of products formed

through heterotrophic degradation of the algal diet. Unfortunately, phenylalanine

could not be measured in the experiment conducted by Calleja et al. (2013) and

therefore it is still not understood whether phenylalanine could be enriched by

heterotrophic bacterial resynthesis.

Phenylalanine is typically considered the most stable source AA, with little to

no change between trophic levels due to the assumption that phenylalanine does

not go through any transamination steps in its degradation pathway (Chikaraishi

et al. 2007). However, a study discriminating patterns in δ15NAA between eu-

karyotic and prokaryotic marine algae that synthesise AAs de novo showed pheny-

lalanine as one of the AAs driving the difference between the two sample types

(McCarthy et al. 2013). In other words, the δ15N signatures for phenylalanine

were fundamentally different between eukaryotic and prokaryotic organisms. is

led the authors to hypothesize that phenylalanine reflects the δ15N signatures of

glutamic acid because, during the last step of synthesis, an amine is donated by

glutamine to create phenylalanine (McCarthy et al. 2013). is does not seem to

be the case here, as the pattern of enrichment in 15N relative to the algal diet for

glutamic acid does not follow the same pattern as phenylalanine. However, the

study by McCarthy et al. (2013) also showed that phenylalanine differed between

eukaryotes and prokaryotes regardless of the influence of glutamic acid. e au-
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thors suggested that this difference may exist in other studies, but normalization

techniques used by researchers to examine this type of data may mask these dif-

ferences (e.g. Chikaraishi et al. 2009, Vander Zanden et al. 2013). Nevertheless,

variability in phenylalanine δ15N values has been observed for photoautotrophic

and base food-web organisms in recent studies (Chikaraishi et al. 2009, Décima

et al. 2013) and these variabilities are attributed to differences in nitrogen sources

as well as biochemical pathways in the processing of nitrogen (Gannes et al. 1998,

Fogel and Tuross 1999, McClelland and Montoya 2002).

Like phenylalanine, glycine was also shown to have δ15N values that were

strongly linked to either eukaryotic or prokaryotic algae, even more so than pheny-

lalanine, and these values (once normalized) were greater for the prokaryotic or-

ganisms (McCarthy et al. 2013). is is reflective of the data presented here,

where glycine had the largest discrimination between microbes and algal diet for

all species combined. Calleja et al. (2013) also suggested that glycine acts as an in-

dicator of microbial heterotrophy. erefore, the higher values found for δ15N in

the hindgut microbes relative to the algal diet for phenylalanine and glycine could

be driven by unique differences between eukaryotic and prokaryotic organisms (i.e.

macroalgae and microbiota). ese differences can occur when these AAs are syn-

thesised de novo and are possibly created by enzymatic fractionation and metabolic

processes (Hayes 2001, Chikaraishi et al. 2009, Calleja et al. 2013).

Trophic positions calculated using typically employed constants of β (3.4 ±

0.9‰ ) and TDF (7.6 ± 1.3‰ ) values (see Chikaraishi et al. 2009) varied for

all fish species studied here; however, many were similar to the expected value

of 2 for primary consumers. ere were exceptions of two tropical species with

higher TPs, K. vaigiensis and N. tonganus, and one tropical species with a lower

TP, N. unicornis. e source of the variation relates to the use of β and TDF

constants, which have been shown to vary much like the TDF values in δ15Nbulk

(Décima et al. 2013, Bradley et al. 2015, Nielsen et al. 2015). Mean β values

empirically derived from the difference between the trophic AA glutamic acid and

the source AA phenylalanine showed that algal diet and microbial pellet sources

were all greater than the constant of 3.4 ± 0.9‰ . Conversely, empirically derived
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TDFs varied greatly among species and between the diet sources. us, the use of

standardized β and TDF values leads to the under and overestimation of TPs for

these herbivorous fish species.

With few exceptions, TDFs were found to be lower between the muscle tissue

and algal diet than between the muscle and microbial pellets for the majority of the

fish species sampled. Chikaraishi et al. (2015) determined that low TDF values

indicated low protein content in dietary sources. erefore, the disparity between

TDFs between muscle and algal diet relative to microbial pellets may indicate a

greater source of protein coming from the microbial pellets. However, McMa-

hon et al. (2015b), found evidence that the TDFs were greater between consumer

(fish) tissues and low protein diets to those of high protein diets. e authors

also found strong evidence that the variability in the ∆15NC−D of glutamic acid

between diet types may drive differences in TP estimates. In the current study sig-

nificant differences between the algal diet and microbial pellets were not observed

for glutamic acid, but were found in alanine (a trophic AA not typically used in the

determination of TP). However, variation between dietary sources (algal diet and

microbial pellets) was found in the source AA phenylalanine, which would drive

the differences found in both β and TDF in this study. Additionally, the patterns

found in the standard TP and empirical TDF estimates could be directly related

to the influence that microbial AAs (both trophic and source) have on the tissues

of their herbivorous fish hosts. However, these patterns may vary seasonally as the

δ15Nbaseline can be altered greatly due to changes in the available nitrogen sources

(McMahon et al. 2013). erefore, further research which includes collection of

samples at a temporal scale would be informative as to possible supplementation

of hindgut microbiota to seasonal changes in the nitrogen content of the algal diet.

e exact contribution of symbiotic, hindgut microbes to the δ15NAA of the

liver and muscle tissues of herbivorous fish hosts may be difficult to determine.

Bayesian mixing models were able to show contribution equal to or greater than

the algal diet for some EAAs. For many species, however, these contributions

could not be determined because the dietary sources were not statistically distinct.

is may be due to the complexity of nitrogen sources available to microbes in
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the guts of these fish and the combinations of heterotrophic and autotrophic AA

biosynthesis occurring in the microbial community. ese nitrogen sources would

include dietary AAs from the algal diet, endogenous materials from the fish, and

“new” nitrogen from N2-fixation. ese sources can be then be used to synthesise

both EAAs and NEAAs by the microbes, and then processed by the liver to be

directed to the rest of the fish tissues. Furthermore, trophic enrichments to the

sources of those AAs can be different as the δ15N baseline would be specific to the

source of nitrogen utilized by the microbes. erefore, the pattern found in this

study for the δ15NAA of the microbial pellets may be specific to hindgut microbes

found in herbivorous fishes with symbiotic hindgut microbes. is pattern could,

therefore, be used as a “fingerprint” similar to the one employed in recent studies

for δ13CAA (Larsen et al. 2009, Larsen et al. 2013, Larsen et al. 2015) to identify

similar microbial contributions to host tissues. In other words, these distinct δ15N

CSIA-AA patterns may be shown to have unique tracer potential that could be

used to further understand food webs involving symbiotic microbial relationships.

e identification of AA contributions to fish tissues derived from N2-fixation

by symbiotic hindgut microbes also revealed a unique source of nitrogen previously

unrecognized in the trophic ecology of herbivorous fish. Algal diets ingested by

these fishes were thought to be limited in nitrogen and therefore raised questions

as to the source of protein to herbivorous fish nutrition. e contribution AAs

from hindgut microbes has been shown here to be substantial, and partially derived

from “new” nitrogen, leading to the assumption that N2-fixation may play and

integral part in protein acquisition in these fish species. erefore, the N-cycling

in the temperate and tropical reefs where these fish reside must be re-evaluated

and consideration needs to be given to the contributions of these fish to the overall

status of N-budgets within these systems.

4.5 Conclusion

is study demonstrates the utility of nitrogen CSIA-AA for identifying contribu-

tions of algal diet and symbiotic hindgut microbes to the tissues of temperate and

tropical herbivorous fish host species. rough the examination of δ15NAA signa-
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tures, both dietary sources (algal diet and microbes) were shown to contribute to

both tissues (liver and muscle) of all fish species examined. Additionally, evidence

of microbial heterotrophic and autotrophic biosynthesis of AAs was revealed, in-

cluding incorporation of “new” nitrogen fromN2-fixation by the hindgutmicrobes.

e routing of these AAs were found to differ between liver and muscle tissues

with the possibility of liver assimilating more of the AAs created from the “new”

nitrogen before distributing AAs with enriched 15N to the muscle tissues.

Variations in TP measurements were found for all sample types and were re-

lated to using standardized values to calculate TP. Empirical measurements of

TDFs and β differed greatly from the standard values used in the TP calculations,

and thus, as in determination of TDF values for bulk SI, empirical determination

of these values specific to species should be conducted in order to evaluate TP and

the trophic relationships correctly.

Although some studies have identified contributions of microbial symbionts

to host protein nutrition (Newsome et al. 2011, Arthur et al. 2014, Ayayee et

al. 2014), none have measured the microbes directly. By isolating the hindgut

microbiota and analysing these microorganisms empirically, this study provides a

better understanding of microbial symbionts and their contributions to host diet

nutrition. However, this research does provoke more questions about microbial

biosynthesis of AAs and the route that those AAs take throughout the host sys-

tem. Further research is needed to identify the metabolic and catabolic pathways

of specific AAs and nitrogenous materials from the gut to the liver, and then to the

rest of the consumer tissues. Additionally, more understanding could potentially

be garnered from the implementation of experimental methods. For example, by

isolating the microbial communities from the hindguts of these fish species, one

could culture the microbes on a variety of substrates that represent potential nutri-

ents from the algal diet and endogenous materials coming from the fish. In doing

so, empirical measurements of the changes (enrichments or depletions) in 15N of

specific AAs could be obtained. Furthermore, inorganic nitrogen could be intro-

duced to the isolated microbiota to determine the δ15N values of AAs created de

novo under the influence of N2-fixation. is type of research would further our
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understanding of the role microbial AAs play in the host system and more accu-

rately evaluate the importance of “new” nitrogen to the nutrition of those host

organisms in which N2-fixation has been shown to occur.
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Carbon isotope fractionation of amino acids to

determine nutritional sources in marine herbivorous

fishes 5

5.1 Introduction

Obtaining sufficient protein and essential amino acids (EAAs) for animals whose

diets are suboptimal can be challenging, especially to many herbivorous species

whose diets are refractory to digestion or depleted in essential nutrients (Harris

1993). is is because the carbon skeletons of EAAs must be assimilated directly

from nutrients acquired from exogenous sources as they cannot be created de novo

by eukaryotic consumers (Larsen et al. 2009, McMahon et al. 2010, Newsome

et al. 2011). Additionally, the acquisition of carbon skeletons from non-essential

amino acids (NEAAs) can occur as this reduces the costs associated with the syn-

thesis of these amino acids (AAs; Horton et al. 1996, Wu et al. 2012). Intestinal

microbiota, in many herbivorous consumers, can supplement these nutrients to

their hosts (Harris 1993). Uptake of microbially-derived EAAs have been widely

observed in ruminants (Clark et al. 1992, Kung and Rode 1996, Amin and On-

odera 1997) and non-ruminant mammals such as pigs, rats, and humans (see re-
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view Metges 2000), as well as insects (Douglas 1998, Hansen and Moran 2011),

but, this dynamic has not been well studied in the marine environment.

A recent analysis has been developed that can identify the biosynthetic origin of

EAAs to animal tissue. e δ13C values for EAAs (δ13CEAA) detected through

compound-specific stable isotope analysis (CSIA) show little to no trophic frac-

tionation between consumer and diet values and can determine sources of EAAs

used in consumer tissues (Howland et al. 2003, McMahon et al. 2010, New-

some et al. 2011). is is because EAA carbon skeletons are likely to pass from

baseline organisms (primary producers at the base of the food web) to consumers

without any alteration (McMahon et al. 2010). erefore, for consumers that

have diets supplemented by gut microbiota, carbon from non-protein sources (e.g.

carbohydrates and lipids) may be biosynthesized by hindgut microbes into AAs

and made available to the host (Newsome et al. 2011). Using the CSIA approach,

contributions from microbially-derived EAAs has been observed in several ani-

mals including the wood-feeding beetle larvae, Anoplophora glabripennis (Ayayee

et al. 2015), the mangrove inhabiting crab, Parasearma erythodactyla, (Bui and Lee

2015), the omnivorous freshwater fish, tilapia (Newsome et al. 2011), and in the

marine environment, juvenile green turtles (Arthur et al. 2014). However, contri-

butions of protein by symbiotic microbes has not been described or quantified in

marine herbivorous fishes where evidence of hindgut microbial communities has

been observed (Clements et al. 2009). ese fish species, from both tropical and

temperate near-shore reefs, are known to assimilate short-chain fatty acids (SC-

FAs) produced by their hindgut symbionts through fermentation of fibres from

their algal diets (Clements et al. 1994, Clements and Choat 1995, Mountfort

et al. 2002). Additionally, microorganisms in the gut, using proteases and pep-

tidases, can cleave peptide bonds releasing amino acids from the algal substrates.

ese AAs can then be deaminated and provide NH3 and carbon skeletons to

be used to synthesize microbial AAs de novo (Allison 1969, Metges et al. 1999,

Metges 2000). Furthermore, endogenous nitrogen and AAs coming from the fish

host may also contribute to the material utilized to produce microbial AAs (Salter

1973, Metges et al. 2006). If microbial symbionts are biosynthesizing NEAAs
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and EAAs, the source of carbon skeletons used in the production of these AAs

may come from both exogenous and endogenous sources.

Chapter aims

Compound-specific stable isotope analysis (CSIA) of individual amino acids (AAs)

for δ13C was used to further investigate the trophic dynamics of the unique mi-

crobial symbiont and host system of herbivorous fish species. Some temperate

and tropical herbivorous fish species showing evidence of fermentation of algal

carbohydrates by hindgut microbial communities were selected to investigate the

role that these microbes may play to host protein nutrition. Research examining

the contribution of microbial protein to host organisms using δ13CAA analysis

has been performed in the absence of direct sampling of the microbial commu-

nity (Newsome et al. 2011, Arthur et al. 2014, Ayayee et al. 2015, Bui and Lee

2015). However, in this study, hindgut microbes from herbivorous tropical and

temperate fish species will be isolated and measured directly along with the algal

diet, to give an empirical measurement of δ13CAA for both the algal diet and the

symbiotic microbes. We hypothesized that δ13CEAA values will show evidence of

isotopic routing from both the macroalgal-based diets and the symbiotic microbial

community to these herbivorous fish species. If the protein in fish tissues are being

supplemented by microbially-derived EAAs, the δ13CEAA values of fish muscle

tissues and algal diets are not expected to be equivalent, but rather, the discrimi-

nation of δ13CEAA between the two sample types (∆13CEAA) would be greater

than the analytical error of 1‰ , suggesting alternate/additional sources of EAAs

(Newsome et al. 2011). is, too, would indicate potential symbiotic EAA provi-

sioning from the hindgut microbiota to host fish tissues. Additionally, Newsome

et al. (2011) determined that evidence of contribution by hindgut microbes to the

consumer can be found by comparing the δ13CEAA values of the consumer to the

bulk and δ13CEAA diet values. If the δ13CEAA values of the consumer tissues

fall below the bulk δ13C values of the diet, but above the δ13CEAA diet values,

this indicates that another source of EAA must be present (i.e. microbial EAA).

us, the δ13CEAA of fish muscle tissue will be compared to the δ13CEAA and
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bulk δ13C of the algal diet to determine if this is the case for these herbivorous

fish species and to add to the evidence of microbial protein contribution to the

host fish. Finally, to quantify the contribution of microbial EAAs to the host fish,

a Bayesian isotope mixing-model will be used.

5.2 Methods

5.2.1 Specimen collection

Muscle, liver, stomach/foregut contents and microbial pellets (see Chapter 2) for

stable isotope analysis were sampled from three temperate fish species, Kyphosus

sydneyanus (family Kyphosidae), Odax pullus (family Labridae), and Aplodactylus

arctidens (family Aplodactylidae), collected from Great Barrier Island, Hauraki

Gulf, New Zealand (36° 4’S, 175°20’E) from February 2011 to August 2015. Five

tropical fishes, the surgeonfishes Acanthurus lineatus, Naso tonganus, and N. unicor-

nis (family Acanthuridae), and the drummers Kyphosus cinerascens and K. vaigien-

sis (family Kyphosidae) were collected from Lizard Island, Great Barrier Reef

(14°40’S; 145°28’E) in March 2011 and January 2012. All temperate and tropi-

cal fish were adult and subadult specimens, and were collected on spear between

mid-morning and mid-afternoon to maximize the likelihood of a full gut. Fish

collection in the Hauraki Gulf was conducted under University of Auckland An-

imal Ethics Committee approvals R717, 001009 and 001636, while collections

at Lizard Island were covered by James Cook University of North Queensland

Animal Ethics Committee approvals A1641 and A2027.

Sample preparation

All fish were processed as described in Chapter 2.2.1 by the location-specific meth-

ods (tropical and temperate reefs). Fish hindgut microbes were isolated using the

serial centrifugation methods described in Chapter 2.2.2.3. A fixed rotor was em-

ployed to isolate the hindgut microbes in temperate fishes (New Zealand), while

a swinging bucket rotor was used for the tropical species (Lizard Island). For

viscous gut samples (i.e. O. pullus and N. tonganus), a 1:1 aliquot of phosphate

142



5.2. Methods

buffered saline (PBS) was added to the gut sample before pelleting in the first

spin (see Chapter 2.2.2.3). Samples from both temperate and tropical fishes were

frozen and temporarily stored in liquid nitrogen after processing. Samples were

then lyophilized and treated as described in Chapter 2.2.4. Sample types included

fish tissues (muscle and liver), stomach/foregut contents (algal diet) and microbial

pellets (IV-pellet and V-pellet from hindgut sections IV and V; the All-pellet, col-

lected only from A. lineatus and was combination of hindgut sections III, IV and

V, and IV-pelletε, collected in the second to last centrifugation spin during pellet

isolation for N. tonganus). We collected the IV-pelletε for N. tonganus because it

contained a high concentration of epulos (large bacteria) that were not collected in

the final centrifugation spin. Sample numbers and fish size ranges are presented

in Table 5.1.

5.2.2 Compound-specific stable isotope analysis for amino acids

Material was homogenized, weighed into 2mLEppendorf tubes and shipped overnight

to University of California at Davis Stable Isotope Facility for CSIA-AA (δ13C)

by GC-C-IRMS. General methods for the analysis are described below, but are

detailed in Walsh et al. (2014). e powdered samples (5-10 mg) were hydrolysed

by acid and derivatized using methyl chloroformate. 0.2-0.5 µL of each of the

resulting analytes was injected and separated on an Agilent Technologies DB-23

column (30mm X 0.25mm ID micron film thickness) at 250°C. e amino acid

derivatives (AA-MCF) were then quantitatively converted to CO2 using an oxi-

dation reactor at 950°C. Water was removed via a nafion dryer, and the CO2 then

flowed through the isotope-ratio mass spectrometer (IRMS). National Institute

of Standards and Technology (NIST) standard reference materials were used to

calibrate working standards for correction of all δ13C values (Walsh et al. 2014).

Using these methods, each sample was replicated twice and δ13C values were con-

sistently determined for the NEAAs, alanine (Ala), aspartic acid (Asp), glycine

(Gly), glutamic acid (Glu), and proline (Pro), and the EAAs methionine (Met),

isoleucine (Ile), leucine (Leu), lysine (Lys) phenylalanine (Phe) and valine (Val).

Additionally, the CSIA-AA analysis provides information that was used to calcu-
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late mole percent (Mol% ) of all AAs listed above. Mole percent represents the

amount of each AA present as a percentage of the total AAs recovered in the sam-

ple. is value was calculated for individual AAs by using the adjusted peak area

determined by the chromatography above. All adjusted peak areas (APA) of all

AAs for each sample were summed and the adjusted peak area of individual AAs

(AAx) were calculated as follows:

Mol% = (APA of AAx)/(total APA of all AAs in the sample)× 100 (5.1)

5.2.3 Statistical analyses and calculations

CSIA-AA results for δ13CAA

Results from the CSIA-AA analysis for carbon were presented using individual

amino acid discriminations (∆13CAA) calculated using the following formula:

∆13CAAx = δ13CTissue AAx − δ13CDiet source AAx (5.2)

where AAx is an individual AA, “Tissue” is either muscle or liver tissue and “Diet

source” is algal diet or one of the microbial pellets listed above.

In order to determine whether the dietary sources (algal diet and/or microbial

symbionts) had similar δ13CEAA as the muscle or liver tissues of each fish species,

a fixed, one-factor PERMANOVA was conducted using the sample types as the

factor and raw δ13CEAA values of the EAAs listed above as variables. EAAs

were removed from the analysis if the standard deviation of the δ13C value was

greater than 2 for the majority of the species sampled. e presence of outliers

was tested using Mahalanobis distance (Penny 1996), and if no outliers were found,

PERMANOVAswere performed on all data using the unrestricted permutation of

raw data (which is appropriate for small sample sizes; Anderson and Braak 2003).

If the analysis for a species showed significant differences (α=0.05) for sample

types, a post hoc pairwise comparison of sample types was performed to determine,

not only differences between dietary sources and the fish tissues, but differences

between liver and muscle and among algal diet and hindgut microbial pellets. If no

differences were found between the liver and muscle tissues of a species, only the
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muscle tissue is presented. Monte Carlo test values are reported for the pairwise

test function in PERMANOVA if low numbers of unique permutations (i.e. fewer

than 100) were obtained (Anderson 2005).

Determining the potential for microbial contribution of EAAs

To determine whether δ13CEAA of the muscle tissues for each fish species had in-

termediate values to the δ13CEAA and bulk δ13C of the algal diet, mean δ13CEAA

of the muscle tissue and algal diet from this chapter were plotted with the bulk

δ13C data of the algal diet from Chapter 3 and examined visually. If δ13CEAA of

the muscle tissues were found to be greater than the δ13CEAA of the algal diet, but

lesser than the bulk δ13C value of the algal diet, this would indicate contribution

of microbial EAA to the host as described by Newsome et al. (2011). Addition-

ally, separate dependent pairwise mean comparisons (t-tests) of δ13CEAA values

between the muscle tissues and algal diet for each fish species were performed (α

= 0.05). Individual EAA discriminations (∆13CEAA) for each species between

muscle and algal diet were determined pairwise as above. Mean ∆13CEAA was

calculated for each fish species to determine whether the discrimination between

species muscle tissues and algal diets was greater than 1‰ (the assumed analyti-

cal error) and therefore an indicator of microbial contribution to the EAA of the

muscle tissues (see section 5.1).

Bayesian mixing model – determination of source contributions

To estimate source contribution to consumer tissues in the form of EAAs, the

Bayesianmixingmodel FRUITS (FoodReconstructionUsing Isotopic Transferred

Signals) ver2.0 (Fernandes et al. 2014) was used to determine percent contribution

of the algal diet and microbial symbionts to fish muscle and liver tissues. One of

the conditions of using FRUITS is that the identified dietary sources should be

significantly different for the chemical components used in the analysis (Fernan-

des et al. 2014). erefore, only those fish species which exhibited statistically

different (p ≤ 0.05) δ13CEAA values between algal diet and microbial pellets were

analysed.
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Mole percent of AAs

Finally, to identify overall patterns in AA concentrations of sample types for each

fish species, mean Mol% of individual AAs are presented graphically. To deter-

mine availability of source EAAs to the fish tissues, the Mol% of all EAAs for

the algal diet and the microbial pellets of each species were compared statistically

using ANOVA (SPSS ver22). If significant differences were found, a Tukey’s post

hoc t-test was performed to determine differences between the dietary sources.

Prior to analysis, assumptions for normality and homogeneity were tested using

Shapiro-Wilk and Levene’s tests, respectively.

All statistical results not presented in text can be found in Appendix D.

5.3 Results

5.3.1 CSIA-AA results for δ13C

Little fractionation was observed for most of the NEAAs and EAAs with the ex-

ception of Glu and Met for all species sampled (Figures 5.1-5.3). Although Met is

considered an EAA for many fish species (Mambrini and Kaushik 1995), because

of the large amount of fractionation observed for δ13C (Figures 5.1-5.3), this AA

was reclassified as a NEAA for the purposes of this study. e ∆13CNEAA values

were much more variable than the ∆13CEAA and showed slightly more trophic

fractionation. e ∆13CEAA values were closer to 0‰ and were less variable

with the exception of Lys. Because of this, Lys, was removed from all analyses of

EAAs due to the high amount of variation observed for the δ13C in the majority

of the species (standard deviation >3.0). erefore, all analyses were performed

using δ13CEAA values of the four remaining EAAs: Ile, Leu, Phe, and Val.

rough the PERMANOVA (Primer v.7) analysis using the four EAAs se-

lected, muscle and liver were not significantly different for δ13CEAA between any

of the temperate fish species (Appendix D). erefore, only the result for muscle

tissue is presented here. No significant differences were found between the dietary

sources (algal diet andmicrobial pellets) andmuscle tissue forK. sydneyanus (Figure

5.1, A and B; Appendix D). For A. arctidens, both the algal diet and the V-pellet
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differed from muscle tissue, and for O. pullus, the muscle tissue and V-pellet were

found to be significantly different (Figure 5.1, A and C; Appendix D). Significant

differences among dietary sources occurred between algal diet and both microbial

pellets in K. sydneyanus and for algal diet and V-pellet in O. pullus (Figure 5.1, A

and C). With few exceptions, the microbial pellets were enriched in 13C for the

EAAs relative to algal diet and muscle tissue for all temperate fish species (Figure

5.1).

For most of the tropical fish species, no significant differences were found for

δ13CEAA betweenmuscle and liver tissues, with the exception ofN. tonganus (mus-

cle and liver tissues are presented separately in Figure 5.3). None of the dietary

sources were significantly different from each other in δ13CEAA for any of the

tropical fish species (Figures 5.2 and 5.3; Appendix D). However, differences were

observed between dietary sources and muscle tissues for three of the five species

analysed.

For K. cinerascens, significant differences were observed between the muscle

tissue and each of the microbial pellets (IV and V-pellet), but not the algal diet

(Figure 5.2, A; Appendix D). Conversly, K. vaigiensis differed between the muscle

tissue and two dietary sources, the algal diet and V-pellet, but not the IV-pellet

(Figure 5.2, B).e patterns in∆13C for these drummer species were very different

with most of the discrimination values for both NEAA and EAA being negative

for K. cinerascens and positive for K. vaigiensis (Figure 5.2).

For the surgeonfishes, the muscle tissue of N. tonganus differed from all of the

dietary sources for δ13CEAA, except for the IV-pellet (Figure 5.3, A; Appendix D).

None of the dietary sources were significantly different from the liver tissues of N.

tonganus (Figure 5.3, B). Also the ∆13CEAA were closer to 0‰ for most AAs in

liver than in muscle, especially for Glu (Figure 5.3, A and B). e algal diet was

significantly different from the muscle tissues of N. unicornis, while the IV and

V-pellets were not (Figure 5.3, C). For A. lineatus, neither the combined microbial

pellet (All-pellet) nor the algal diet were significantly different from the muscle

tissue (Figure 5.3, D). e ∆13CNEAA values were highly variable for Met for all

tropical fishes, and for all NEAAs for bothN. unicornis and A. lineatus (Figures 5.2
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and 5.3). For the ∆13CEAA values, Lys was highly variable for all tropical species,

and for all EAAs in A. lineatus (Figures 5.2 and 5.3).

5.3.2 Determining the potential for microbial contribution of EAAs

Comparing δ13CEAA of muscle tissue and algal diet to δ13Cbulk of algal diet

e results of many of the statistical analyses among sample types for δ13CEAA

seem counterintuitive considering that one would assume that the algal diet for

both tropical and temperate fish species should not be significantly different from

the muscle/liver tissues. is is because, typically, little change in 13C/12C ratios

of EAAs occurs from the diet to consumers (McMahon et al. 2010, Newsome

et al. 2011). However, when examining the relationship among the bulk δ13C of

the algal diets and individual δ13CEAA values of the algal diets and muscle tissues

of the fish species in this study, the δ13CEAA values of muscle were found to be

intermediate to bulk δ13C and δ13CEAA values of the algal diets for the majority

of the species (Figures 5.4-5.6). is would indicate that hindgut microbes are a

significant source of protein for these host fish species (Newsome et al. 2011), and

may explain the significant differences found for δ13CEAA between diet sources

and fish tissues for some species.

For the temperate reef species, all fishes displayed patterns suggesting micro-

bial contribution of EAAs to the muscle tissue, with δ13CEAA values of muscle

intermediate to the bulk δ13C and δ13CEAA values of the algal diet, with the ex-

ception of Phe for K. sydneyanus, which had similar δ13C for algal diet and muscle

(Figure 5.4, B and C). A. arctidens mean muscle tissue δ13CEAA values were only

slightly enriched for Phe (Figure 5.4, A).

All but K. cinerascens showed this pattern for most of the EAAs for the tropi-

cal fish species (Figures 5.5 and 5.6). e muscle δ13CEAA values of K. cinerascens

were depleted relative to the δ13CEAA of the algal diet (Figure 5.5, A), but the

pattern in K. vaigiensis was similar to the temperate fish, K. sydneyanus, with all

of the muscle EAAs falling between bulk diet and dietary δ13CEAA with the ex-

ception of Phe (Figures 5.1, B and 5.5, B). e tropical surgeonfish species all had
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muscle tissues that had intermediate δ13CEAA values to the bulk diet and dietary

δ13CEAA (Figure 5.6).

Comparing∆13CEAA of muscle tissue and algal diet

Dependent, pairwise analyses testing differences between the combinedmean δ13CEAA

values of the four EAAs, Ile, Leu, Phe andVal, ofmuscle tissue and algal diet for all

fish species revealed that all but one species (K. cinerascens) exhibited ∆13CEAA

values significantly greater than the assumed analytical error of 1‰ , with a range

of 1.6 ± 0.5 to 1.8 ±0.4 for temperate fish species and 1.7 ± 0.5 to 3.2 ± 0.3 for

tropical fish species (Table 5.2; Appendix D). ese results support the finding in

the last section that alternative (i.e. microbial) sources of EAAs contribute to the

muscle tissues of these fish species (Newsome et al. 2011, Ayayee et al. 2015).

However, in both cases, K. cinerascens, showed no evidence of microbial contribu-

tion of EAAs.

e Bayesian mixing model FRUITS was used to determine contribution of

the algal diet and microbial symbionts to the muscle and liver tissues of the tem-

perate fish species K. sydneyanus. Only two species met the a priori conditions

for the analysis, O. pullus and K. sydneyanus. K. sydneyanus was selected because

significant differences for δ13CEAA were found between the algal diet and the

two samples of hindgut microbes (IV and V-pellet), although the pellets were not

significantly different from each other (Figure 5.1, B). Rather than pooling the

two microbial pellets, only the IV-pellet was used because of a priori information

from the PERMANOVA pairwise analysis that showed the V-pellet to be differ-

ent from the liver tissue for K. sydneyanus (t(16) = 1.639, p = 0.075 for muscle and

t(16) = 1.973, p = 0.034 for liver). Significant differences were also found between

the diet sources, the algal diet and V-pellet of O. pullus, but like K. sydneyanus, the

V-pellet of O. pullus differed from both the muscle and liver tissues (t(12) = 2.852;

p = 0.006 and t(12) = 3.383; p = 0.003). erefore, the contributions of the diet

sources for O. pullus was not tested using FRUITS.

Based on the Bayesian model, the contribution of microbially-derived AAs to

the muscle tissue of K. sydneyanus was slightly greater than the algal diet with a
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Figure
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Table 5.3: FRUITS output for the temperate reef fish K. sydneyanus to determine
contribution of dietary algal inputs (Algal Diet) and hindgut microbial symbionts
(IV-Pellet) to the EAAs of the muscle and liver tissues. Analysis was performed
on δ13CEAA and included the EAAs Ile, Leu, Phe and Val. e output shows
the mean contribution (Mean), standard deviation of the mean (sd), the 2.5/97.5
percentiles (pc) and the median contribution (median).

mean value of 59.8% as compared to 40.2% for algal diet (Table 3; Figure 5.7, A).

e contribution of IV-pellet to the liver tissue was also greater than the algal diet

with a mean values of 56.2% and 43.8% , respectively (Table 5.3).

5.3.3 Mean mole percent composition of amino acids

rough the CSIA-AA data, we determined mole percent (Mol% ) of each in-

dividual AA for dietary algae, microbial pellets and fish tissue samples. All fish

species, both temperate and tropical had similar patterns of mean Mol% composi-

tion for NEAAs and EAAs (Figures 5.8-5.10). For the majority of sample types

among all fish species, Asp had the greatest Mol% relative to the other AAs ana-

lyzed, while Met had the lowest, with Pro and Ile slightly greater than Met. Lys

usually had the most variable Mol% values among sample types and the largest

spread between values, with the majority of the fish tissues greater than the dietary

sources (Figures 5.8-5.10).

Among the temperate fish species, the order of NEAAs in Mol% from greatest

to least was Asp, Ala/Glu/Gly (having around the same Mol% for sample types

with Ala being the least variable), Pro and Met (Figure 5.8). For EAA, Leu was

relatively greater than the other EAAs for most sample types with the fish tissues

greater than the dietary sources for A. arctidens and K. sydneyanus (Figure 5.8, A

and B). Lys, again, had a range of Mol% values with the algal diet and microbial
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pellets lower than the fish tissues for A. lineatus and K. sydneyanus. For O. pullus,

the Mol% of the IV-pellet was greater than the tissues, while the algal diet and

V-pellet fell below the tissues (Figure 5.8, C). For the rest of the EAAs, Phe and

Val were very similar and lower than Leu, while Ile had the lowest Mol% values

for sample types relative to all EAAs other than Lys. e microbial pellets were

greater than the other sample types, including algal diet and fish tissues (Figure

5.8).

Among the tropical fish species, the drummers, K. cinerascens and K. vaigiensis,

had similar patterns for mean Mol% values as the temperate fish species (Figure

5.9). Asp had the greatest Mol% values for NEAAs in K. cinerascens (Figure 5.9,

A), while in K. vaigiensis, Asp had the greatest Mol% values with the exception

of Glu (Figure 5.9, B). Glu was much more variable among sample types for K.

vaigiensis, and all but the algal diet was lower than the Mol% values for all sample

types in Asp (Figure 5.9, B). For both species, Ala, Glu and Gly had similar Mol%

values with Pro slightly lower for most sample types (Figure 5.9) Met had the

lowest Mol% values for both tropical drummer species (Figure 5.9).

e Mol% values for individual EAAs differed between K. cinerascens and K.

vaigiensis with the values for K. cinerascens being less variable among sample types

than for K. vaigiensis (Figure 5.9). Leu was greatest for K. cinerascens, while the

other EAAs were very similar (Figure 5.9, A). In K. vaigiensis, Leu was greatest

with the exception of the fish tissues for Lys, which had similar Mol% values to all

sample types in Leu (Figure 5.9, B). e dietary sources for Lys were relatively low

and were similar to all of the Mol% values for Ile. Phe and Val had similar Mol%

values and were greater than the dietary sources for Lys and all sample types in Ile

(Figure 5.9, B).

e tropical surgeonfish species were similar in Mol% values for both NEAAs

and EAAs with a few exceptions (Figure 5.10). e mean Mol% values of the ma-

jority of the sample types for the NEAAs were greatest in Asp, with the exception

of the Mol% values of Glu for the IV-pellet in N. unicornis and the All-pellet in

A. lineatus, which were highly variable and as great as the Mol% values for most

of the sample types in Asp. All other sample types for Glu in both fish species fell
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below the Mol% values of Asp (Figure 5.10, C). Similar to most species, Lys had

a wide range of Mol% values that stretched across the highest and lowest values

for the other EAAs. However, unlike most of the other fish species analyzed, N.

tonganus was the only surgeonfish that had muscle and liver tissues greater than

the dietary sources for Lys. Both N. unicornis and A. lineatus had a dietary source

that had Mol% values as high as the tissues (IV-pellet for N. unicornis and algal

diet for A. lineatus; Figure 5.10, A and C). Phe and Val had similar Mol% values

relative to the other EAAs for all of the surgeonfishes, and Ile was the lowest for

Mol% than most sample types in all EAAs, with the exception Lys (Figure 5.10).

Differences in relative amountsMol% for EAAs between the two potential pro-

tein sources, i.e. dietary algae and microbial pellets, were examined using ANOVA

(SPSS v. 22). Few significant differences were apparent, but for the majority of

the EAAs, the microbial pellet(s) was/were greater in Mol% for EAAs than the al-

gal diet (Table 5.4; Appendix D). Significantly greater mean Mol % was found for

both microbial pellets relative to the algal diet for Ile in the temperate fish species

K. sydneyanus and O. pullus, and the tropical species K. vaigiensis (Table 5.4). InN.

unicornis, only the algal diet and V-pellet were significantly different for Ile. For

Leu, both pellets were significantly different from the algal diet for the temperate

fish, O. pullus. For the tropical fish species, the All-pellet for A. lineatus was signif-

icantly greater than the algal diet, and both pellets were significantly greater than

algal diet for K. vaigiensis. Additionally, the algal diet was significantly greater

than the IV-pellet and V-pellet, but not for the IV:-pellet in N. tonganus. Only

the V-pellet was significantly greater than the algal diet for N. unicornis, while the

IV-pellet had a similar mean Mol % value as the algal diet (Table 5.4).

5.4 Discussion

e results of this study are highly significant in describing the importance of

symbiotic hindgut communities to the protein nutrition in temperate and tropi-

cal herbivorous fish species. Supplementation to EAAs by microbial symbionts

led to more enriched δ13CEAA values in the muscle tissues for the majority of

the species providing clear evidence of contribution of microbial protein to the
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Table 5.4: Mean Mol%±SE of the dietary sources (Sources) for all temperate and
tropical fish species for the EAAs Ile, Leu, Phe and Val. Significant differences
between dietary sources are indicated with the letters a and b. Values in bold are
mean Mol% of microbial pellets that were found to be greater than algal diet.

fish host. Additionally, strong similarities for δ13CEAA between fish muscle and

hindgut microbes were found for the majority of the species sampled, again indi-

cating microbial contribution of EAAs. Finally, due to the direct measurement of

hindgut microbes through the isolation of microbial pellets from gut contents, a

Bayesian mixing-model revealed the importance of hindgut organisms to protein

nutrition in these herbivorous marine fish species. e results presented here sup-

port the hypothesis that symbiotic hindgut microbiota contribute to host protein

nutrition in tropical and temperate herbivorous fish species.

NEAAs showed highly variable trophic fractionation among individual AAs
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and among fish species, and for N. tonganus, between muscle and liver tissues.

Many of the fish species had ∆13CNEAA values close to zero, meaning that there

was direct isotope routing of source NEAAs to the tissues of the fish rather than de

novo biosynthesis of NEAAby the fish using non-protein sources ( Jim et al. 2006).

is is interesting given the general assumption that NEAA routing occurs most

frequently when an organism is consuming a high-protein diet (Ambrose andNorr

1993, Tieszen and Fagre 1993). For several of these NEAAs, the δ13CNEAA val-

ues of one or more of the microbial pellets resembled the δ13CNEAA value of the

fish tissue better than the δ13CNEAA values of the algal diet. is could indicate

the utilization of NEAAs from the hindgut microbes by the fish host, as routing

of NEAAs from the diet is less energetically costly to the consumer (Ambrose and

Norr 1993, Jim et al. 2006). However, these patterns are not consistent across

the fish species and the sample variability makes it hard to determine any actual

differences in contribution of NEAAs between the microbial pellets and the algal

diet to the host tissue. Furthermore, if both endogenous and dietary AAs are in-

corporated into microbial protein, specific routing of NEAAs from the microbes

to the fish tissues would be difficult to determine.

For all fish species, with the exception of A. arctidens, the ∆13CNEAA for Glu

was more positive than the majority of NEAAs, meaning greater positive fraction-

ation from diet to fish muscle tissues. Although, the Mol% data indicates that

for most of the fish species, the dietary sources were greater than or equal to the

mean Mol% of fish tissues for this NEAA, Glu may be synthesised de novo by the

fish creating the large fractionation observed here. is high degree of fraction-

ation may be due to the process by which Glu is biosynthesized. e compound

necessary to synthesize Glu, α-ketoglutarate, is generated via multiple cycling of

metabolites through the Krebs cycle which could lead to carbon skeletons that have

been modified in 13C. (Newsome et al. 2011). Additionally, Glu is a dominant

AA in protein metabolism and frequently acts as a donor of its amino group in

transamination. rough this process, Glu interconverts its carbon skeleton with

α-ketoglutarate, which also leads to further fractionation (Howland et al. 2003).

e EAAs were less variable than the NEAAs for most fish species, with the
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exception of Lys, which had large variability within samples (standard deviation

was greater than 3) and was, therefore, removed from further analyses. When ex-

amining the Mol% for Lys, not only was the variability within samples relatively

great, but the variability among sample types for most species was larger than for

any of the other AAs. is could be explained through analytical error, as Lys may

have co-eluted with other compounds during the analysis causing a misinterpreta-

tion of the results (omas Larsen, personal communication).

Similarly, Met was also removed from the EAA analyses as it was presenting

as a NEAA and in most species, fractionating more than majority of the other

NEAAs. When examining the Mol% , Met had the lowest relative concentration

of any other AA for all fish species sampled. erefore, empirical measurement of

Met through CSIA-AA analysis would have been difficult and may have resulted

in an underrepresented signal, altering the results of the analysis for this AA.

e patterns found in the ∆13CEAA for most of the fish species sampled here

resembled findings by Newsome et al. (2011), where the δ13CEAA of the diet was

lower than the δ13CEAA of the consumer tissue. Although Newsome et al. (2011)

did not directly measure the microbial symbionts in the guts of the fish, they con-

cluded that this disparity between the diet and consumer was due to contributions

of protein biosynthesized using non-protein dietary sources by the gastrointestinal

microbiota of the fish. is is because the microbial EAAs would be enriched in
13C relative to the diet. rough empirical measurement of δ13CEAA of the mi-

crobial communities in these fish species, we were able to verify this assumption.

With few exceptions, one or more of the microbial pellets in each fish species was

enriched in 13C relative to the algal diet and, in some cases, the δ13CEAA of the

microbial pellet(s) was(were) greater than the δ13CEAA of the fish muscle tissue.

In the PERMANOVA analyses, two of the temperate fish species had muscle

tissues that were statistically distinct from one or more of the dietary sources for

δ13CEAA. For the tropical fish, all but one fish species had significantly different

δ13CEAA between muscle tissue and one or more dietary sources. However, given

that the majority of the fish species had ∆13CEAA values greater than 1‰ , these

results are not surprising. If the fish is receiving both EAAs from the algal diet
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and 13C-enriched EAAs from the symbiotic microbes, the δ13CEAA of the fish

tissues would be “scrambled” and dependent on the isotopic routing of microbial

and dietary protein for each individual EAA. is would explain the high vari-

ability found among the EAAs and among the ∆13CEAA for each dietary source.

is also explains the significant differences found by using a combination of all

EAAs (with the exception of Lys; see Results 5.3.1) between the fish muscle and

one or more dietary sources.

K. cinerascens was unlike all other species presented here. is species did

not show any evidence of microbial contribution through the examination of the

δ13CEAA values of muscle as compared bulk δ13C and δ13CEAA values of algal

diet, nor did this species have∆13CEAA values greater than 1‰ , which would in-

dicate microbial contribution to the fish (Table 5.2). rough the PERMANOVA

analysis of δ13CEAA, the algal diet was not significantly different from muscle tis-

sue and therefore, based on this evidence, we could conclude that that the source of

EAAs to K. cinerascens is solely from the algal diet. ese results were unexpected

given that this fish species has many parallels to the other tropical fish in this study

(similar algal diet and evidence of hindgut fermentation) and that contribution of

source AAs by hindgut microbes to this species was found using δ15N CSIA-AA

(see Chapter 4). erefore, further study is warranted to investigate the role of

hindgut microbes to the protein nutrition of K. cinerascens.

eAll-pellet ofA. lineatus had greater fractionation and variability for δ13CAA

than most of the microbial pellets sampled in the other fish species (Figure 5.3, C).

is could be due to the method used to collect this particular microbial commu-

nity. As A. lineatus was the smallest fish species sampled in this study, there was

not enough gut material to allow for sampling each hindgut section (as described

in Chapter 2). erefore, microbial pellets isolated from gut sections III, IV, and

V were combined for analysis. Although microbial pellets from section III were

collected for all species represented in this study, these pellets were not included

in the CSIA-AA analysis because they were found to have the least amount of

microbiota (through microscopic examination) and their SIA δ13C and δ15N val-

ues (although not presented in Chapter 3) closely resembled the algal diet. is
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would explain the high variability found in δ13CAA values for the hindgut micro-

bial community. Regardless of the inability to retrieve a clear δ13CAA value from

the microbial pellet, through the examination of the muscle tissues and algal diet of

A. lineatus, we were still able to determine that the hindgut microbes do contribute

EAAs to this fish host.

Although estimates of contribution by dietary sources using FRUITS was only

available for one species, the analysis revealed that mean contribution of δ13CEAA

was slightly greater for microbes than algal diet in the liver and muscle tissues of

K. sydneyanus. If the criteria of the FRUITS mixing model had been met for

the other species analysed in this study, one would expect similar results as found

for K. sydneyanus. Although these fish species are predominantly herbivorous and

appear to be utilizing microbial protein, one would expect EAAs will be derived

directly from the algal diet. Additionally, microbial protein may be synthesized

from a variety of sources including dietary material and endogenous components

(Kirchman et al. 1986) found in the fish gut. is could lead to the variability in

the δ13CAA values of the microbial pellets observed here.

5.5 Conclusion

Marine herbivorous fishes are considered to be of critical importance in determin-

ing the biological structure of shallow reef environments, and by implication have

key roles in carbon flux in reef ecosystems. Despite this, the nutritional processes

that underpin these critical ecological roles have received comparatively little atten-

tion. is study provides strong evidence of microbial inputs into the carbon bud-

get of these herbivorous fish species and therefore the carbon flux of the temperate

and tropical reef systems. Our findings also suggest that microbial biosynthesis of

EAAs from non-protein sources plays an important role in the supplementation

of a low protein diet. Without these hindgut microbes, it is possible that these

fish species would have slower growth, lower fecundity and lower overall fitness.

erefore, further research is called for to identify the importance of these sym-

biotic microbial communities to the herbivorous fish host, and with the changing

climate, how these associations will be affected under the changing climatic con-
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ditions and rising CO2 in the marine system.
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General Discussion 6

6.1 General Discussion

is thesis addresses the fundamental question of whether protein can be assim-

ilated from gut microbial symbionts by herbivorous hindgut fermenters. Specifi-

cally, this study examines the role hindgut microbes play in the protein acquisition

of herbivorous fishes in temperate and tropical reefs. Evidence of N2-fixation has

been identified within the microbial community inhabiting the guts of all of the

fish species selected for this study (Bojarski 2014). erefore, the results described

here present clear evidence of the contribution of microbial protein to the host fish

and the assimilation of “new” nitrogen by the symbiotic hindgut microorganisms,

created through N2-fixation.

In order to test the hypotheses that microbial symbionts were contributing

to host fish protein and that these microbes synthesized some of this protein us-

ing nitrogen obtained through N2-fixation, a method to isolate these hindgut mi-

crobes had to be developed. Chapter 2 describes the methods and their develop-

ment through modifications of established protocols to isolate the microorganisms

within the hindguts of the herbivorous fish species. Once isolation techniques were

identified, examinations of fish tissues (muscle and liver), the macro-algal diet (al-
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gal diet), and microbial symbionts (microbial pellets) were performed using bulk

nitrogen and carbon stable isotopic values (δ15N and δ13C). is served to identify

the trophic relationships among the sample types and any evidence of N2-fixation

by the microbes (Chapter 3). Additionally, fish stomach/foregut contents were

compared to undigested dietary algal species to test whether ingested algae col-

lected from the fish gut could be used as a proxy for dietary algae in stable isotope

analysis.

Trophic relationships and the potential contributions of microbial protein to

the fish hosts were investigated further through the compound-specific analysis of

the carbon and nitrogen stable isotopic composition of the amino acids (AAs) in

the tissues and potential dietary sources (algal diet and hindgut microbes) of all

study fish species (Chapters 4 and 5). rough nitrogen compound-specific stable

isotope analyses of AAs (CSIA-AA), a closer examination of the isotopic routing

and fractionation of dietary sources was performed and the potential contribution

of “new” nitrogen derived from microbial N2-fixation to host protein nutrition

was explored (Chapter 4). Additionally, carbon CSIA-AA was used to find fur-

ther evidence of contribution of microbial amino acids to the host fish, specifically

the routing of essential amino acids (EAAs) biosynthesized de novo by the hindgut

microbiota to the fish tissues (Chapter 5). Carbon and nitrogen CSIA-AA analy-

ses were extended to identify potential metabolic pathways of AAs among the algal

diet, the hindgut microbes, and both the liver and muscle tissues of the fish. e

data from these analyses were then incorporated into a Bayesian mixing model to

quantify relative contributions of the algal diet and isolated hindgut microbes to

the protein in the tissues of this fish for several amino acids.

6.2 Obtaining the algal diet and isolating the microbial pellet

Tests of isotopic signals between the stomach/foregut contents (ingested algal diet)

and freshly collected dietary algal species for eight study species (one temperate

and seven tropical) were conducted to determine whether algal material collected

from the fish could be used as a proxy for fresh algal species collected from the field

during time of specimen capture. Results from SIA confirmed that the ingested
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algal diet (i.e. stomach contents) samples reflect δ15N and δ13C of algal species

consumed by each fish species. erefore, rather than trying to reconstruct the

diet through stomach content analysis and trying to sample dietary algae for stable

isotope analyses, stomach/foregut contents (termed algal diet in this thesis) provide

a direct empirical measurement of isotopic values for primary producers consumed

by the fish species sampled.

For this study it was necessary to develop a method that would effectively iso-

late the hindgut microbiota from the other components found in the intestines

of the fish. Particles such as algal material, arthropods, diatoms, gut fluid, etc.

would alter any stable isotopic signal derived from a sample of microorganisms

not thoroughly isolated from the hindgut. Chapter 2 describes how several cen-

trifugation techniques were tested, including Percoll™, a frequently used media to

isolate microbial cells, and two novel centrifugation methods developed through

modifications of previous techniques used in microbial analyses (Seeto et al. 1996,

Skea et al. 2005). ese novel methods were highly efficient, are specific to the

type of specimen collection, and should prove useful for other researchers to easily

adapt.

For temperate species, collection trips were completed over several days, off-

shore in the Hauraki Gulf near Auckland, New Zealand. All processing was com-

pleted aboard a research vessel, thus the logistics meant some equipment, i.e. a

swinging-bucket centrifuge, could not be used. For the collection of microbial

“pellets”, a fixed-rotor method was employed using several short spins, with the

final pellet placed in liquid nitrogen to be transported to and lyophilised at the

lab. Tropical species were also collected off-shore, but these collection trips were

daily and on a much smaller boat traveling a short distance off of Lizard Island in

the Great Barrier Reef, Australia. During these trips, the fish were placed on ice

and brought swiftly back to the lab for processing. Once the fish were processed

in the lab, a swinging-bucket rotor was used to centrifuge the gut material, with

several short spins, and the final pellet was lyophilised. e microbial pellets from

both methods were examined microscopically as they were collected to ensure that

the pellet contained little (if any) non-microbial particles/cells, and to ensure that
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the microbial cells remained intact, with the majority of them found to be alive.

Subsequent microscopy using fluorescence ensured that very little algal material

remained in the isolated pellets.

Further examination of the microbial pellets isolated using the two novel cen-

trifugation methods disclosed above was conducted using bulk stable isotope analy-

sis (SIA). Comparisons between stomach/foregut contents (algal diet) and isolated

microbial pellets from both a temperate fish species, K. sydneyanus, and a tropical

fish species, K. cinerascens, revealed that the algal diets were isotopically distinct

from the microbial pellets for δ15N, and that the ratio of carbon to nitrogen (C:N)

was significantly different between algal diet and the microbial pellets. Additional

examination of whole gut contents (hindgut contents that had not been processed

using the centrifugation method) and isolated microbial pellets fromK. sydneyanus

showed significant differences between the two sample types for C:N, and the C:N

ratio for the microbial pellets was very similar to the C:N value recorded for gut

microbiota in ruminants (Czerkawski 1976). erefore, the microbial pellets iso-

lated using these methods were determined to empirically represent the microbial

community residing in the hindguts of the fish sampled in this study.

6.3 Evidence of N2-fixation

Before examining the potential contribution of microbial protein to herbivorous

host fish nutrition, the evidence of N2-fixation by these hindgut microbial commu-

nities must be discussed. Although no evidence of N2-fixation has yet been iden-

tified in the microbial symbionts of other vertebrate hosts, a recent study using

genetic techniques (polymerase chain reaction) and traditional methods to mea-

sure N2-fixation activity (acetylene reduction and 15N2 incorporation) identified

diazotrophic genes and N2-fixation in the microbial communities residing in the

hindguts of the fish species in this study (Bojarski 2014). However, many ques-

tions remain regarding the role these diazotrophs play within their microbial com-

munities and to their fish hosts. N2-fixation by gut microbes has been identified

in several invertebrate organisms, but the contribution of “new” nitrogen to the

nutrition of these hosts remains unclear (Douglas 2009). erefore, careful exam-
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ination of the results of this thesis must be made in order to correctly identify any

evidence of N2-fixation by the hindgut microbes and to determine potential pat-

terns in isotopic values that incorporation of “new” nitrogen into microbial protein

would produce.

For bulk stable isotope analysis (SIA), each trophic level (i.e. primary producer,

primary consumer, secondary consumer, etc.) typically has a constant increase

(termed trophic enrichment) in the heavier isotopes of carbon (13C) and nitrogen

(15N) (Minagawa and Wada 1984, Post 2002). Greater trophic enrichment occurs

in nitrogen than carbon, while for the latter enrichment can be relatively small

(Boecklen et al. 2011). Given that the hindgut microbes examined in this study are

known to break down fibrous algal material through hindgut fermentation, utilize

the released algal components, and produce short-chain fatty acids (SCFAs) which

are then assimilated by the fish host and used for energy (Clements and Choat

1995, Mountfort et al. 2002), these microbes should have a trophic enrichment in
15N relative to that of the algal diet. erefore, one would assume that the primary

producer (algal diet) would have the lowest δ15N values, the microbial pellet would

be enriched in 15N relative to the algal diet, and the fish tissues would have the

greatest δ15N values. is is because the fish is receiving nutrients from both

the algal diet and the hindgut microbes. However, the SIA results presented in

Chapter 3 revealed that the majority of the temperate and tropical fish species had

microbial pellets with δ15N values lower than or similar to those of the algal diet.

ese results indicate that the microbes in the pellets were assimilating nitrogen

from a source depleted in 15N and therefore indicate that N2-fixation is occurring

within these gut microbe communities. However, lower δ15N values could also

indicate that thesemicrobiota are assimilating ammonium produced as a byproduct

by the fish hosts.

Further evidence of N2-fixation occurring in the hindgut microbiota of these

herbivorous fish can be found by examining the results from the nitrogen CSIA-

AA analyses (Chapter 4). Similar to bulk δ15N, the δ15N values of certain indi-

vidual AAs show evidence of trophic fractionation from diet to consumer and are

termed “trophic” AAs (McClelland and Montoya 2002, McClelland et al. 2003,
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Chikaraishi et al. 2009). Other AAs tend to have little to no trophic fractionation

as they are routed directly from the baseline organism (the primary produce at the

bottom of an organism’s food web) and are termed “source” AAs (Chikaraishi et

al. 2007, Chikaraishi et al. 2009). Similar to the results in the bulk SIA, patterns

in trophic AAs revealed that the hindgut microbes had δ15N values lower than ex-

pected. If microbial symbionts are incorporating nitrogen from the algal diet into

their AAs, this heterotrophic resynthesis of AAs by microbiota would cause simi-

lar enrichments of trophic AAs to those we find in animals (Steffan et al. 2015).

However, for the majority of the temperate and tropical fish species, the symbiotic

microbes were only slightly enriched in δ15N relative to the diet and were depleted

for some trophic AAs in some species. ese results would suggest an alternative,

depleted source of nitrogen to these microbes (i.e. N2-fixation).

6.4 Contribution of microbial protein to host fish

Although contribution of microbial protein could not be directly measured using

bulk SIA, these analyses did reveal the internal trophic relationships occurring

within the host system. As discussed above, evidence of N2-fixation occurring

in the hindguts of these fish by microbial symbionts was found by observing the

patterns of microbial δ15N values relative to the algal diet and fish tissues. e

δ15N values would be depleted relative to the algal diet if “new” nitrogen from

N2-fixation was present. Conversely, the assimilation and fractionation of algal

nitrogen or nitrogenous waste products from the host fish (e.g. ammonia or urea)

by microbes would enrich δ15N. e patterns found for δ15N in the microbial pel-

lets of the fish species suggested that all of these processes could be occurring in

the hindguts of these animals. Additionally, several microbial pellets were found

to be enriched in δ13C relative to the ingested algal diet and fish tissues. is

suggests these hindgut microbes may not only be fermenting carbohydrates from

the ingested algal diet, but also processing carbon from endogenous sources within

the gut of the fish. Marine diazotrophs, like Trichodesmium, typically have greater

δ13C signals than other marine microorganisms (Wada and Hattori 1990, Car-

penter et al. 1997); therefore, the presence of N2-fixing microbial communities in
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the guts of these fish may also drive the enriched 13C values observed in microbial

pellet(s) observed in the majority of the fish species analysed in this study.

Recent research using carbon CSIA-AA of EAAs has shown uptake of protein

from gut symbionts in the omnivorous tilapia (Newsome et al. 2011) and in ma-

rine turtles (Arthur et al. 2014). However, microbial symbionts in these studies

were not empirically measured. As described above, the microbial pellet isolation

techniques developed in this study allowed for direct measurement of the micro-

bial communities found within the hindguts of the herbivorous fish species sam-

pled. Evidence of microbial contribution was found using CSIA-AA approaches

for nitrogen and carbon. rough these analyses, both algal diet and microbial

end members were traced through EAAs for carbon and source AAs for nitrogen.

As predicted by Newsome et al. (2011) for fish species that assimilate protein

from their symbiotic gut microbes, supplementation to EAAs by microbial sym-

bionts led to greater δ13CEAA values in the muscle tissues for the majority of the

species, providing clear evidence of contribution of microbial protein to the fish

host. Strong similarities for δ13CEAA between fish muscle and hindgut microbes

were found for the majority of the species sampled, again indicating microbial con-

tribution of EAAs. Finally, due to the direct measurement of hindgut microbes

through the isolation of microbial pellets from gut contents, a Bayesian mixing

model (FRUITS) revealed substantial contribution of hindgut organisms to pro-

tein nutrition in these herbivorous marine fish species.

For source AAs, δ15NAA among fish tissues and dietary sources (algal diet and

microbes) showed contribution of protein nitrogen coming from both the algal diet

and microbial symbionts for all fish host species. However, microbial enrichments

in δ15NAA relative to the algal diet were found for the two source AAs pheny-

lalanine and glycine. ese higher values could be driven by unique differences

between eukaryotic and prokaryotic organisms (i.e. macroalgae and microbiota).

Differences can occur when these AAs are synthesised de novo and are possibly

created by enzymatic fractionation and through metabolic processes (Hayes 2001,

Chikaraishi et al. 2009, Calleja et al. 2013). erefore, these patterns in the source

AAs found in the δ15NAA values for the microbial symbionts may be applied in
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future studies to determine contribution of microbial protein to host tissues.

6.5 Trophic fractionation

Trophic fractionation between fish tissues and dietary sources was highly vari-

able for nitrogen and carbon in bulk SIA. Termed empirical discrimination fac-

tor (EDF) for the purposes of Chapter 3, EDF values for ∆15N and ∆13C var-

ied within samples, between fish tissues, and among fish species. ese differ-

ences have also been attributed to the metabolic pathways of AAs from the dietary

sources of the fish to the fish tissues and can possibly be elucidated through the

application of CSIA-AA (McMahon et al. 2010).

Fractionation of non-essential AAs (NEAAs) in carbon and trophic AAs in ni-

trogen showed strong evidence ofmicrobial reworking of AAs. e high variability

found in bulk δ13C is reflected in the trophic fraction of NEAAs in the CSIA-AA

analysis for carbon (Chapter 5). Many of the fish species had ∆13CNEAA values

close to zero, meaning that there was direct isotope routing of source NEAAs

to the tissues of the fish rather than de novo biosynthesis of NEAAs by the fish

using non-protein sources ( Jim et al. 2006). For several of these NEAAs, the

δ13CNEAA values of one or more of the microbial pellets better resembled the

δ13CNEAA value of the fish tissue than the δ13CNEAA values of the algal diet.

is could indicate the utilization of NEAAs from the hindgut microbes by the

fish host, since routing of NEAAs from the diet is less energetically costly to the

consumer (Ambrose and Norr 1993, Jim et al. 2006). However, these patterns

were not consistent across fish species, and the sample variability made it difficult

to determine specific contribution of NEAAs by the microbial pellets and the al-

gal diet to the host tissue. If both endogenous materials from the fish and dietary

products from the algal diet are incorporated into microbial AA biosynthesis, spe-

cific routing of NEAAs from the microbes to the fish tissues would be as difficult

to determine as the AAs.

Similarly, the variability found among the fish tissues and dietary sources is

reflected by the fractionation found in trophic AAs using the CSIA-AA analysis

for nitrogen (Chapter 4). e heterotrophic resynthesis of AAs by microorgan-
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isms has been shown to cause trophic transfer similar to animals with comparable

enrichments in trophic AAs from diet to consumer (Steffan et al. 2015). ere-

fore, one would expect that these microbes would have enrichments in trophic

AAs similar to the fish tissues, as the algal material being fermented by these mi-

crobes could also be assimilated into microbial protein and used for AA biosynthe-

sis. e enrichment of trophic AAs in hindgut microbes was slight (and mostly

non-significant) relative to the algal diet and was not equivalent to the fish (con-

sumer) tissues as expected. Furthermore, the trophic discrimination factor (TDF)

calculated between the algal diet and the microbial pellets revealed that the micro-

bial pellets were not as enriched in 15N as would be expected for trophic enrich-

ment from diet to consumer. erefore, sources of nitrogen in the biosynthesis of

AAs by the hindgut microbes may come from both N2-fixation and the products

produced through bacterial degradation of the algal diet, resulting in lower TDF

values.

e patterns found in the empirical TDF estimates could be directly related

to the influence that microbial AAs (both trophic and source) have on the tissues

of their herbivorous fish hosts. However, these patterns may vary seasonally as the

δ15Nbaseline can be altered greatly due to changes in the available nitrogen sources

(McMahon et al. 2013). erefore, further research which includes collection of

samples at a temporal scale could determine whether supplementation of nutrients

from hindgut microbiota the fish host is based on seasonal changes in the nitrogen

content of the algal diet.

Variability discovered in the empirical TDF estimates calculated using both

bulk and CSIA-AA δ15N values shows that caution should be used when trying

to apply conventional TDF values derived from a variety of taxa and trophic levels

to determine dietary sources, but also when determining baseline organisms in

the food web and calculating trophic position (TP) of a target species. e use

of TDF constants can lead to incorrect identification of dietary sources and to an

overestimation/underestimation of TP of a species. is is especially true when

the target species has any input of nutrients coming from symbiotic organisms as

seen by the herbivorous fish in this study.
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An interesting result that arose from the calculations of both bulk EDF and

nitrogen CSIA-AA TDF was the low values found for the tropical surgeonfish

species, Naso unicornis. e low trophic fractionation from diet to fish tissues

may be directly related to the absence of an end member from the EDF/TDF

calculations. As discussed in Chapter 3, it may be that N. unicornis preferentially

consumes and assimilates protein from cyanobacteria. Epiphytic cyanobacteria

are commonly found on macroalgae on coral reefs (Larkum et al. 1988, Ritson-

Williams et al. 2005, Fong et al. 2006, Charpy et al. 2012), and ingestion of such

material would generate a substantially depleted δ15N compared to macroalgae

without such epiphytes. Cyanobacteria also contains higher protein than algae

(Montgomery and Gerking 1980), and nitrogen discrimination factors tend to be

lower for those with diets containing higher quality of protein (Robbins et al. 2005,

Robbins et al. 2010). erefore, further research is needed to determine if nitrogen

is in fact being assimilated from cyanobacteria in this species, and thus responsible

for the discrepancy inN. unicornis as compared to the other herbivorous fish species

included in this study.

6.6 Differences between fish tissues

e results of the bulk SIA revealed that several fish species displayed isotopic dif-

ferences between muscle and liver tissues (Chapter 3). Differences between muscle

and liver for bulk ∆15N and ∆13C were evident for the combined species means

for both tropical and temperate fishes. is was to be expected, as many studies

have shown a difference in turnover rates between these two distinct tissue types

(Tieszen et al. 1983, Pinnegar and Polunin 2000, Dalerum and Angerbjörn 2005,

Boecklen et al. 2011), while differences in δ15N may be the result of the ratio of

EAAs to NEAAs (Pinnegar and Polunin 1999a). In fact, white muscle tissue may

be enriched in 15N relative to the liver because it tends to contain more EAAs,

which show less enrichment as a result of metabolism. Furthermore, if algal AAs

are mainly assimilated by the fish in the proximal intestine and microbial AAs are

assimilated in the distal intestine, and there are differences between gut regions

in the proportion of AAs utilized by epithelial cells of the intestine, then the pro-
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portions reaching peripheral circulation (i.e. post-liver) might differ. For example,

microbial recycling of nitrogenous waste may occur in the hindgut where ammonia

is either incorporated into microbial protein or recycled to the liver for hepatic syn-

thesis of NEAAs (Stevens and Hume 1998, Bucking et al. 2013). ese processes

could also result in differences between tissues in δ15N.

Although differences in tissue types have previously been examined for bulk

δ15N (Tieszen et al. 1983, Pinnegar and Polunin 1999b, Dalerum and Anger-

björn 2005, Buchheister and Latour 2010, Boecklen et al. 2011), this research

has not been extended to tissue-specific fractionation in δ15N for AAs in marine

teleosts. is study revealed that in some herbivorous fish species, liver and mus-

cle were statistically distinct from each other for a few trophic AAs, particularly

proline (Chapter 4). is reflected the results of the bulk SIA, where several of

these same species also had significant differences between liver and muscle for

bulk δ15N. Additionally, patterns observed in δ15NAA for all fish species anal-

ysed in this study revealed that fish muscle tissues were significantly enriched in

trophic AAs relative to all dietary sources (algal diet and microbial pellets). Liver,

however, had many cases where δ15N was not statistically distinct from one or

more of the dietary sources, and the majority of trophic AAs were depleted rela-

tive to the muscle. e lowered δ15NAA values found in the liver may be explained

by ammonia detoxification that occurs in the tissue during the synthesis of AAs

(Rodicio et al. 2003). Given that the primary product of N2-fixation in bacteria

is ammonia, which can then be utilized by the bacteria to create AAs de novo, this

ammonia derived from “new” nitrogen could also be routed to the liver and used

in biosynthesis of non-essential AAs (Kim and Gadd 2008), thus depleting the

δ15NAA value of the liver tissue. However, due to the array of potential nitro-

gen sources available to microbial symbionts for AA synthesis and the complexity

of the metabolic pathways of AA assimilation by the host fish, further analyses

are necessary to investigate the differences in isotopic routing and fractionation of

microbial and dietary AAs in herbivorous fish tissues.
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6.7 General conclusions

e results of this study are highly significant in describing the importance of sym-

biotic microbes and N2-fixation by their hindgut communities to the protein nu-

trition in temperate and tropical herbivorous fish hosts. ese herbivorous species

have diets that may be limiting in nitrogen-containing nutrients and dietary pro-

tein (White 1993a, b). erefore, the ability of these fish to assimilate microbial

protein that was synthesised de novo using non-protein nitrogen (derived from N2-

fixation and/or recycled ammonia) and carbon skeletons from non-protein carbon

sources (i.e. products from hindgut fermentation) allows supplementation of es-

sential nutrients from the microbes to host fish tissues that could not be garnered

from the algal diet alone.

e dissimilarities found in the fish tissues (muscle and liver), particularly with

respect to nitrogen, is very interesting given that the majority of studies examining

these differences tend to argue that, relative to muscle, liver has a higher metabolic

turnover rate, leading to variability in δ15N values. is suggests that differences

between these tissue types are dependent on the differences in diet over time (liver

representing the most recent diet consumed, whereas muscle is an assimilation of

the diet over the past several months). Additionally, some have reasoned that these

differences are due to the greater routing of EAAs to the liver relative to the muscle

(Pinnegar and Polunin 1999b). However, this does not make sense given that we

now know that some EAAs do have trophic fractionation in nitrogen (McClelland

and Montoya 2002, Popp et al. 2007). One explanation for the differences found

in liver and muscle tissue may be that EAAs with depleted 15N, biosynthesised

de novo from the hindgut microbes, would create lowered δ15NAA values in the

liver tissues relative to the muscle tissues as EAAs with heavier isotopes may be

sent from the liver to the rest of the tissues through isotopic routing (Deniro and

Epstein 1981, Podlesak et al. 2006). erefore, the results presented in Chapter 4

give a better understanding for the mechanisms driving the differences in liver and

muscle tissue in these herbivorous fish species and the possible effect of N2-fixation

by symbiotic microbes in lowering the δ15N values. If these fish species could be

reared in captivity, labelling techniques may be applied to trace the isotopic routing
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of nitrogen from the dietary sources to the fish tissues. Investigating the metabolic

processes occurring in these captive fish could provide further information on the

importance of microbial symbionts and N2-fixation to the fish hosts.

Chapter 3 and Chapter 4 both demonstrate that the use of overarching TDF

values to determine dietary sources or trophic position of an animal is problematic.

Large variations in TDFs derived using both bulk and AA specific δ15N values

of fish tissues and algal diet were found for all fish species, indicating the need

for empirical calculation of TDFs. TDFs should be species specific, or at least

specific to taxa and trophic levels. Additionally, use of TDFs to determine trophic

positions and dietary sources of organisms must be limited to TDFs that have

been empirically derived from representative species (taxa and trophic level). is

is because the use of TDF values calculated from controlled feeding experiments

or from organisms unrelated to the target species cannot account for differences

in metabolic routing of dietary macronutrients (Podlesak et al. 2006), especially

when a microbial contribution may exist in the species (Rimmer and Wiebe 1987,

McMahon et al. 2010). erefore, further studies calculating the TDF values

directly using the tissues and diet of the target species is warranted and will allow

for further understanding of the internal trophic dynamics occurring between an

organism and its diet.

Additional research is needed to further elucidate many of the findings of this

study. A large amount of the variability found within the samples analysed using

SIA and CSIA-AA may be directly related to a) temporal/seasonal variation and

b) low sample sizes for many of the sample types (e.g. microbial pellets). CSIA-

AA analyses are typically very costly and therefore sample replication is usually

kept to a minimum. erefore, use of stable isotope techniques following this cur-

rent study could be applied to one or two of the species examined in this study

to amplify the number of samples analysed. Further, a carefully engineered sam-

pling design could be used to answer the questions derived from this study about

seasonal variation in algal diet and the supplementation of microbial symbionts to

possible temporal nitrogen availability. Additionally, the availability of “new” ni-

trogen from microbial N2-fixation may also vary over time as this process is costly
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and would tend to occur when other sources of nitrogen are unavailable (Kim and

Gadd 2008). Implementation of a temporal sampling design may also capture any

changes in metabolic routing of dietary nutrients during periods of breeding or

gestation as have been found in other animals (O’Brien et al. 2005). Finally, stud-

ies using experimental methods (e.g., isotopic labelling techniques, application of

antibiotics to eliminate hindgut bacteria, etc.) could be employed to better track

isotopic routing and fractionation in these fishes.

is research has furthered the understanding of the importance of microbial

symbionts to host nutrition. is study identified a substantial contribution of mi-

crobial protein to host organisms and the possible metabolic pathways that occur

in these internal trophic systems. Furthermore, this research presents the first ev-

idence of “new” nitrogen produced from N2-fixation by hindgut microorganisms

contributing to the microbial biosynthesis of AAs that are then assimilated by host

vertebrates. ese findings also show the importance of these symbiotic microor-

ganisms to not only the nitrogen and carbon budgets within the herbivorous fish

species studied here, but also the overall nitrogen and carbon flux within the reef

systems where these fish reside.
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Appendix A A

Table A.1: Results of PERMANOVA for δ15N among Sections I (algae) and
bacterial pellets (sections III, IV, and V) for Kyphosus sydneyanus.

Table A.2: Results of pairwise comparisons (PERMANOVA) for δ15N among
Sections I (algae) and bacterial pellets (sections III, IV, and V) for Kyphosus syd-
neyanus.
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Table A.3: Results of PERMANOVA for δ13C among Sections I (algae) and
bacterial pellets (sections III, IV, and V) for Kyphosus sydneyanus.

Table A.4: Results of PERMANOVA for δ15N among Sections I (algae) and
bacterial pellets (sections III, IV, and V) for Kyphosus cinerascens.

Table A.5: Results of pairwise comparisons (PERMANOVA) for δ15N among
Sections I (algae) and bacterial pellets (sections III, IV, and V) for Kyphosus cin-
erascens.

Table A.6: Results of PERMANOVA for δ13C among Sections I (algae) and
bacterial pellets (sections III, IV, and V) for Kyphosus cinerascens.
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Table A.7: Results of ANOVA for C:N among Sections I (algae) and bacterial
pellets (sections III, IV, and V) for Kyphosus sydneyanus.

Table A.8: Results of pairwise comparisons (Tukey’s HSD) for C:N among Sec-
tions I (algae) and bacterial pellets (sections III, IV, and V) of K. sydneyanus.

Table A.9: Results of ANOVA for C:N among Sections I (algae) and bacterial
pellets (sections III, IV, and V) for K. cinerascens.
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Table A.10: Results of pairwise comparisons (Tukey’s HSD) for C:N among Sec-
tions I (algae) and bacterial pellets (sections III, IV, and V) of K. cinerascens.

Table A.11: Results of ANOVA for C:N among Sections I (algae), and whole gut
contents and isolated microbial pellets from sections IV and V of K. sydneyanus.
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Table A.12: Results of pairwise comparisons (Tukey’s HSD) for C:N among Sec-
tions I (algae), and whole gut contents and isolated microbial pellets from sections
IV and V of K. sydneyanus.
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Table B.1: Results of mixed term, two-factor crossed PERMANOVA for δ13C
and δ15N between collection date and sample type for Aplodactylus arctidens. Sig-
nificant values for sample type (TY) and/or the interaction between sample type
and collection date (MoxTY) are bolded.
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Table B.2: Results of pairwise comparisons (PERMANOVA) for δ13C and δ15N
among the fish tissues (muscle and liver), the ingested algal diet, and the micro-
bial pellets (IV and V) for A. arctidens. Significant values for differences between
sample types (TY) are bolded.

Table B.3: Results of mixed term, two-factor crossed PERMANOVA for δ13C
and δ15N between collection date and sample type for Aplodactylus etheridgii.
Significant values for sample type (TY) and/or the interaction between sample
type and collection date (MoxTY) are bolded.
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Table B.4: Results of pairwise comparisons (PERMANOVA) for δ13C and δ15N
among the fish tissues (muscle and liver), the ingested algal diet, and the micro-
bial pellets (IV and V) for A. etheridgii. Significant values for differences between
sample types (TY) are bolded.

Table B.5: Results of mixed term, two-factor crossed PERMANOVA for δ13C
and δ15N between collection date and sample type for Kyphosus sydneyanus. Sig-
nificant values for sample type (TY) and/or the interaction between sample type
and collection date (MoxTY) are bolded.
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Table B.6: Results of pairwise comparisons (PERMANOVA) for δ13C and δ15N
among the fish tissues (muscle and liver), the ingested algal diet, and the microbial
pellets (IV and V) for K. sydneyanus. Significant values for differences between
sample types (TY) are bolded.

Table B.7: Results of mixed term, two-factor crossed PERMANOVA for δ13C
and δ15N between collection date and sample type for Odax pullus. Significant
values for sample type (TY) and/or the interaction between sample type and col-
lection date (MoxTY) are bolded.
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Table B.8: Results of pairwise comparisons (PERMANOVA) for δ13C and δ15N
among the fish tissues (muscle and liver), the ingested algal diet, and the microbial
pellet (V) for O. pullus. Significant values for differences between sample types
(TY) are bolded.

Table B.9: Results of mixed term, two-factor crossed PERMANOVA for δ13C
and δ15N between collection date and sample type for Acanthurus lineatus. Signif-
icant values for sample type (TY) and/or the interaction between sample type and
collection date (MoxTY) are bolded.

Table B.10: Results of pairwise comparisons (PERMANOVA) for δ13C and δ15N
among the fish tissues (muscle and liver), the ingested algal diet, and the microbial
pellet (All-pellet) for A. lineatus. Significant values for differences between sample
types (TY) are bolded.
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Table B.11: Results of mixed term, two-factor crossed PERMANOVA for δ13C
and δ15N between collection date and sample type for Kyphosus cinerascens. Signif-
icant values for sample type (TY) and/or the interaction between sample type and
collection date (MoxTY) are bolded.

Table B.12: Results of pairwise comparisons (PERMANOVA) for δ13C and δ15N
among the fish tissues (muscle and liver), the ingested algal diet, and the microbial
pellets (IV and V) for K. cinerascens. Significant values for differences between
sample types (TY) are bolded.
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Table B.13: Results of mixed term, two-factor crossed PERMANOVA for δ13C
and δ15N between collection date and sample type for Kyphosus vaigiensis. Sig-
nificant values for sample type (TY) and/or the interaction between sample type
and collection date (MoxTY) are bolded.

Table B.14: Results of pairwise comparisons (PERMANOVA) for δ13C and δ15N
among the fish tissues (muscle and liver), the ingested algal diet, and the microbial
pellets (IV and V) forK. vaigiensis specimens collected in March 2011. Significant
values for differences between sample types (TY) are bolded.
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Table B.15: Results of pairwise comparisons (PERMANOVA) for δ13C and δ15N
among the fish tissues (muscle and liver), the ingested algal diet, and the microbial
pellets (IV and V) for K. vaigiensis specimens collected in January 2012. Signifi-
cant values for differences between sample types (TY) are bolded.

Table B.16: Results of mixed term, two-factor crossed PERMANOVA for δ13C
and δ15N between collection date and sample type for Naso tonganus. Significant
values for sample type (TY) and/or the interaction between sample type and col-
lection date (MoxTY) are bolded.
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Table B.17: Results of pairwise comparisons (PERMANOVA) for δ13C and δ15N
among the fish tissues (muscle and liver), the ingested algal diet, and the micro-
bial pellets (IV and V) for N. tonganus. Significant values for differences between
sample types (TY) are bolded.

Table B.18: Results of mixed term, two-factor crossed PERMANOVA for δ13C
and δ15N between collection date and sample type for Naso unicornis. Signifi-
cant values for sample type (TY) and/or the interaction between sample type and
collection date (MoxTY) are bolded.
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Table B.19: Results of pairwise comparisons (PERMANOVA) for δ13C and δ15N
among the fish tissues (muscle and liver), the ingested algal diet, and the micro-
bial pellets (IV and V) for N. unicornis. Significant values for differences between
sample types (TY) are bolded.

Table B.20: Results of mixed term, two-factor crossed PERMANOVA for δ13C
and δ15N between collection date and sample type for Siganus doliatus. Signifi-
cant values for sample type (TY) and/or the interaction between sample type and
collection date (MoxTY) are bolded.
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Table B.21: Results of pairwise comparisons (PERMANOVA) for δ13C and δ15N
among the fish tissues (muscle and liver), the ingested algal diet, and the microbial
pellet (All-pellet) for S. doliatus. Significant values for differences between sample
types (TY) are bolded.

Table B.22: Results of mixed term, two-factor crossed PERMANOVA for δ13C
and δ15N between collection date and sample type for Zebrasoma velifer. Signifi-
cant values for sample type (TY) and/or the interaction between sample type and
collection date (MoxTY) are bolded.
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Table B.23: Results from paired samples t-tests between discrimination factors
derived from the chapter data (empirical discrimination factor; EDF) and theDiet-
DependentDiscrimination Factor (DDDF) fromCaut et al. (2009) for the carbon
(C) and nitrogen (N) isotopic signatures in muscle tissues of all a) temperate and
b) tropical fish species sampled, with the exception of A. etheridgii (sample size
was too low for analysis).
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Table B.24: Results from paired samples t-tests between muscle and liver dis-
crimination factors derived from the chapter data (empirical discrimination factor;
EDF) for carbon (C) and nitrogen (N) of all tropical fish species sampled.
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Appendix C C

Table C.1: Results of one-way ANOVAs testing the differences in δ15N signatures
of AAs among fish tissues (muscle and liver) and dietary sources (algal diet and mi-
crobial pellet) for Aplodactylus arctidens. Instances where no significant differences
were found for an AA are bolded.
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Table C.2: Results from pairwise comparisons (Tukey’s HSD tests) testing the
differences in δ15N signatures of AAs among fish tissues (muscle and liver) and
dietary sources (algal diet and microbial pellet) for A. arctidens. Instances where
no significant differences were found between sample types for an AA are bolded.
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Table C.3: Results of one-factor PERMANOVA testing the differences in δ15N
signatures of phenylalanine among fish tissues (muscle and liver) and dietary
sources (algal diet and microbial pellet) for A. arctidens. Instances where no sig-
nificant differences were found for an AA are bolded.

Table C.4: Results of one-factor PERMANOVA testing the differences in δ15N
signatures of proline among fish tissues (muscle and liver) and dietary sources (al-
gal diet and microbial pellet) for A. arctidens. Instances where no significant dif-
ferences were found for an AA are bolded.

Table C.5: Results from pairwise comparisons (PERMANOVA) testing the dif-
ferences in δ15N signatures of proline among fish tissues (muscle and liver) and
dietary sources (algal diet and microbial pellet) for A. arctidens. Instances where
no significant differences were found between sample types for proline are bolded.
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Table C.6: Results of one-way ANOVAs testing the differences in δ15N signatures
of AAs among fish tissues (muscle and liver) and dietary sources (algal diet and mi-
crobial pellet) for Kyphosus sydneyanus. Instances where no significant differences
were found for an AA are bolded.
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Table C.7: Results from pairwise comparisons (Tukey’s HSD tests) testing the
differences in δ15N signatures of AAs among fish tissues (muscle and liver) and
dietary sources (algal diet and microbial pellet) for K. sydneyanus. Instances where
no significant differences were found between sample types for an AA are bolded.
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Table C.8: Results of one-way ANOVAs testing the differences in δ15N signatures
of lysine among fish tissues (muscle and liver) and dietary sources (algal diet and
microbial pellet) for K. sydneyanus. Instances where no significant differences were
found for an AA are bolded.
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Table C.9: Results from pairwise comparisons (Tukey’s HSD tests) testing the
differences in δ15N signatures of lysine among fish tissues (muscle and liver) and
dietary sources (algal diet and microbial pellet) for K. sydneyanus. Instances where
no significant differences were found between sample types for an AA are bolded.

216



Table C.10: Results of Kruskal-Wallis Tests examining the differences in δ15N
signatures of valine among fish tissues (muscle and liver) and dietary sources (al-
gal diet and microbial pellet) for K. sydneyanus. Instances where no significant
differences were found for an AA are bolded.
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Table C.11: Results of one-way ANOVAs testing the differences in δ15N signa-
tures of AAs among fish tissues (muscle and liver) and dietary sources (algal diet
and microbial pellet) for Odax pullus. Instances where no significant differences
were found for an AA are bolded.

218



219



C. Appendix C

220



221



C. Appendix C

222



Table C.12: Results from pairwise comparisons (Tukey’s HSD tests) testing the
differences in δ15N signatures of AAs among fish tissues (muscle and liver) and
dietary sources (algal diet and microbial pellet) for O. pullus. Instances where no
significant differences were found between sample types for an AA are bolded.

Table C.13: Results of one-way ANOVAs testing the differences in δ15N signa-
tures of AAs among fish tissues (muscle and liver) and dietary sources (algal diet
and microbial pellet) for Acanthurus lineatus. Instances where no significant differ-
ences were found for an AA are bolded.
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Table C.14: Results from pairwise comparisons (Tukey’s HSD tests) testing the
differences in δ15N signatures of AAs among fish tissues (muscle and liver) and
dietary sources (algal diet and microbial pellet) for A. lineatus. Instances where no
significant differences were found between sample types for an AA are bolded.

227



C. Appendix C

Table C.15: Results of one-way ANOVAs testing the differences in δ15N signa-
tures of AAs among fish tissues (muscle and liver) and dietary sources (algal diet
and microbial pellet) for Kyphosus cinerascens. Instances where no significant dif-
ferences were found for an AA are bolded.
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Table C.16: Results from pairwise comparisons (Tukey’s HSD tests) testing the
differences in δ15N signatures of AAs among fish tissues (muscle and liver) and
dietary sources (algal diet and microbial pellet) for K. cinerascens. Instances where
no significant differences were found between sample types for an AA are bolded.
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Table C.17: Results of one-way ANOVAs testing the differences in δ15N signa-
tures of AAs among fish tissues (muscle and liver) and dietary sources (algal diet
and microbial pellet) for Kyphosus vaigiensis. Instances where no significant differ-
ences were found for an AA are bolded.
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Table C.18: Results from pairwise comparisons (Tukey’s HSD tests) testing the
differences in δ15N signatures of AAs among fish tissues (muscle and liver) and
dietary sources (algal diet and microbial pellet) for K. vaigiensis. Instances where
no significant differences were found between sample types for an AA are bolded.
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Table C.19: Results of one-way ANOVAs testing the differences in δ15N signa-
tures of AAs among fish tissues (muscle and liver) and dietary sources (algal diet
and microbial pellet) for Naso tonganus. Instances where no significant differences
were found for an AA are bolded.
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Table C.20: Results from pairwise comparisons (Tukey’s HSD tests) testing the
differences in δ15N signatures of AAs among fish tissues (muscle and liver) and
dietary sources (algal diet and microbial pellet) for N. tonganus. Instances where
no significant differences were found between sample types for an AA are bolded.
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Table C.21: Results of one-way ANOVAs testing the differences in δ15N signa-
tures of AAs among fish tissues (muscle and liver) and dietary sources (algal diet
and microbial pellet) for Naso unicornis. Instances where no significant differences
were found for an AA are bolded.
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Table C.22: Results from pairwise comparisons (Tukey’s HSD tests) testing the
differences in δ15N values of AAs among fish tissues (muscle and liver) and di-
etary sources (algal diet and microbial pellet) for N. unicornis. Instances where no
significant differences were found between sample types for an AA are bolded.
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d)

e)

Table C.23: Results of one sample t-tests between mean trophic position
(TPCSIA), calculated using Equation 1 (see Introduction 4.1) with the trophic
AA (glutamic acid) and the source AA (phenylalanine), and expected TP for each
sample type, a) muscle, b) liver, c) algae, d) IV-pellet, and e) V-pellet (the asterisk
indicates that the values for All-pellet were used for A. lineatusfor all fish species
and sample types analysed. Expected TPs were as follows: fish tissues = 2 and all
dietary sources = 1. Significant differences are bolded.
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Table D.1: Results of PERMANOVA using the δ13C signatures of four EAAs
(Ile, Leu, Phe and Val) to test for differences among fish tissues and dietary sources
(algal diet and microbial pellets) for Aplodactylus arctidens. Significant values for
sample type (TY) are bolded.

Table D.2: Results of pairwise comparisons (PERMANOVA) using the δ13C sig-
natures of four EAAs (Ile, Leu, Phe and Val) to test for differences among fish
tissues (muscle and liver), algal diet and microbial pellet (V) for A. arctidens. Sig-
nificant values for differences between sample types are bolded.

249



D. Appendix D

Table D.3: Results of PERMANOVA using the δ13C signatures of four EAAs
(Ile, Leu, Phe and Val) to test for differences among fish tissues and dietary sources
(algal diet and microbial pellets) for Kyphosus sydneyanus. Significant values for
sample type (TY) are bolded.

Table D.4: Results of pairwise comparisons (PERMANOVA) using the δ13C sig-
natures of four EAAs (Ile, Leu, Phe and Val) to test for differences fish tissues
(muscle and liver), algal diet and microbial pellet (IV and V) for K. sydneyanus.
Significant values for differences between sample types are bolded.

Table D.5: Results of PERMANOVA using the δ13C signatures of four EAAs
(Ile, Leu, Phe and Val) to test for differences among fish tissues and dietary sources
(algal diet and microbial pellets) forOdax pullus. Significant values for sample type
(TY) are bolded.
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Table D.6: Results of pairwise comparisons (PERMANOVA) using the δ13C sig-
natures of four EAAs (Ile, Leu, Phe and Val) to test for differences among fish
tissues (muscle and liver), algal diet and microbial pellets (IV and V) for O. pullus.
Significant values for differences between sample types are bolded.

Table D.7: Results of PERMANOVA using the δ13C signatures of four EAAs
(Ile, Leu, Phe and Val) to test for differences among fish tissues and dietary sources
(algal diet and microbial pellets) for Acanthurus lineatus. No significant differences
were found among sample types.

Table D.8: Results of PERMANOVA using the δ13C signatures of four EAAs
(Ile, Leu, Phe and Val) to test for differences among fish tissues and dietary sources
(algal diet and microbial pellets) for Kyphosus cinerascens. Significant values for
sample type (TY) are bolded.
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Table D.9: Results of pairwise comparisons (PERMANOVA) using the δ13C sig-
natures of four EAAs (Ile, Leu, Phe and Val) to test for differences among fish
tissues (muscle and liver), algal diet and microbial pellets (IV and V) for K. cineras-
cens. Significant values for differences between sample types are bolded.

Table D.10: Results of PERMANOVA using the δ13C signatures of four EAAs
(Ile, Leu, Phe and Val) to test for differences among fish tissues and dietary sources
(algal diet and microbial pellets) for Kyphosus vaigiensis. Significant values for
sample type (TY) are bolded.

252



Table D.11: Results of pairwise comparisons (PERMANOVA) using the δ13C
signatures of four EAAs (Ile, Leu, Phe and Val) to test for differences among
fish tissues (muscle and liver), algal diet and microbial pellets (IV and V) for K.
vaigiensis. Significant values for differences between sample types are bolded.

Table D.12: Results of PERMANOVA using the δ13C signatures of four EAAs
(Ile, Leu, Phe and Val) to test for differences among fish tissues and dietary sources
(algal diet and microbial pellets) for Naso tonganus. Significant values for sample
type (TY) are bolded.
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Table D.13: Results of pairwise comparisons (PERMANOVA) using the δ13C
signatures of four EAAs (Ile, Leu, Phe and Val) to test for differences among
fish tissues (muscle and liver), algal diet and microbial pellets (IV and V) for N.
tonganus. Significant values for differences between sample types are bolded.

Table D.14: Results of PERMANOVA using the δ13C signatures of four EAAs
(Ile, Leu, Phe and Val) to test for differences among fish tissues and dietary sources
(algal diet and microbial pellets) for Naso unicornis. Significant values for sample
type (TY) are bolded.
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Table D.15: Results of pairwise comparisons (PERMANOVA) using the δ13C
signatures of four EAAs (Ile, Leu, Phe and Val) to test for differences among fish
tissues (muscle and liver), algal diet and microbial pellets (IV, IVε and V) for N.
unicornis. Significant values for differences between sample types are bolded.

Table D.16: Results of one-way ANOVAs testing for differences in Mol% of four
individual EAAs (Ile, Leu, Phe and Val) among fish tissues (muscle and liver)
and dietary sources [algal diet and microbial pellet(s)] for A. arctidens. Significant
values for sample type are bolded.
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Table D.17: Results of pairwise comparisons (Tukey’s HSD test) to determine
differences among the δ13C signatures of four EAAs (Ile, Leu, Phe and Val) to
test for differences among fish tissues (muscle and liver), algal diet and microbial
pellet (V) for A. arctidens. Significant values for differences between sample types
are bolded.
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Table D.18: Results of one-way ANOVAs testing for differences in Mol% of four
individual EAAs (Ile, Leu, Phe and Val) among fish tissues (muscle and liver) and
dietary sources [algal diet and microbial pellet(s)] for K. sydneyanus. Significant
values for sample type are bolded.

Table D.19: Results of one-way ANOVAs testing for differences in Mol% of four
individual EAAs (Ile, Leu, Phe and Val) among fish tissues (muscle and liver) and
dietary sources [algal diet and microbial pellet(s)] for O. pullus. Significant values
for sample type are bolded.
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Table D.20: Results of pairwise comparisons (Tukey’s HSD test) to determine
differences among the δ13C signatures of four EAAs (Ile, Leu, Phe and Val) to
test for differences among fish tissues (muscle and liver), algal diet and microbial
pellets (IV and V) for O. pullus. Significant values for differences between sample
types are bolded.
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Table D.21: Results of one-way ANOVAs testing for differences in Mol% of four
individual EAAs (Ile, Leu, Phe and Val) among fish tissues (muscle and liver) and
dietary sources [algal diet and microbial pellet(s)] for A. lineatus. Significant values
for sample type are bolded.
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Table D.22: Results of pairwise comparisons (Tukey’s HSD test) to determine
differences among the δ13C signatures of four EAAs (Ile, Leu, Phe and Val) to
test for differences among fish tissues (muscle and liver), algal diet and microbial
pellet (All-Pellet) for A. lineatus. Significant values for differences between sample
types are bolded.
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Table D.23: Results of one-way ANOVAs testing for differences in Mol% of four
individual EAAs (Ile, Leu, Phe and Val) among fish tissues (muscle and liver) and
dietary sources [algal diet and microbial pellet(s)] for K. cinerascens. Significant
values for sample type are bolded.

Table D.24: Results of one-way ANOVAs testing for differences in Mol% of four
individual EAAs (Ile, Leu, Phe and Val) among fish tissues (muscle and liver) and
dietary sources [algal diet and microbial pellet(s)] for K. vaigiensis. Significant
values for sample type are bolded.
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Table D.25: Results of pairwise comparisons (Tukey’s HSD test) to determine
differences among the δ13C signatures of four EAAs (Ile, Leu, Phe and Val) to
test for differences among fish tissues (muscle and liver), algal diet and microbial
pellets (IV and V) for K. vaigiensis. Significant values for differences between
sample types are bolded.
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Table D.26: Results of one-way ANOVAs testing for differences in Mol% of four
individual EAAs (Ile, Leu, Phe and Val) among fish tissues (muscle and liver)
and dietary sources [algal diet and microbial pellet(s)] for N. tonganus. Significant
values for sample type are bolded.
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Table D.27: Results of pairwise comparisons (Tukey’s HSD test) to determine
differences among the δ13C signatures of four EAAs (Ile, Leu, Phe and Val) to
test for differences among fish tissues (muscle and liver), algal diet and microbial
pellets (IV, IVε and V) for N. tonganus. Significant values for differences between
sample types are bolded.
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Table D.28: Results of one-way ANOVAs testing for differences in Mol% of four
individual EAAs (Ile, Leu, Phe and Val) among fish tissues (muscle and liver)
and dietary sources [algal diet and microbial pellet(s)] for N. unicornis. Significant
values for sample type are bolded.
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Table D.29: Results of pairwise comparisons (Tukey’s HSD test) to determine
differences among the δ13C signatures of four EAAs (Ile, Leu, Phe and Val) to test
for differences among fish tissues (muscle and liver), algal diet andmicrobial pellets
(IV andV) forN. unicornis. Significant values for differences between sample types
are bolded.
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