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=e HE Studies on dietary arginine, ornithine, and citrulline supplementation on
! - rainbow trout Oncorhynchus mykiss on postprandial amino acids, arginine

Title catabolism, and resistance to Vibrio anguillarum.

With its versatile nature and important function in the immune system, supplemental
level of arginine should be explored as a solution for increasing the health status of cultured
fish to mitigate the adverse effect of climate change in aquaculture industries. Although most
of the beneficial and adverse effects of arginine supplementation in the human and terrestrial
animal have been evaluated before, the responses of arginine supplementation on fishes are not
fully comprehended due to limited research conducted on it. With that in mind, this first
research is aimed to evaluate the effect of supplemental dietary arginine levels on growth
performance, plasma amino acids, and genes expression of enzymes that catabolize arginine in
rainbow trout. For feeding trial, basal diet was formulated with 50.3% protein and 17.8% lipid.
to fulfill all essential amino acid requirements, crystalline amino acid was also used in this
research. To simulate grade arginine level, 2% and 4% of l-arginine was used. Upon amino
acid analysis, the diets were confirmed to contain 1.47 (CTRL), 3.89 (3.89A) and 5.64 % of
arginine (5.64A). Feeding trial was conducted for 9 weeks using juvenile rainbow trout with
average weight of 62.5 g. After 9 weeks, fish were then fasted for 3 days and subjected for

postprandial plasma amino acid study. Positive correlation between dietary arginine level with



plasma arginine and ornithine were found while no increase of plasma arginine level found in
all postprandial time of CTRL. Highest citrulline level was found in CTRL while high
supplementation of arginine decreases plasma citrulline production. There is no difference was
found in plasma glutamic acid among treatments. The peak of plasma glutamine in CTRL was
observed at 6 hours and 18 hours postprandial while in 5.64A plasma glutamine was only
observed at 12 hours postprandial. Increase of plasma proline in 5.64A occurred at 12 hours
postprandial, earlier than CTRL at 18 hours postprandial. Increase of plasma urea was only
observed in arginine supplemented groups and there is no plasma urea difference found
between those treatments. There was also no significant difference found in growth
performance and total amino acid content in muscle of all treatments. However, higher protein
content was found in the muscle of 3.89A compared to CTRL.

Since Our first experiment suggests that rainbow trout fed diet supplemented with
arginine shows higher plasma ornithine (a precursor of polyamine), and lower plasma citrulline
after 18 hours postprandial. However, supplemental arginine is also reported to increase
arginine degradation through urea cycle and consequently reduce arginine availability. Thus,
to avoid excessive arginine degradation and to better understand the role of citrulline, two more
researches were conducted to evaluate the effect of dietary supplementation of ornithine and
citrulline on resistance of rainbow trout, Oncorhynchus mykiss against Vibrio anguillarum,
while in the same time observe postprandial amino acid dynamics and growth performance of
rainbow trout fed by those amino acids.

For the second experiment, 20 juvenile rainbow trout (average size 34.1 g) were reared
in 60 L aquaria with a recirculating system at 15° C. Dietary treatment was consisted of control
diet (CTRL) with 48 % protein and 16 % lipid level, while treatment diets were made by
supplementing control diet with 1% l-ornithine (ORN), 1% I-citrulline (CIT), and combination

of 1% of l-ornithine and 1% of 1-citrulline (ORN-CIT). Fish were fed twice daily for six day a



week until apparent satiation. To evaluate the effect of short and long feeding period on
immune system, feeding trial was conducted twice: 15 days and 30 days. However, growth
performance was only evaluated in the fish that was fed for 30 days. After 15 days and 30 days
feeding, fish were injected intraperitoneally with Vibrio anguillarum that was diluted with
phosphate-buffered saline at 3.0 x 10° CFU per fish. At 1 day post injection, blood was
collected for plasma amino acid analysis and RNA was also extracted from kidney for
quantitative-real-time PCR analysis of inducible nitric oxide (iNOS), interleukin-1-betta (Il-
1B), and arginase. There is no significant difference in growth performance and feed efficiency
upon 30 days of feeding. Furthermore, pre-feeding with these supplemental amino acids did
not affect survival upon challenge with Vibrio anguillarum in both feeding regime. However
significant differences were found in the expression of iNOS and I1-1p in kidney in the case of
15 days feeding regime, and in iNOS, II-1P, and arginase in kidney in the case of 30 days
feeding regime. Moreover, it was also shown in the postprandial plasma amino acid analysis
that CIT treatment produce higher plasma arginine compared other treatments.

Since the second experiment found that supplementation with citrulline can increase
plasma arginine level, the third experiment was aimed at comparing dietary supplementation
with citrulline, ornithine, and arginine. Juvenile rainbow trout with average size of 9.1 gram
was reared with the same condition with second experiment. Dietary treatment was consisted
of control diet (CTRL) which was formulated to have 47 % protein and 15 % lipid level, while
treatment diets were made by supplementing control diet with 2% I-arginine (ARG), l-ornithine
(ORN), and I-citrulline (CIT) at the expense of cellulose. Feeding was conducted in similar
ways with the previous experiment for 30 days period. After 30 days, fish were also injected
intraperitoneally with Vibrio anguillarum that was diluted with phosphate-buffered saline at
3.0 x 10° CFU per fish. After 24 hours post injection, blood was collected and RNA was

extracted from kidney for plasma amino acid and quantitative-real-time PCR analysis



respectively. A better growth performance was found in ARG compared to CIT, while there is
no significant difference found between CTRL with other treatments. Survival analysis after
disease challenge showed an improve resistant in CIT treatment compared to CTRL and the
gene analysis and significantly higher expression level of iNOS was observed in CIT then
CTRL. Moreover, postprandial plasma analysis showed a similar level of plasma arginine
between ARG and CIT treatment and both treatments were significantly higher than CTRL.
Thus, based on the results of this study, it can be concluded that citrulline supplementation
improves rainbow trout’s resistance against Vibrio anguillarum.

As a general conclusion, dietary supplementation with 2% citrulline for at least 30 days
can improve rainbow trout’s resistance against Vibrio anguillarum. This is also the first-time
l-ornithine and I-citrulline was used as dietary supplementation in rainbow trout and it is the
first time citrulline supplementation was shown to increase plasma arginine level in rainbow

trout.



CHAPTER 1



I General introduction
1.1.  Challenges in aquaculture

Aquaculture is among the fastest growing industries in the food production sector
(Morgan, Terry, Rajaratnam, & Pant, 2017). In 2014, it was reported that around 44%
(approximately 73.8 million tons) of the total fish produced (approximately 167.2 million tons)
came from aquaculture, globally contributing a total first-sale value of US$ 160.2 billion (FAO
Fisheries and Aquaculture Department, 2016). While greatly contributing to global seafood
production, one of major obstacle in aquaculture dependency on fish meal in aquaculture feed.
Recently, the increase of fish meal price due to increasing demand and stagnant fish meal
production (Hardy, 2010) raise some concern regarding the use of fish meal as aquafeed
ingredient in the long run (Gatlin et al., 2007). To overcome this, higher inclusion of plant
based ingredient has already been used. However, due to amino acid profile differences in plant
based ingredients, precision diet formulation and more elaborate knowledge on amino acid
metabolism is beneficial to develop efficient fish feed that fulfilled all nutrition requirement
for farmed fish.

Lately, there is a new development on amino acid study that highlight their tertiary role
on modulating several physiological pathways that can enhance growth performance, immune
system, or reproductive performance (Andersen, Waagbg, & Espe, 2015; Brosnan & Brosnan,
2013; Fernandes, Murakami, Martins, Sakamoto, & Garcia, 2009; Fligger, Gibson, Sordillo, &
Baumrucker, 1997; Jobgen et al., 2009; S. W. Kim, McPherson, & Wu, 2004; Tan et al., 2009;
Wu, 2010; Yao et al., 2008, 2011). One amino acid that is known to have functional role and
considered as a potential candidate to be used at supplemental level in the aquafeed is arginine.
Several studies have shown the beneficial effect of arginine on enhancing growth performance

organ development of several terrestrial animals. In pigs, arginine enhances intestinal growth



and development, increase production of insulin in the plasma, enhances growth of milk-fed
young pigs, and increase mammalian target of rapamycin (mTOR) signaling activity in skeletal
muscle (S. W. Kim et al., 2004; Tan et al., 2009; Yao et al., 2008, 2011); in broilers, dictary
arginine supplementation positively affect weight gain at starter phase (Fernandes et al., 2009),
in calves, arginine supplementation increase average daily gain (Fligger et al., 1997); and in
mice, arginine supplementation reduces white fat gain while in the same time increases skeletal
muscle (Jobgen et al., 2009).

Although positive effect of arginine supplementation in growth performance has
already demonstrated in terrestrial animal, confounding results are shown in fishes. While
arginine supplementation shows a temporary stimulatory growth sign (Plisetskaya, Buchelli-
Narvaez, Hardy, & Dickhoff, 1991) and improve growth performance when high percentage
of plant based ingredients is used in diet (Tulli et al., 2007), a study conducted by Fournier et
al. (2003) found that dietary arginine supplementation resulted in not only increase nitrogen
excretion of rainbow trout and turbot, but also no differences in growth performance and feed
efficiency compared to control treatment. Since the increase of nitrogen excretion due to
dietary arginine supplementation can give undesirable effect into aquatic environment, further
reevaluation on the effect of dietary arginine supplementation on growth performance is
warranted.

Furthermore, aquaculture industries are also susceptible to economic losses caused by
disease outbreak due to viruses, bacteria, and fungi (Defoirdt et al. 2011). It was reported that
global loss from disease can reach up to US$ 9.58 billion annually (Shinn et al. 2015; Tavares-
Dias and Martins 2017). The effect of disease outbreak in aquaculture is also magnified by the
occurrence of changing climates. According to The Intergovernmental Panel on Climate
Change (IPCC) working group in their 2007 assessment report (IPCC 2007), the earth surfaces

temperature in the 21st century will increase into 2.4-6.4° C in the high case scenario. This



irreversible climate changes (Solomon et al. 2010) may affect aquaculture activity in several
ways such as (1) Sea level and temperature rise (Cochrane et al. 2009) (2) changes in ocean
productivity (Schmittner 2005) and ocean circulation pattern (Shepherd and Jackson 2013).
This changes in aquatic environment can affect both host and pathogen and alter disease
occurrence through alteration of environmental variables (stressors), host, and pathogen itself.
The details of impact of climate changes on infectious disease in aquaculture has already been
provided in several publications (Harvell et al. 1999; Harvell et al. 2002; Marcogliese 2008;
Burge et al. 2014).

In the past, disease prevention and control in farmed animals has been accomplished
using drugs and antibiotics. However, the use of antibiotics has been found to not only promote
drug-resistant strains, but also cause unintended consumption of antibiotics by humans, due to
the presence of residual antibiotics (Cabello 2006). Thus, it is beneficial to evaluate the use of
pharmaceutical effect of arginine to safely boost the immune function of farmed animals,
without negative consequences.

From the list of functional nutrient that have a potential to be evaluated, arginine is
considered as promising ingredients since it is known to have multiple physiological role in

modulating growth and immune function.

1.2.  Arginine metabolism

Arginine is considered as versatile amino acid, in most animal it usually comes from
various source such as dietary protein, endogenous arginine synthesis, and protein turnover
(Morris 2006). As stated by Ball et al. (2007) there are species variation on capability to
produce arginine from endogenous arginine synthesis, thus dietary arginine requirement are

varied ranging from 5% of crude protein intake in swine to more than 5% in pacific salmon.
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Figure 1.2.1 arginine pathway. Number in the figure represent enzymes: 1) nitric oxide
synthase 2) arginase 3) ornithine carbamoyltransferase 4) argininosuccinate synthase 5)
argininosuccinate lyase 6) ornithine amino transferase 7) pyrroline-5-carboxylate
decarboxylase 8) glutamine synthetase 9) glutaminase 10) pyrroline-5-carboxylate reductase.
Modified from Andersen et al. (2016).

Only one enzyme was known to be able to produce arginine: argininosuccinate lyase
(ASL). Although only have one known synthesize enzyme, synthesis of arginine occurs on
several steps; (1) ornithine and carbamoyl phosphate is converted into citrulline through
ornithine carbamoyl transferase (2) citrulline is converted into argininosuccinate through
argininosuccinate synthase (3) argininosuccinate is converted into arginine through
argininosuccinate lyase. These steps can further complicate arginine pathway; ornithine can be
converted into several compounds aside from citrulline thus connecting arginine pathway to
proline, glutamine, and polyamine synthesis (figure 1.2.1.). Furthermore, synthesis of arginine
can also involves several organ such as intestine, liver, and kidney (Morris 2004) which

explained in figure 1.2.2.
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Figure 1.2.2. interorgan arginine. Adapted from Bahri et al. (2013). Arg, arginine; orn,
ornithine; cit, citrulline; gln, glutamine; glu, glutamate; pSc, pyrroline-5-carboxylate. Number
in the graph represent enzymes: 1) arginase 2) ornithine carbamoyltransferase 3)
argininosuccinate synthetase 4) argininosuccinate lyase 5) glutaminase 6) P5C synthase 7)

ornithine amino transferase.

The role of intestine on arginine synthesis pathway is first demonstrated by
Windmueller and Spaeth (1974) who found conversion of glutamine into citrulline in intestine
of mice (figure 1.2.2.). Conversion of glutamine into citrulline was done through 1-A4-
pyrroline-5-carboxylate (P5C), exclusively in intestine since P5C synthase is only in intestinal
mucosa (Wakabayashi et al. 1983; Wakabayashi and Jones 1983; Wu 1998; Wu and Morris

1998). Furthermore, PSC are also connected with proline pathways whereas proline can be



used to produce P5C. This pathway connects proline and arginine synthesis in intestine.
Citrulline that produce in intestine, is then released in blood circulation and converted into
arginine in the kidney.

Kidney is known to be able to convert citrulline into arginine (Cohen and Hayano 1946;
Wu and Morris 1998). Together with intestine, kidney plays an important for endogenous
arginine synthesis. Conversion of citrulline into arginine in kidney is conducted with
intermediary of argininosuccinate through argininosuccinate synthetase and argininosuccinate
lyase. Arginine that was produced from this organ, if it is not used for nitric oxide synthesis, is
then released into blood circulation (Levillain et al. 1990; Curis et al. 2005).

Liver has high activity of arginine synthesis enzyme and it also have complete enzyme
to recycle arginine. However, urea cycle in the liver is regulated in a way so that the product
of each enzymic reaction is channeled into next enzyme in pathways without net synthesis of
arginine (Cheung et al. 1989; Watford 1991; Wu and Morris 1998). Thus, conversion of
citrulline into arginine in liver is a strictly compartmentalized and isolated from other arginine
pathways (Curis et al. 2005). Given that no net arginine synthesis in the liver, it is suggested
by various studies that endogenous arginine synthesis is mainly comes from combination of
intestine-kidney arginine synthesis (Wu and Morris 1998; Buentello and Gatlin III 2001b;
Morris 2004; Morris 2006; Bahri et al. 2013; Breuillard et al. 2015).

Arginine can be catabolized by several enzymes: through arginase, arginine can be
convert into ornithine while producing urea in the process; through nitric oxide synthase (NOS)
arginine can be converted into nitric oxide and citrulline; along with methionine and glycine,
arginine can be converted into creatine through l-arginine:glycine amidinotransferase (AGAT)
and guanidinoacetate methyltransferase (GAMT). Ornithine is one of arginine catabolite

through arginase.



Arginase itself has two isoforms: arginase [ and arginase II. Arginase I is a cytosolic
enzyme that commonly localize in liver and considered as main properties for urea cycle.
Arginase II is a mitochondrial enzyme which can be found in various tissue except liver (Wu
and Morris 1998). Aside from citrulline, ornithine can be converted into polyamine, proline,
and glutamate. Conversion of ornithine into polyamine is catalyzed by ornithine decarboxylase
while conversion into proline and glutamate is through ornithine aminotransferase.

Nitric oxide is one important compound that is known to have multiple role in signaling
(Garthwaite and Boulton 1995), immune function (Bogdan et al. 2000), and cardiovascular
function (Vallance 2001). Nitric oxide enzymes have several isoforms: NOS I which is
constitutively expressed and originally found in neurons, NOS II also known as inducible
nitric oxide (iNOS) which is induced by cytokine and commonly found in macrophage, NOS
I which is constitutively expressed and originally found in endothelial cells (Forstermann and
Kleinert 1995). From those isoform, a lot of interest has taken up into iNOS enzyme and due
to its effect on innate immune system and interaction with arginase enzyme to regulate
production of M1/M2 macrophage (Rath et al. 2015).

Creatine was considered to attract less attention compared to other arginine pathways,
however recent study as a potent anticancer agent and in effect on athletic performance has
initiated significant interest on this compound. (Wyss and Kaddurah-Daouk 2000). Synthesis
of creatine from arginine is initiated by arginine:glycine amidinotransferase. In this reaction,
guanidine group from arginine is transferred into glycine to form guanidinoacetate and
ornithine. Guanidinoacetate is then methylated by guanidinoacetate N- methyltransferase to
form creatine (Wu and Morris 1998).

1.3.  Arginine metabolism in fish
Arginine is an essential amino acid in most fishes due to their inability to adequately

acquire it through de novo synthesis (Mommsen et al. 2001; Li et al. 2009). However, Buentello



and Gatlin (2001a) and (Chiu et al. 1986) indicated the presence of endogenous synthesis of
arginine in the form of conversion of ornithine into citrulline and arginine through plasma
amino acid analysis and tracer study. In terrestrial animal, the interconversion between arginine,
glutamine, and presence of endogenous arginine synthetic activity, was already demonstrated
through observation of changes in plasma amino acid (Castillo et al. 1994; Castillo et al. 1995;
Mateo et al. 2007; Deutz 2008). However in fish, due to limited study in fish arginine
metabolism, association between glutamine and arginine pathways has only been found in the
form of slightly reduce dietary arginine requirement of arginine in channel catfish when
glutamine is supplemented in the feed (Buentello and Gatlin III 2000) which indicated by

increased feed efficiency and higher plasma arginine production.

1.4. Arginine as substrate for nitric oxide synthase and arginase in macrophage

In the case of pharmacological benefit of arginine in fishes, it has been shown that
arginine can: improved survival of channel catfish, Ictalurus punctatus, after exposure to
Edwardsiealla ictaluri (Buentello and Gatlin III 2001a); improved phagocytosis and humoral
defense response of Jian carp, Cyprinus carpio var. Jian (Chen et al. 2015); improved
respiratory burst and nitric oxide production of Senegalese sole, Solea senegalensis (Costas et
al. 2011); enhanced antioxidant capacity (Wang et al. 2015b) and increased tolerance to copper
toxicity in grass carp, Ctenopharyngodon idella (Wang et al. 2015a); improved survival after
Aeromonas hydrophila infection in yellow catfish, Pelteobagrus fulvidraco (Zhou et al. 2015);
improvement of several immune parameters of hybrid stripe bass, Morone chrysops x Morone
saxatilis (Cheng et al. 2012b); improved intestinal development of red drum, Sciaenops
ocellatus (Cheng et al. 2011); and improved production of polyamines during inflammatory

response of Atlantic salmon, Salmo salar, immune cells (Holen et al. 2014; Andersen et al.



2014). However, these aforementioned findings did not specifically explain the role of arginine
supplementation in production of nitric oxide in macrophage.

The effect of arginine metabolism on macrophage has gain some interest recently (Rath
et al. 2015). Since macrophage did not have required enzymes for endogenous arginine
synthesis, transport of arginine from extracellular source to macrophage is conducted through
amino acid transporter: cationic amino acid-acid transporter (CAT1 and CAT2) which is
upregulated by lipopolysaccharide (Aktan 2004; Qualls et al. 2012).

Macrophage plays an important function in immune response again microbial pathogen
or parasite through classically activated macrophage by production of reactive oxygen species
and nitric oxide or through alternatively activated macrophage by increase production of
phagocytic activity respectively (Joerink et al. 2006; Wiegertjes et al. 2016).

Nitric oxide that was produced in classically activated macrophage is considered as
toxin that works again intracellular pathogen in fish. Production of nitric oxide is mainly
through nitric oxide synthase pathway using arginine as it substrate thus arginine is considered
as rate limiting in the activation of this macrophage (Gogoi et al. 2016).

Aside from used in NO production, arginine can be utilized by arginase in the
macrophage. Utilization of arginine by arginase in the macrophage will produce ornithine and
urea. Since arginase and nitric oxide synthase compete on the same substrate, arginase was
used for regulate NO production and counterbalancing the classically activated macrophage

(Wiegertjes et al. 2016).
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II. Effects of arginine supplementation on growth performance and plasma amino

acid dynamics of rainbow trout, Oncorhynchus mykiss
2.1. Introduction

Arginine is an amino acid, which is known to have functional roles and is considered
as a potential supplement candidate. It plays an important role in metabolism through
production of multiple metabolites and is involved in wide variety of physiological phenomena
in animals. Several studies have shown effects of arginine on growth performance, immunity,
and nutrient metabolism of fish (Andersen, Waagbo, & Espe, 2015). Although the positive
effect of arginine supplementation on growth performance has been already demonstrated in
terrestrial animals, confounding results are seen in fishes. Arginine supplementation improved
growth performance of coho salmon (Oncorhynchus kisutch), chinook salmon (Oncorhynchus
tshawytscha), and rainbow trout (Cho, Kaushik, & Woodward, 1992; Fournier et al. 2003;
Plisetskaya, Buchelli-Narvaez, Hardy, & Dickhoff, 1991). In addition, it was suggested that
improvement of growth of European seabass (Dicentrarchus labrax) was more evident when a
high percentage of plant-based ingredients were used in diet (Tulli, Vachot, Tibaldi, Fournier,
& Kaushik, 2007). In contrast, there was no difference in growth in gilthead seabream (Sparus
aurata) fed with a diet supplemented with graded levels of arginine (Coutinho et al. 2016;
Oliva-Teles, Peres, & Kaushik 2017). Moreover, Fournier et al. (2003) found that dietary
arginine supplementation did not affect nitrogen gain of rainbow trout and increased nitrogen
excretion of rainbow trout and turbot.

In the terrestrial animal, arginine can be produced from various of non-essential amino
acids, such as glutamine, glutamate, or proline, into arginine (G. Wu, 1997; G Wu et al., 2009).
However, in the case of teleost fishes, limited endogenous arginine synthesis are shown due to

low activity of carbamoyl phosphate synthase I1I, which consequently impede conversion of
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ornithine into citrulline in ornithine-urea cycle. (Chiu, Austic, Rumsey, & Rumsey, 1986;
Korte et al., 1997). Moreover, unlike in terrestrial animal, pathway that converts proline into
arginine through pyrroline-5-carboxylic acid in fish has not been establish yet, thus the
possibility of producing arginine from proline has not been evaluated yet. While most of
studies in teleost fish agree that fish has limited CPS production, research conducted by
Buentello & Gatlin III (2001) on channel catfish showed that administration of gabaculine, an
effective ornithine aminotransferase inhibitor, reduced plasma citrulline and arginine level.
They also suggested that endogenous citrulline synthesis occurred in channel catfish.
Furthermore, given that previous research on rainbow trout show a positive correlation between
citrulline supplementation and plasma arginine production (Chiu, Austic, Rumsey, & Rumsey,
1986) and most of studies in terrestrial animal suggest that the citrulline in the plasma
circulation would be mainly taken up by kidney and converted into plasma arginine (Collins et
al., 2007; Curis et al., 2005; Cynober, Moinard, & De Bandt, 2010; Deutz, 2008; Moinard &
Cynober, 2007; Osowska, Moinard, Neveux, Loi, & Cynober, 2004; Windmueller & Spacth,
1981). We feel that observing changes in plasma citrulline level can be used to observe
endogenous arginine synthesis.

Along with excessive production of nitrogen waste, there is also concern that
supplementation with dietary arginine can increase dietary arginine requirement due to lower
arginine production from endogenous arginine synthesis. Previously, Ball et al. (2007)
introduce the concept of partition in arginine metabolism and endogenous arginine synthesis
(figure 2.1.1.). They stated that production of arginine through endogenous arginine synthesis
can fluctuated and the gap between maximum endogenous arginine synthesis and arginine
requirement for metabolism is fulfilled by arginine from dietary source. The fluctuation on
endogenous arginine synthesis on fish has already been demonstrated by Buentello and Gatlin

(2000) who found that at suboptimal level of arginine, plasma arginine and citrulline are
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increase when glutamic acid is supplemented in the diets compared to treatments that are
supplemented with glycine. While supplementation with glutamic acid can increase arginine
that produce through endogenous arginine synthesis, it is not clear whether dietary
supplementation with arginine can reduce arginine production from this arginine biosynthesis.
Furthermore, it is not clear whether minimizing/maximizing arginine source from endogenous
arginine synthesis will be beneficial in the terms of growth performance especially when CPS

activity in fish is less active compared to human and other terrestrial mammals.

Toxic level

. Excess dietary intake,
> through arginine
degradation

Metabolic requirement |

™\ Min dietary arginine
Max endogenous \  requirement
synthesis rate

"'-.‘ Dietary intake that will
1 maximally spare

: / endogenous arginine
Min endogenous 7/ synthesis

synthesis rate

Figure 2.1.1 Partitioning on arginine metabolism and endogenous arginine synthesis. taken
from ball et al. (2007)

Production of plasma ornithine from arginine through arginase is also known to have
beneficial effect. Study in mice shows that increase of plasma ornithine through oral ornithine
supplementation of wild and inducible nitric oxide knock out type mice increase their wound

healing properties (Shi et al., 2002). Ornithine is also known as polyamine precursor.
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Polyamine is known to have important role in cell growth and protein synthesis (Cynober,
1994). While in the terrestrial animal, liver is known as the organ with highest activity of
arginase (Guoyao Wu & Morris, 1998), expression of non-hepatic arginase/ arginase I was
also found in other organ such as intestine and kidney (Ozaki et al., 1999). In the intestine, it
is suggested by Cynober (1994) that arginase I1 has function to remove excess arginine that
comes from dietary source. However, in the case of fish, the protective properties of arginase
in the intestine against excessive dietary arginine level has not been evaluated yet.

Previous studies have already reported arginine catabolites, such as orithine and
citrulline in plasma of fish fed with arginine-supplemented diets (Buentello & Gatlin III,
2001b; Chiu et al., 1986; Fournier et al., 2003; Gouillou-Coustans et al., 2002; Pohlenz,
Buentello, Helland, & Gatlin, 2014; Riley, Higgs, Dosanjh, & Eales, 1996). However, these
studies examined plasma amino acid with only single post prandial observation. The use of
single observation to evaluate effect of dietary arginine provides very limited scope on
temporal changes of plasma amino acid since peak level of amino acids is affected by type of
amino acid (non-essential or essential) (Schuhmacher, Wax, & Gropp, 1997; Yamada, Simpson,
Tanaka, & Katayama, 1981), as well as different type of protein sources (Ambardekar, Reigh,
& Williams, 2009; Larsen, Dalsgaard, & Pedersen, 2012; Ogata, 1986; Xu et al., 2016;
Yamamoto, Sugita, & Furuita, 2005; Yamamoto, Unuma, & Akiyama, 1998). Previous study
that evaluate plasma amino acid on multiple time observation post-feeding (postprandial) can
be found in Park et al. (2005) who evaluate the effect of plasma arginine in rainbow trout that
fed with deficient arginine dietary level. However, their study mainly observes plasma amino
acid on basal diet thus the effect of different dietary arginine supplementation on plasma
arginine catabolites was not shown in their result. Careful control of arginine level in diet is
necessary for maximizing the utilization of arginine supplementation on various physiological

function while minimizing the negative impact on the environment. Thus, this study was aimed
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to re-evaluate the effect of excessive arginine supplementation on growth performance, plasma
urea production of rainbow trout; assess absorption of excessive dietary arginine
supplementation on arginine level in blood circulation; and evaluate plasma ornithine

production and citrulline availability in the plasma at 0, 6, 12, and 18 hour-postprandial. This

study also aimed to observe expression of arginase II (ARG 2), inducible nitric oxide synthase

(iNOS), and heat shock protein 70 (HSP70) in the intestine after fed with excessive level of
dietary arginine.
2.2. Materials & Methods

The basal diet was formulated using fishmeal, soybean meal, and corn gluten meal, with
fish oil (Table 2.2.1). Mineral and vitamin mix was added to the basal diet to fulfill all mineral
and vitamin requirements (Table 2.2.1). For the basal diet, arginine and other essential amino
acids were formulated to meet requirements to support optimal growth (Kim, Kayes, &
Amundson, 1992; Walton, Cowey, Coloso, & Adron, 1986). Essential amino acids in the basal
diet were mostly provided from intact proteins by formulating the protein level at 50% dry
weight based of the diet. Minimum amount of amino acid mixture was added to fulfill
requirements for methionine, histidine, isoleucine, lysine, threonine, and valine (Table 2.2.1).
To evaluate the effects of different arginine concentrations, crystalline L-arginine was
supplemented into the basal diet at 0, 2.0, and 4.0% to provide a dry-weight base of 1.47 (which
is close to arginine requirement for rainbow trout based on Kim et al., (1992)) 3.89; and 5.64 %
of arginine, respectively (Table 2.2.2). The treatments were named CTRL, 3.89A, and 5.64A,
respectively. Amino acid nitrogen was maintained equal in diets by replacing arginine with
aspartic acid and glycine mixture (50:50) (Table 2.2.1). The experimental diet was then made
by milling all the ingredients using Retsch Ultra Centrifugal Mill ZM 200 (Haan, Germany),

mixing them homogeneously, shaping the dough into pellets using a pellet mill (AEZ12 M,
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Hiraga Seishakusho, Kobe, Japan), and freeze-drying the pellets for 16 hours in a freeze dryer
(RLE-II, Kyowa Vacuum, Saitama, Japan, Tables 2.2.1 and 2.2.2).

Table 2.2.1 Formulation of the experimental diets of rainbow trout fed with different
supplementary level of l-arginine

Ingredients CTRL 3.89A 5.64A
(crude protein (%) / ether extract (g/100 g (g/100 g (g/100 g
(%)) DW) DW) DW)
Blue whiting fish meal (74.6/9.5) 20.0 20.0 20.0
Soybean meal (50.8/2.3) 14.1 14.1 14.1
Feather meal (90.8/4.8) 2.0 2.0 2.0
Blood meal (95.2/0.7) 2.0 2.0 2.0
Corn gluten meal (65.1/5.8) 20.7 20.7 20.7
Flour (17.1/4.5) 15.0 15.0 15.0
Fish Oil 12.6 12.6 12.6
Vitamin pre-mix? 3.0 3.0 3.0
Mineral pre-mix® 1.0 1.0 1.0
Monocalcium phosphate 0.5 0.5 0.5
Choline CI (100%) 0.5 0.5 0.5
Vitamin E (50%) 0.1 0.1 0.1
Amino Acid pre-mix® 4.4 4.4 4.4
L-arginine! 0.0 2.0 4.0
Aspartic acid/Glycine pre-mix¢ 4.0 2.0 0.0
Cellulose 0.1 0.1 0.1

2 Vitamin pre-mixture (amounts in kg—1): ascorbic acid, 368.902 g; biotin, 0.363 g; calcium
pantothenate, 6.05 g; cyanocobalamin, 0.006 g; folic acid, 0.908 g; inositol, 121 g; niacin,
24.2 g; p-aminobenzoic acid, 3.025 g; pyridoxine hydrochloride, 2.42 g; riboflavin, 3.63 g;
thiamin hydrochloride, 3.025 g; vitamin A acetate, 2,420,000 IU; vitamin D3, 2,420,000 IU;
vitamin K3, 6.05 g

b based on Hernandez et al. (2012)

¢ Amino acid pre-mixture (amount in g/100g): L-methionine', 3.6; L-histidine!, 7.4; L-
isoleucine!, 23.9; L-lysine hydrochloride!, 23.3; L-threonine!, 13.2; L-valine!, 28.7

d Aspartic acid:glycine; 50:50 used to make diet isonitrogenous

' Wako Pure Chemical Industry Inc., Osaka, Japan
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Table 2.2.2 Proximate and total amino acid composition of the experimental diets of rainbow
trout fed with different supplementary level of l-arginine *

CTRL 3.89A 5.64A
(g/100 g DW) (g/100 g DW) (g/100 g DW)
Proximate composition (% Dry matter)
Crude protein 50.3 52.8 54.9
Crude lipid 17.8 17.3 16.7
Ash 5.9 5.8 6.1
Essential amino acid (% of diet)

Threonine 1.81 1.69 1.50
Tryptophan 0.15 0.17 0.14
Valine 2.85 2.80 2.61
Methionine 0.69 0.66 0.60
Isoleucine 1.89 1.88 1.78
Leucine 3.25 2.85 2.78
Phenylalanine 1.68 1.50 1.54
Histidine 0.89 0.84 0.73
Lysine 2.49 2.43 2.10
Arginine 1.47 3.89 5.64

*Values are means of duplicate analysis

Rainbow trout fingerlings were acquired from Oizumi Station, Field Science Center,
Tokyo University of Marine Science and Technology, Yamanashi, Japan. The care and use of
fish in this research was in accordance with the handling regulation guideline of animal
experiments in Tokyo University of Marine Science and Technology. Fish were stocked into
nine conical glass tanks, three replications per treatment, with a volume of 60 L, at a stocking
density of 20 fish per tank. Average initial weight of the fish was recorded around 60.57-65.04
g. The tanks were placed in a recirculating system and equipped with a thermostat to maintain
water temperature. During nine weeks of the feeding period, average water temperature was
14.3 °C. Ammonia and nitrite were checked periodically using colorimetric test kit (Pack Test,
Kyoritsu Chemical-check Lab Co., Tokyo, Japan) and confirmed to be within optimal range
for rearing rainbow trout. To make sure oxygen was sufficient for the fish, aeration was

provided into each tanks until saturation. Fish were fed six days per week, twice a day, in the
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morning and afternoon. Feeding was conducted manually to apparent satiation, which was
indicated by refusal or the presence of uneaten feed on the bottom of the tank.

After the nine weeks of the feeding trial, survival and final weight of the fish were
recorded for growth and feed performance analyses. Before collecting tissue samples for
biochemical analysis, fish were starved for two days in order to evacuate remaining diet in
gastrointestinal tract. Three fish per tank were euthanized and dissected; dorsal muscle from
each fish was collected for amino acid, protein, and lipid analysis. All remaining fish were then
pooled per their treatment, and reared for another two weeks using similar feeding treatment
and feeding regime for postprandial amino acid study.

In the postprandial amino acid study, fish was first fasted for two days to eliminate effect
of previous feeding. After two days, three fish were taken from each treatment for blood
collection at basal (0 hour) and the rest of the fish were fed according to their designated dietary
treatment. After feeding, blood was taken from the caudal vein using a heparinized syringe at
6, 12, and 18 hour-postprandial while liver was only collected at 18 hour-postprandial for
hepatic free amino acid analysis. Furthermore, intestine was also collected for gene expression
analysis. Blood was taken from three fish per treatment per postprandial observation time.
After blood collection, plasmas were separated by centrifuging at 1,000 x g at 4 °C for 15
minutes. Sulfosalicylic acid solution (3%) was added to the plasma and centrifuged at 1,000 x
g for 15 minutes. The supernatant was then analyzed for amino acids and urea analysis using
JLC-500/V AminoTacTM (JEOL Ltd, Tokyo, Japan).

Total amino acid analysis was conducted by first digesting the freeze-dried muscle
sample with 4 M. methanesulfonic acid solution in a vacuum tube using digester at 1100 C for
22 hours, neutralize the digested solution sample with 3.5 N NaOH, adjust the volume of
sample of the sample until 10 ml by adding distilled water, filter the solution using a syringe

filter with pore size of 0.45 um and analyze using JLC-500/V AminoTacTM (JEOL Ltd, Tokyo,
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Japan). For free amino acid analysis, liver samples were homogenized while adding 2% (w/v)
sulfosalicylic acid; the homogenized mixture was then centrifuged at 3,000 x g and 4 °C, for
15 minutes. The supernatant was then filtered using a 0.45 um syringe filter and analyzed using
JLC-500/V AminoTacTM (JEOL Ltd, Tokyo, Japan).

RNA extraction was conducted using Trizol reagent (Invitrogen) according to
manufacturer protocol. Before making cDNA, RNA quality was also measured using
Nanodrop lite (Thermo Scientific) and treated with DNase using RQ1 RNase-Free DNase kit
(Promega) to avoid false positive due to DNA contamination. Reverse transcription of total
RNA to cDNA was conducted using High-capacity cDNA reverse transcription kits (Applied
Biosystems). Primer design was conducted according to instruction manual for Thunderbird™
SYBR® gqPCR mix (Toyobo, Tokyo, Japan). A list of primers that used for quantitative
reverse-transcription polymerase chain reaction was shown in Table 2.2.3. qRT-PCR analysis
was conducted using Thunderbird™ SYBR® qPCR mix on StepOne Plus real-time
polymerase chain reaction system (Applied Biosystems) using B-actin gene as normalizer and
ddCt method for data analysis.

Table 2.2.3 Primer of gene that used in this experiment

Gene name Forward Reverse NCBI refseq
B-actin ctcagtctcattggecatgge  gcetgtttcaccgttccagtt NM _001124235.1
Arginase 2 acacactaccgtcatgetgg  cgtcgacccagatcagacac  BK001400.1
iNOS tggagctatcgtcagaccgg  tcacattgtctgecacctgtt  NM 001124359.1
HSP70 ccggggttgacatcagtacc  atggtgaaggtggtaaggcg NM 001124347.2

Weight gain, feeding efficiency, protein and lipid content of muscle, and plasma urea
content were subjected to analysis of variance (ANOVA) at P < 0.05 while all in the case of
gene expression, Kruskal-wallis analysis was used at P <0.05. To evaluate dynamics of plasma
and hepatic-free arginine, ornithine, and citrulline levels, two-way ANOVA was employed for

detecting statistical significance (P < 0.05). All statistical analyses were conducted using R
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(version 3.3.0, The R Foundation for Statistical Computing, Vienna; Austria), and upon P <
0.05, a post-hoc test was conducted using Tukey’s multiple range test.
2.3. Result

After nine weeks of the feeding trial, there were no significant differences found in
growth, feeding efficiency, and survival among all groups. Significantly lower protein
efficiency ratio was recorded in 5.64A than the control (Table 2.3.1). In the muscle,
significantly higher protein content was found in 3.89A compared to CTRL, while there was
no significant difference in lipid content among the groups (Table 2.3.1). There was no
significant difference in essential and non-essential amino acid contents in muscle of rainbow
trout among all groups (Tables 2.3.2 and 2.3.3). Regarding total essential amino acid in the
muscle, the highest value was found in the 5.89A treatment, while the lowest was found in the
CTRL treatment (Tables 2.3.2 and 2.3.3). On the other hand, the highest total non-essential
amino acid was found in the 3.89A group, while the lowest was found in the CTRL treatment
(Table 2.3.2 and 2.3.3). In the case of muscle protein, lipid, and amino acids on wet bases,

there are no significant difference found among CTRL, 3.89A, and 5.64A.

Table 2.3.1 Growth performance, feed intake, feed efficiency, and protein and lipid contents
of rainbow trout fed diets supplemented with arginine”

CTRL 3.89A 5.64A Pooled SEM! Pr (> F)?
Initial weight (g) 63.8 64.4 63.4 0.5 0.788
Final weight (g) 149.9 160.3 152 1.0 0.428
Weight gain 134.9 149 140.2 5.0 0.609
(% of initial weight)
Feed intake (g/fish) 78.01 83.9 80.0 2.1 0.571
Feeding Efficiency 92.2 88.9 93.4 1.65 0.541
(% weight gain/feed intake)
Protein Efficiency Ratio 2.16% 2.128 1.89b 0.05 0.043
(weight gain/protein intake)
Survival (%) 98.3 96.7 91.6 1.2 0.068
Muscle’s protein content 81.6%/18.7 89.2%/20.2 88.13%/19.5 1.3/0.29 0.03/0.08
(% dry weight/% wet basis)
Muscle’s lipid content 9.12.2 10.1/2.3 10.8/2.4 0.83/0.19 0.805/0.762

(% dry weight/% wet basis)
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*Values are means of three replicates, values with different superscript letters are statistically
significantly different.
! Pooled standard error of the mean
2 Probability associated with F statistic

For plasma arginine (Figure 2.3.1a), significant differences were found in dietary
treatment and postprandial observation time (P < 0.0001 and P = 0.0001, respectively). By
comparing the CTRL treatment with arginine-supplemented groups within postprandial
observation time (Figure 2.3.1a), a significant difference was found in 3.89A and 5.64A at 6
and 12 hour-postprandial, while at 18 hour-postprandial, higher plasma arginine content was
only found in 5.64A. Furthermore, there was no significant difference in arginine content in
the CTRL group for all postprandial times examined. In the 3.89A group, a higher plasma
arginine level was found at 6 and 12 hour-postprandial. While in the 5.64A group, plasma

arginine levels at 6, 12, and 18 hour-postprandial were higher than the basal level (0 hour-

postprandial).

Table 2.3.2. Essential amino acid content of muscle of rainbow trout fed diets supplemented
with arginine”

Arg His Ile Leu Lys Met Phe Thr Trp Val E:il
Dietary dwb dwb dwb dwb dwb dwb dwb dwb dwb dwb dwb
treatment (wwb) (wwb) (wwb) (wwb) (wwb) (wwb) (wwb) (wwb) (wwb) (wwb)
1 1 1 1 1 1 1 1 1 1 $WWb)
CTRL 3.1 1.3 1.7 4.6 5.1 1.8 29 2.8 0.54 2.1 26.1
(0.71)  (0.30) (0.37) (1.05) (1.17) (0.42) (0.65) (0.64) (0.12) (0.49) (6.0)
3.89A 33 1.2 1.7 4.5 53 1.9 2.8 29 0.50 2.8 28.7
’ (0.81) (0.29) (0.39) (1.09) (1.26) (0.44) (0.68) (0.70) (0.12) (0.68) (6.5
5.64A 3.7 1.4 1.8 5.0 5.8 2.0 3.1 3.0 0.46 2.7 29.0
’ (0.80) (0.31) (0.39) (1.10)0 (1.29) (0.45) (0.68) (0.67) (0.10) (0.61) (6.4)
Pooled 0.12 0.05 0.07 0.13 0.15 0.05 0.08 0.09 0.03 0.20 0.83
SEM? (0.02) (0.03) (0.13) (0.03) (0.03) (0.01) (0.02) (0.02) (0.01) (0.04) (0.15)

0.145 0701  0.855 0.668 0.187 0302 0583 0458 0.575 0259 0367
Pr (> F)° (0.089) (0.837) (0.826) (0.826) (0.151) (0.460) (0.689) (0.396) (0.401) (0.231) (0.333)

*Means of three replicates

I dwb= dry weight base; wwb= wet weight base

2 Pooled standard error of the mean

3 Probability associated with F statistic

Amino acid abbreviation: Arg (arginine), His (histidine), Ile (isoleucine), Leu (leucine), Lys
(lysine), Met (methionine), Phe (phenylalanine), Thr (threonine), Trp (tryptophan), Val
(valine), EAA (essential amino acid)
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Table 2.3.3. Non-essential amino acid content of muscle of rainbow trout fed diets
supplemented arginine”

Ala Asp  Cysta Cys Glu Gly Pro Ser Tau Tyr Total

Dietary dwb dwb dwb dwb dwb dwb dwb dwb dwb dwb NEAA

treatment (wwb) (wwb) (wwb) (wwb) (wwb) (wwb) (wwb) (wwb) (wwb) (wwb) dwb

1 1 1 1 1 1 1 1 1 1 (wwb)l

4.5 6.9 0.09 0.008 11.5 3.6 2.0 29 0.11 1.9 26.6

CTRL (1.0) (1.6)  (0.02) (0.002) (2.6) (0.8) (0.4) 0.7y (0.03) (0.4) 6.1

4.1 6.8 0.09 0.005 12.5 3.6 2.3 3.1 0.12 2.0 29.5

3.89A (1.0) (1.6)  (0.02) (0.002) (3.1) (0.8) (0.6) 0.8)  (0.04) (0.5) (6.7)

4.5 7.5 0.06 0.009 13.2 33 2.4 32 0.31 2.2 28.9

5.64A (1.0) (1.7)  (0.01) (0.002) (2.9) 0.7) (0.5) 0.7 (0.07) (0.5) (6.4
0.002

Pooled 0.1 0.19 0.01 (0.000 0.47 0.09 0.09 0.11 0.05 0.07 0.78

SEM? (0.02)  (0.04) (0.002) 4) (0.09) (0.02) (0.02) (0.02) (0.01) (0.01) (0.14)

0.634  0.541 0.920 0.602 0.561 0.223 0.186 0.262 0.362 0.308 0.367

Pr (> F)} (0.503) (0.687) (0.591) (0.946) (0.138) (0.156) (0.168) (0.153) (0.379) (0.242) (0.228)

*Means of three replicates
I dwb= dry weight base; wwb= wet weight base
2 Pooled standard error of the mean
3 Probability associated with F statistic
Amino acid abbreviation: Ala (alanine), Asp (aspartate), Cysta (cystamine), Cys (cystine),
Glu (glutamine), Gly (glycine), Pro (proline), Ser (serine), Tau (taurine), Tyr (tyrosine),
NEAA (non-essential amino acid)

For plasma ornithine, significant differences were found in dietary treatment and
postprandial observation time (P < 0.0001 and P = 0. 0274, respectively). Higher plasma
ornithine was only found in 5.64A at 12 and 18 hour-postprandial, while there was no

increase in plasma ornithine between basal and 6 to 18 hour-postprandial in CTRL and 3.89A

(Figure 2.3.1b).

For plasma citrulline, significant differences were found in postprandial observation
time and in the interaction between dietary treatment and time (P = 0.0004 and P = 0.0358,
respectively). By comparing the data within postprandial time, citrulline level in 5.64A was
significantly lower than CTRL at 18 hour-postprandial. Moreover, by comparing group-based
postprandial time within dietary treatment, higher plasma citrulline was found at 18 hour-
postprandial in the CTRL group, and at 6 hour-postprandial in the 5.64A treatment (Figure

2.3.1c).
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There is no significant difference found in terms of plasma lysine among all

treatments in all hour-postprandial observation time. The highest level of plasma lysine was

found in the 5.64A treatment at 18 hour-postprandial while the lowest level of plasma lysine

was found in 3.89A at 12 hour-postprandial (Figure 2.3.1d).
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Figure 2.3.1. Plasma arginine (a), plasma ornithine (b), plasma citrulline (c), plasma lysine
(d), and plasma of total essential amino acid (e) at 0, 6, 12, and 18 hours-postprandial.
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Symbol “1” represents significant difference compare to basal state (0 hours) within dietary
treatment at P < 0.05, while “*” represents significant difference compared to the CTRL
treatment within postprandial observation time at P < 0.05.

Compared to the basal condition, all treatments showed an increase in plasma
essential amino acids at 6 hour-postprandial. However, at each postprandial time, there was

no significant difference between CTRL and arginine-supplemented groups (Figure 2.3.1¢).

At 0 hour-postprandial, plasma urea in all treatments was not detected. In the CTRL,
plasma urea was still not detected at 6, 12, and 18 hours. Moreover, while plasma urea was
detected in arginine-supplemented groups, there was no significant difference these groups

(Figure 2.3.2).

Plasma urea
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Figure 2.3.2 Plasma urea of rainbow trout fed with different levels of arginine, per
postprandial time. Plasma urea in all treatments was not detected at 0 hours, while
in CTRL, plasma urea was also not detected at 6, 12, and 18 hours-postprandial.
There was no significant difference between 3.89A and 5.64A at 6, 12, and 18
hours-postprandial at a 95% confidence level.
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In the 5.64A treatment, hepatic free amino acid was shown a significantly higher
arginine concentration than that in the CTRL treatment at 0 hours. However, at 18 hour-
postprandial, no significant difference was found among the treatments (Figure 2.3.3). In the
case of hepatic free ornithine, at 18 hour-postprandial a significant difference was found among
treatments, with 5.64A showing a higher concentration than CTRL (Figure 2.3.3). There was
no difference in hepatic free ornithine levels found at 0 hour-postprandial. In the case of
citrulline, a significant difference among treatments was found only at 0 hour-postprandial,
with the CTRL treatment showing a significantly higher hepatic free citrulline level than that
in 3.89A and 5.64A (Figure2.3.3). However, at 18 hour-postprandial, no significant difference

was found among the treatment.

For gene expression of intestinal iNOS, no significant difference was found between
all treatment. While in the case of intestinal Arg 2 and HSP70, expression of these genes in

arginine supplemented groups were significantly higher compared to CTRL (Figure 2.3.4).
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Figure 2.3.3. Hepatic free arginine (a), ornithine (b), citrulline (c), and total essential amino
acid (EAA) (d) of rainbow trout fed with different levels of arginine supplementation. Letter
above bar represent significant difference within same postprandial hours while asterisk
represent significant difference compared to 0 hours postprandial.
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Figure 2.3.4. Quantitative PCR analysis of intestinal inducible nitric oxide synthase (a)
intestinal arginase II (b) and intestinal heat shock protein 70 (c) after 6 hours postprandial.
Long Horizontal bar represents median while vertical bar represents interquartile range.
Letter above the upper horizontal bar represent significant difference among treatments.

2.4. Discussion

Dietary arginine supplementation and growth performance and amino acid composition

in muscle

Although 3.89A had the highest growth performance and final body weight, it was not
statistically different compared to CTRL at a 95% confidence level. In a previous study
(Fournier et al., 2003), final body weight of rainbow trout was improved when dietary arginine
level increased from 1.72% to 3.09%, but retarded when it increased from 2.51% to 3.61% and
from 3.09% to 4.01%. In contrast, there was no negative impact on weight gain and final body
weight of rainbow trout when dietary arginine level increased from 1.47% to 5.64% in the

present study. It is possible that this the negative impact of excessive arginine could be
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enhanced when dietary protein is limited and the contrasting result from both of studies come
from different level of crude protein. Our study used diets that met the protein recommendation
for rainbow trout (NRC, 2011), therefore the negative effect of excessive arginine appeared to
be masked in part by sufficient amounts of dietary protein. Since all essential amino acid value
except for arginine in this study were set similar to essential amino acid requirement based on
(K. I Kim, Kayes, & Amundson, 1992; M. J. Walton et al., 1986) it is likely that the high
protein content in all the experimental diets was come from non-essential amino acid. Study
conducted by Encarnacdo, de Lange, & Bureau (2006) on rainbow trout demonstrate that
adding non-essential amino acid and setting the protein level as high as 65-68% did not affect
growth performance if the essential amino acids, especially the limiting amino acid is set at
adequate level. However, it is still unknown whether high protein content in the diet can
ameliorate the negative effect of excessive dietary arginine since there are limited studies has
been conducted on relation between different protein level and dietary arginine
supplementation. Thus the notion that high level of protein can ameliorate negative effect of
excessive dietary arginine level should be further evaluate. Additionally, similar no difference
of growth was also reported in Atlantic salmon and gilthead sea bream fed with a dietary
surplus of arginine (Andersen et al., 2015; Coutinho et al., 2016; Oliva-Teles, Peres, & Kaushik,

2017).

In the case of muscle composition, higher protein content was found in 3.89A than
CTRL treatment. Several studies in terrestrial animals have shown beneficial effects of arginine
supplementation on growth and muscle gain (Jobgen et al., 2009; Yao et al., 2008). In a
previous study, elevation of crude protein content in muscle was observed in rainbow trout
(Cho, Kaushik, & Woodward, 1992). However, our study failed to observe growth promotion
by dietary arginine supplementation. In addition, an increase of total essential amino acid

content was not observed in the muscles. Because crude protein content includes non-protein
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nitrogen compounds, such as urea, ammonia, and nucleotide, it is more likely that the increase
in muscle protein in this study was associated with the increase of non-protein nitrogen
compounds. This notion was supported by the presence of plasma urea, possibly come from
arginine catabolism, that only appear in arginine-supplemented groups; numerically higher
plasma ornithine; and no significant difference in total amino acid content in muscle among
treatments (Tables 4 and 5). Similarly, an increase in protein content accompanied with no
changes in total essential amino acid profile was observed in cobia fed with diet supplemented

with graded levels of arginine (Ren, Ai & Mai, 2014).

Although there are significant differences found in plasma arginine, ornithine, and
citrulline of treatments and control, there are no significant difference found in arginine,
ornithine, and citrulline content in the muscle. This difference between muscle and plasma
might be caused by utilization and conversion of those amino acids so that it will not be

incorporated into muscle.

Furthermore, in the terms of effect of excessive arginine supplementation on growth
performance, there are phenomenon that called as arginine-lysine antagonism whereas
increasing level of dietary lysine in the diet will also increase lysine requirement. This arginine
lysine antagonism is first observed in the chicken (Jones, 1964) and also found in other animal
such as dog and rat (Ball et al., 2007). In the case of fish, arginine-lysine antagonism is reported
to be exist in rainbow trout (Kaushik & Fauconneau, 1984) although only in the of ureagenesis
while other study conducted in the channel catfish (Robinson, Wilson, & Poe, 1981)
demonstrated that increasing level of dietary arginine did not affect weight gain, feed efficiency,

and serum lysine.

The result of this study was similar to study conducted by Robinson et al., (1981). There
excessive dietary arginine did not affect growth performance and there is no difference in

plasma lysine even when it was observed using multiple hour-postprandial observation. Thus,
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there are no visible indication that arginine-lysine antagonism was exist in this study.

Dietary arginine supplementation on postprandial plasma and hepatic free amino acid

The significantly higher plasma arginine in the arginine-supplemented groups was
observed in this study. This is consistent with finding made in another study on juvenile
rainbow trout (Cho, Kaushik, & Woodward, 1992). In their study, rainbow trout fed dictary
arginine content above their minimum requirement level showed higher plasma arginine level
at 6 hour-postprandial. Moreover, similar results are also shown in studies conducted on
different fish species, such as Atlantic salmon (Berge, Sveier, & Lied, 2002), and Japanese
flounder (Paralichthys olivaceus) (Alam, Teshima, Koshio, & Ishikawa, 2002). Interestingly,
plasma arginine level of CTRL treatment also shown slower increasing trend compared to
arginine supplemented group where noticeable increase was only found between 12-18 hour-
postprandial. These different plasma arginine dynamics between the CTRL and the arginine-
supplemented groups could be explained by the source of arginine. Arginine was absorbed
from dietary arginine in arginine-supplemented groups but synthesized by endogenous
synthesis in the CTRL group. Because a remarkable increase in plasma citrulline level was
found in the CTRL group at around 12 hour-postprandial, it was possible that an increase in
arginine level at 12—18 hour-postprandial in CTRL group occurred by the conversion of
citrulline to arginine in. The present study demonstrated that plasma arginine level kept
increasing until 12 hour-postprandial when the fishes were fed a high level of dietary arginine
(5.64%). Although previous studies measured plasma arginine level at 6 hour-postprandial, it
was suggested that measuring plasma arginine levels after 6-12 hour-postprandial is

recommended.

There was no significant increase in plasma ornithine in the CTRL and 3.89A
treatments, while there was an increase in the 5.64A group at 12 and 18 hour-postprandial.

Therefore, it is suggested that more than 5.64% dietary arginine is required to elevate plasma
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ornithine in rainbow trout. Plasma ornithine was produced from dietary arginine through
arginase enzyme. The presence of this enzyme in rainbow trout has been reported in intestine,
kidney, gill, and red muscle (Portugal & Aksnes 1983; Walton, Cowey, Coloso, & Adron 1986;
Wright, Campbell,Morgan, 2004). The observation of increased plasma ornithine by arginine
supplementation was consistent with the previous studies on salmon (Berge, Lied, & Sveier,

1997).

Although dynamics of plasma arginine and ornithine were positively associated with
dietary arginine in this study, plasma citrulline level was not well correlated. In the CTRL
treatment, plasma citrulline levels kept increasing until 18 hour-postprandial and reached
maximum measured values at 18 hour-postprandial, which was the highest among all the
treatments at all postprandial times examined. The increase in plasma citrulline level was
observed at 6 and 18 hour-postprandial in the 3.89A group, whereas it reached maximum
measured values at 6 hour-postprandial and deceased until 18 hour-postprandial in the 5.64A
group. This difference seems to reflect different sources of arginine, i.e., arginine from
endogenous production in CTR vs. dietary arginine in 3.89A and 5.64A. Because previous
studies showed that plasma citrulline was associated with arginine production (Bahri et al.,
2013; Breuillard, Cynober, & Moinard, 2015; Curis et al., 2005; Deutz, 2008; Moinard &
Cynober, 2007; Schwedhelm et al., 2008; Windmueller & Spaeth, 1981), it is likely that low
plasma citrulline level in the highest dietary arginine-supplemented group suggests little
endogenous arginine synthesis in this group. A previous study conducted by Buentello &
Gatlin (2000) shows that different dietary levels of arginine did not significantly affect plasma-
free citrulline levels in channel catfish. This contrasting result may be explained in several
ways; e.g., wider range of dosage in the present study than their study (1.5-5.6% vs. 0-5-2%,

respectively) and different feeding preferences and nutritional requirements between species.

The result from postprandial plasma citrulline and plasma arginine also suggested that
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monitoring plasma citrulline level can be one of the good indicator of endogenous arginine
synthesis of rainbow trout. By maximizing endogenous arginine synthesis, it is possible to
minimize dietary arginine requirement and further reduce nitrogen excretion in trout farming

sites.

The liver is an organ with high arginase activity. Therefore, the present study examined
hepatic free arginine, ornithine, and citrulline levels at 0 and 18 hours after feeding. Arginine
uptake by liver and stimulation of arginase activity by arginine intake was demonstrated in
humans (van de Poll et al. 2007). It is possible that significant differences in hepatic arginine
and citrulline levels observed at 0 hour-postprandial could reflect dietary arginine intake for
nine weeks thus 48 hours fasting was not enough to eliminate the effect of previous feeding.
In contrast, there was no significant difference in hepatic free arginine at 18 hour-postprandial,
suggesting that the effect of dietary arginine on the levels of hepatic free arginine and its
metabolites can be observed within 18 hour-postprandial. Accordingly, Walton & Wilson
(1986) demonstrated that the highest concentration of hepatic free arginine was found at 48
hour-postprandial in rainbow trout. Difference in the timing of the maximum measured values
of hepatic free arginine between the present study and their study could reflect different dietary
arginine sources (crystalline vs. protein bound). Significant differences in hepatic free citrulline
levels among the treatments were found at O hour-postprandial, whereas those were
significantly higher in CTRL than in arginine-supplemented groups. It is possible that higher

levels of hepatic free citrulline in the CTRL reflect endogenous arginine synthesis.

No difference was observed in hepatic arginine and citrulline levels among groups 18
hour-postprandial. In contrast, a significantly higher ornithine level was found in 5.64A at 18
hour-postprandial than in CTRL. The higher omithine level in 5.64A appeared to reflect
endogenous ornithine synthesis from dietary arginine. However, a significantly higher
ornithine level was observed in plasma at 18 hour-postprandial. Ornithine is the precursor of
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citrulline in the urea cycle. However, the elevation of ornithine levels in 5.64A was not
accompanied with increase in hepatic citrulline levels. The reason why hepatic citrulline level
failed to increase with increasing hepatic ornithine level was unclear. However, rainbow trout
is known to have a limited capability to produce carbamoyl phosphate synthase (CPS; Chiu et
al., 1986; Fournier et al., 2003; Todgham, Anderson, & Wright, 2001), which produces
carbamoyl phosphate for citrulline production via ornithine, with the aid by ornithine
transcarbamoylase. Relatively lower CPS activity may limit citrulline synthesis from ornithine,
eventually resulted in high hepatic ornithine levels without corresponding increases in

citrulline levels.
Urea production

Plasma urea is normally generated by amino acid consumption for energy synthesis,
gluconeogenesis, and/or liponeogenesis. Plasma urea was not detected in CTRL at all times
examined. Total plasma essential amino acid was highest in CTRL at 18 hour-postprandial,
implying that the potential for protein synthesis was higher in the CTRL treatment than the
arginine-supplemented groups. However, there was no increase in muscle protein content in
the CTRL treatment, consistent with an earlier report (Fournier et al. 2003). A significantly
higher plasma urea level was reported in rainbow trout fed with a diet supplemented with
graded levels of arginine (Fournier et al., 2003). Although we failed to detect plasma urea in
CTRL and could not test whether dietary arginine elevation significantly elevated plasma urea
level, we successfully detected plasma urea in the arginine-supplemented groups. In contrast,
Cho, Kaushik, & Woodward (1992) did not observe any significant increase in plasma urea
level in rainbow trout when dietary arginine was increased from 1.75% to 2.75%. However,
Fournier et al. (2003) observed increase in plasma urea level at 6 hour-postprandial when
rainbow trout was fed 1.72—4.01% dietary arginine. The present study could not detect
significant differences in plasma urea levels when the fish were fed with 3.89% and 5.64%
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dietary arginine probably because 3.89% is sufficiently excessive for elevating plasma urea

from basal levels.

No report was made on plasma urea after 6 hour-postprandial in rainbow trout fed
dietary arginine supplementation (Cho, Kaushik, & Woodward, 1992; Fournier et al., 2003).
The present study demonstrated that plasma urea level decreased when the fish were fed 3.89%
dietary arginine, whereas it tended to increase when fed 5.89% dietary arginine, suggesting

that plasma urea level should be monitored even after 6 hour-postprandial.

Gene expressions

Result from expression of ARG 2 in intestine support statement from Cynober (1994)
that arginase has protective properties against excessive level of dietary arginine and also
confirm presence of arginase in intestine of fish. It is not clear how much contribution of
intestinal arginase on production of plasma ornithine in this study since arginase in liver was
not measured. Supplementation with dietary arginine also did not increase expression of iNOS.
Thus, it is possible that iNOS was tightly regulated and the abundance of substrate was not

enough to increase its expression in intestine during observation at 6 hours postprandial.

Additionally, it is interesting that excessive arginine supplementation increased
expression of HSP70 gene in this study. HSP70 gene is known to have various role in intestine
such as folding and refolding of protein and transport through sub-cellular organelle
membranes (Liu, Dicksved, Lundh, & Lindberg, 2014). Study from Wu et al. (2010) in
terrestrial animal also found increased HSP70 expression due to arginine supplementation and
it was suggested that this gene has an important function in protecting the intestinal mucosa

(David, Grongnet, & Lalles, 2002).

In conclusion, there was no significant difference in growth performance and total amino acid

of muscle in all treatments. The present study demonstrated that plasma ornithine and
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availability of plasma citrulline was affected by dietary arginine intake in rainbow trout and
this effect was observed even after 12-18 hour-postprandial in fish fed high dietary arginine
intake. Hepatic citrulline level decreased with increasing dietary arginine level after nine weeks
of feeding arginine supplemented diet. After 18 hour-postprandial, although no difference was
observed in hepatic arginine and citrulline levels, significantly higher hepatic ornithine level
was observed with increasing dietary arginine intake in rainbow trout. Excessive
supplementation of dietary arginine also increases expression of non-hepatic arginase and

HSP70 gene in the intestine.
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CHAPTER 3
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II.  Effect of dietary arginine, ornithine, and citrulline on postprandial plasma
amino acids, arginine catabolism and resistance to Vibrio anguillarium of
rainbow trout Oncorhynchus mykiss

3.1. Introduction
Previous the first research had shown that dietary supplementation of arginine did not

enhance growth performance of rainbow trout. Furthermore, association between arginine

supplementation with plasma ornithine and plasma citrulline was found in the treatments.

Ornithine and citrulline is considered as part of endogenous arginine pathways, in interorgan

ornithine-urea cycle, ornithine that was synthesize in the intestine can be converted into

citrulline and released into blood circulation to be used for arginine synthesis by kidney.

Previously, most of effort to increase arginine concentration in plasma pool in fish is mainly

conducted by dietary arginine supplementation. Study conducted on ornithine and citrulline

supplementation to increase plasma arginine pool through endogenous arginine synthesis are
still limited in fish.
First study that conduct ornithine and citrulline supplementation on fish is found on

(Chiu et al. 1986) who tried to evaluate urea cycle activity in the rainbow trout and found that

production of plasma arginine is possible through supplementation of citrulline. Although this

study was already shown the effect of ornithine and citrulline supplementation on growth
performance and arginine production, casein based diet was used in dietary formulation which

did not give similar characteristic with common commercial feed that was used in aquaculture

industry. Furthermore, evaluating effect of ornithine and citrulline supplementation with

multiple postprandial observation will give a more complete description on amino acid
dynamics of rainbow trout.
Aside from research conducted by (Chiu et al. 1986), there are no other study of

ornithine and arginine supplementation on fish. Since several research has already been
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conducted on arginine and ornithine supplementation and it is found that this amino acids can
be beneficial for increasing growth performance indicator, wound healing, and substrate for
nitric oxide production (Cynober 1994; Norris et al. 1995; Shi et al. 2002a; Schwedhelm et al.
2008; Breuillard et al. 2017) it is beneficial to also evaluate supplementation of arginine and
ornithine on growth performance while also observe the effect of supplementation on arginine
production and survival upon challenge with bacterial pathogen.
3.2. Materials and methods

This study was divided into two experiments. First experiment was conducted to
evaluate postprandial plasma amino acid dynamic after fed with fed supplemented with
arginine, ornithine, and citrulline, while in the second experiment feeding trial and disease
challenge was conducted to evaluate the effect of dietary supplementation on growth and
immune performance of rainbow trout. Basal diet was first formulated using intact protein such
as fish meal, soybean meal, blood meal, feather meal, corn gluten meal. To fulfill essential
amino acid requirements, mixture of crystalline amino acid was added into diet. Wheat flour
was used in this basal diet as a source of carbohydrate. To fulfill lipid and fatty acid requirement,
fish oil was added into the diet. To emulate supplemental level of ornithine, citrulline, and
mixture of ornithine and citrulline, 1 % of I-ornithine and 1-citrulline was used. The complete
dietary formulation that was used in this experiment was presented in table 3.2.1. Supplemental
level and nutrient composition was then confirmed using amino acid and proximate analysis

(table 3.2.2 and 3.2.3).
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Table 3.2.1. Formulation of experimental diets for rainbow trout fed with dietary

supplementation of l-ornithine, l-citrulline, and mixture or l-ornithine and I-citrulline

Ingredients CTRL ORN CIT ORN-CIT

(g/100 g DW) (g/100 g DW) (g/100 g DW) (g/100 g DW)
Fish meal 20.00 20.00 20.00 20.00
Soybean meal 11.98 11.98 11.98 11.98
Feather meal 2.00 2.00 2.00 2.00
Blood meal 2.00 2.00 2.00 2.00
Corn gluten meal 25.00 25.00 25.00 25.00
Flour 15.00 15.00 15.00 15.00
Fish oil 10.41 10.41 10.41 10.41
Vitamin premix 3.00 3.00 3.00 3.00
Mineral premix 1.00 1.00 1.00 1.00
Choline C1 100% 0.50 0.50 0.50 0.50
Vit E 50% 0.10 0.10 0.10 0.10
Monophosphate 2.00 2.00 2.00 2.00
Celullose 3.76 2.76 2.76 1.76
Amino acid premix 4.25 4.25 4.25 4.25
L-ornithine 0.00 1.00 0.0 1.00
L-citrulline 0.00 0.00 1.00 1.00

4 Vitamin pre-mixture (amounts in g/kg): ascorbic acid, 368.902 g; biotin, 0.363 g; calcium
pantothenate, 6.05 g; cyanocobalamin, 0.006 g; folic acid, 0.908 g; inositol, 121 g; niacin,
24.2 g; p-aminobenzoic acid, 3.025 g; pyridoxine hydrochloride, 2.42 g; riboflavin, 3.63 g;
thiamin hydrochloride, 3.025 g; vitamin A acetate, 2,420,000 IU; vitamin D3, 2,420,000 IU;

vitamin K3, 6.05 g

b based on Hernandez et al., (2012)
¢ Amino acid pre-mixture (amount in g/100g): L-methionine', 3.6; L-histidine!, 7.4; L-
isoleucine!, 23.9; L-lysine hydrochloride!, 23.3; L-threonine!, 13.2; L-valine!, 28.7

' Wako Pure Chemical Industry Inc., Osaka, Japan

Table 3.2.2. Proximate analysis, ornithine and citrulline content of the treatment diets

rainbow trout fed with dietary supplementation of l-ornithine, I-citrulline, and mixture or I-

ornithine and 1-citrulline

?,I/‘”g‘?tbase) CTRL ORN CIT  ORN-CIT
0 .

Protein 48.1 50.4 50.6 511
Lipid 16.4 16.7 17.3 16.8
Ash 13.8 15.2 14.1 15.4
Ornithine 0.02 0.66 0.06 0.75
Citrulline 0.05 0.05 0.68 0.70
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*Values are means of duplicate analysis

Table 3.2.3. Essential amino acid of the treatment diets rainbow trout fed with dietary
supplementation of l-ornithine, 1-citrulline, and mixture or l-ornithine and 1-citrulline

Essential amino ) .
** Amino acid

acid CTRL ORN CIT ORN-CIT requirement
(% d.w diet)

Threonine 1.81 1.66 1.73 1.82 1.20
Valine 2.36 2.25 2.28 2.12 1.12
Methionine 0.83 0.77 0.72 0.75 0.80
Isoleucine 1.81 1.76 1.78 1.70 0.84
Leucine 3.64 3.40 3.23 3.32 1.56
Phenylalanine 1.77 1.68 1.58 1.29 1.12
Histidine 0.96 1.03 0.89 0.86 0.64
Lysine 2.47 2.39 2.37 2.20 1.90
Arginine 1.83 1.76 1.71 1.62 1.41

*Values are means of duplicate analysis
**Based on Kim ef al. (1992) and Walton et al. (1986

This study was divided into several experiments: (1) evaluation of postprandial plasma
amino acid upon feeding with ornithine, citrulline and combination of ornithine citrulline. (2)
short term growth analysis (3) disease challenge and evaluation of quantitative-real time PCR
and plasma amino acid post intraperitoneal injection with Vibrio anguilarum.

For the first study, rainbow trout with average body weight of 34.1 gram was fasted for
14 days to eliminate the effect of previous feeding and reared in 60 liter aquaria that was
equipped with recirculating system. Before feeding, blood was harvested from 3 fish for plasma
amino acid analysis at basal condition. While after feeding until apparent satiation, blood was
then collected from 3 fish for each treatment at 7, 15, and 30 hours postprandial. Blood
collection was conducted using heparinized syringe at caudal vein.

For the second study, fish were reared in 60 liter aquaria in the same recirculating
system. Fish was fed twice daily, six day a week until apparent satiation which indicated by

the presence of uneaten feed. Rearing was conducted for 30 days period. After 30 days, weight
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of fish and amount of eaten feed per treatment was measured to calculate growth performance
and feeding efficiency.

For the third study, 15 fish per treatments that comes from feeing trial in the 2
experiment was used for disease challenge. Disease challenge was conducted through
intraperitoneal injection with Vibrio anguilarum diluted with phosphate-buffered saline at 3.0
x 10 CFU per fish. Fish was reared in aquaria with small isolated circulating system and
temperature control. At 24 hours post-injection, blood was collected from 5 fish per treatment
for plasma amino acid while kidney and spleen was collected for RNA extraction. To compare
the effect of short-term and long-term feeding, 15 fish per treatment was reared for 15 days.
Rearing condition was set to be similar with previous and after 15 days fish was then injected
peritoneally with Vibrio anguilarum at the same concentration and reared in aquaria with small
and isolated circulating system that was equipped with temperature control. At 24 hours post-
injection, blood was collected for plasma amino acid analysis, kidney and spleen was also
harvested for RNA extraction.

For plasma-amino-acid analysis, plasma was first mixed with 3% sulfosalicylic acid
solution (w/v) and then centrifuged at 1000 g at 4°C for 15 minutes after. The supernatant was
then filtered using 0.45 um pore size syringe filter and then diluted with HPLC grade water at
1:5 dilution before analyzed using amino acid analyzer, JLC-500/V AminoTac™ (JEOL Ltd,
Tokyo, Japan).

Ribonucleic acid (RNA) was extracted using Trizol reagent (Invitrogen) according to
manufacturer protocol. RNA quality was measured spectrophotometrically at 260/280 optical
density using Nanodrop lite (Thermo Scientific). To avoid false positive due to DNA
contamination, RNA samples were treated with DNase using RQ1 RNase-Free DNase kit
(Promega). Reverse transcription of total RNA to cDNA was conducted using High-capacity

cDNA reverse transcription kits (Applied Biosystems). Quantitative-real-time polymerase

-42 -



chain reaction (QRT-PCR) analysis was conducted using Thunderbird™ SYBR® gPCR mix on
StepOne Plus real-time polymerase chain reaction system (Applied Biosystems). Primer that
was used in this research was presented in table 3.2.3 and designed according to protocols from
Thunderbird™ SYBR® qPCR.

Table 3.2.3. Sequence of primer used for chapter 3.

Gene name Forward Reverse NCBI refseq
B-actin ctcagtctcattggcatggce gctgtttcaccgttccagtt NM_001124235.1
Arginase 2 acacactaccgtcatgcetgg cgtcgacccagatcagacac BK001400.1
iNOS tggagctatcgtcagaccgg tcacattgtctgccacctgtt NM_001124359.1
I-1B ccggggttgacatcagtacc atggtgaaggtggtaaggceg NM_001124347.2

After feeding trial, Initial weight, final weight, growth performance, and feed efficiency
were analyzed using one-way anova. At P < 0.05. Postprandial plasma arginine, ornithine and
citrulline were analyzed using two-way anova without interaction P < 0.05. Upon significant
difference, all data in feeding trial and postprandial plasma experiment was analyzed using
Tukey’s range test. After disease challenge, survival was analyzed using Kaplan-Meier
survival plot combined with log-rank test upon significant result at P < 0.05. Post-injection
plasma arginine, ornithine, and citrulline was analyzed using one-way anova At P < 0.05 and
upon significant difference, Tukey range test was used for post-hoc analysis. Gene expression
was analyzed using Kruskal-Wallis at P < 0.05 and upon significant result, Dunn’s multiple
comparison test to compare between treatments. Graphpad Prism® 6 (version 6.01, Graphpad

software, La Jolla, USA)
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3.3. Result

After two-way anova analysis of postprandial plasma arginine, ornithine, and citrulline,
in the case of plasma arginine, compared to basal state, the increase of plasma arginine was
found in CTRL, CIT, and ORN-CIT at 15 hours postprandial and in ORN, CIT, and ORN-CIT
at 30 hours postprandial (table 3.3.1). At 6-hours postprandial, by comparing dietary effect
between different treatment, no significant difference was found in this study. at 15 hours
postprandial, significant difference was found between ORN and CIT groups. Furthermore, at
30 hours postprandial plasma arginine of CIT treatment was significantly higher compared to

other treatments.

Table 3.3.1. Postprandial plasma arginine, ornithine, and citrulline of rainbow trout after fed
with dietary supplementation of ornithine, citrulline, and mixture of ornithine and citrulline.

Basal 6-hours 15 hours 30 hours
Plasma CTRL 6.42+0.33 18.59 £ 1.2172 12.79 £ 1.35°
arginine ORN 6.88 + 045 6.89 = 0.02 8.43£0.182 23.12 + 6.0472
(ng/ml CIT ' ' 11.75+1.77 25.5+£2.92fb 36.96 + 7.56'
plasma) ORN-CIT 11.39+0.92 19.43 + 0.6720 20.29 +2.36"
Plasma CTRL 0.89+0.152 2.29 £0.592 1.39 £0.37%
ornithine ORN 1.32+0.13 14.41 £ 1.05% 7.4 £0.52% 8.64 + 0.68™
(ng/ml CIT 2.03 +£0.252 3.7+0.142 6.86 + 1.16%
plasma) ORN-CIT 17.89 £ 0.437 18.73 £2.237 13.68 + 5.05'
Plasma CTRL 1.07 +£0.282 1.27 £ 0.08? 1.28+0.152
Citrulline ORN 0.64 +0.05 0.98+0.112 1.67 £ 0.06* 2.02 +0.35°
(ng/ml CIT 124.21 + 8.54™®  198.35+15.93™®  316.12 +28.25™
plasma)  ORN-CIT 156.8 +7.11% 278.17 £ 17.17°  324.46 +30.9%

Values are mean of triplicate analysis.
Superscript letter indicates significant difference between dietary treatment in the same post-
prandial observation time.
Tindicates significant difference compared to basal condition

The increase of plasma ornithine compared to its basal state were found in ORN and
ORN-CIT treatment at 7 hours postprandial, in ORN-CIT at 15 hours postprandial, and in ORN

and ORN-CIT treatment at 30 hours postprandial. Meanwhile, by comparing dietary effect in

each postprandial observation time, at 7 hour postprandial there are no significant difference
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found between all the diets, at 15 hours postprandial ORN-CIT was significantly higher
compared to CTRL and CIT, at 30 hours postprandial ORN and ORN-CIT was significantly

higher compared to CTRL treatment.

Survival of rainbow trout after 15 days feeding

CTRL
ORN
CIT
CITORN

100-

L

Percent survival
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Figure 3.3.1 Survival of rainbow trout pre-fed for 15 days with supplemental ornithine,
citrulline, and mixture of ornithine and citrulline and injected intraperitoneally with Vibrio
anguillarum. Disease challenge was conducted for 7 days.
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Survival of rainbow trout after 30 days feeding
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Figure 3.3.2 Survival of rainbow trout pre-fed for 30 days with supplemental ornithine,
citrulline, and mixture of ornithine and citrulline and injected intraperitoneally with Vibrio
anguillarum. Disease challenge was conducted for 7 days.

For disease challenge, upon log-rank test was conducted in both feeding regime, there
is no significant difference found among diets (figure 3.3.1 and figure 3.3.2). Highest
numerical percent survival in 30 days feeding was found in ORN treatment while lowest
numerical percent survival was found in CIT treatment. In the case of 15 days feeding before
injected with Vibrio anguillarum, highest numerical percent survival was found in CTRL
treatment while lowest numerical percent survival was found in CIT and CIT-ORN

treatments.
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Figure 3.3.3. Plasma arginine of rainbow trout pre-fed for 15 days (left) and 30 days (right)
respectively with supplementary level of ornithine, citrulline, and mixture of ornithine and
citrulline upon challenge with Vibrio anguillarum.

After peritoneal injection with Vibrio anguillarum, in treatment that was fed for 15 days
there are no significant difference found among all treatment. However, in the case of rainbow
trout that was fed for 30 days before exposed to Vibrio anguillarum, plasma arginine of CIT

treatment was significantly higher compared to CTRL and ORN but not with ORN-CIT

treatment (figure 3.3.3.).
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Figure 3.3.4. Plasma ornithine of rainbow trout pre-fed for 15 days (left) and 30 days (right)
respectively with supplementary level of ornithine, citrulline, and mixture of ornithine and

citrulline upon challenge with Vibrio anguillarum.

In the case of plasma ornithine, in rainbow trout that was fed for 15 days before exposed
to Vibrio anguillarum, there are also no significant difference found among all treatment.
However, in rainbow trout that was fed for 30 days, plasma ornithine of CIT treatment was
significantly higher compared to other treatment (figure 3.3.4). Furthermore, plasma ornithine
of ORN treatment was also higher compared to CTRL treatment.

In the case of plasma citrulline, in rainbow trout that was fed for 15 days before exposed
to Vibrio anguillarum, significantly higher plasma citrulline was found in ORN-CIT compared
to ORN and CTRL (figure 3.3.5). Furthermore, in rainbow trout that was fed for 30 days,
significantly higher plasma citrulline was found in ORN-CIT compared to ORN and CTRL

while CIT treatment was also significantly higher compared to CTRL treatment.
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Figure 3.3.5. Plasma citrulline of rainbow trout pre-fed for 15 days (left) and 30 days (right)
respectively with supplementary level of ornithine, citrulline, and mixture of ornithine and
citrulline upon challenge with Vibrio anguillarum.
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Figure 3.3.6. Expression of renal iNOS of rainbow trout pre-fed for 15 days (left) and 30 days
(right) respectively with supplementary level of ornithine, citrulline, and mixture of ornithine

and citrulline upon challenge with Vibrio anguillarum.

In gene expression of renal iNOS, in rainbow trout that was pre-fed for 15 days,
significant difference was found between CTRL and CIT treatment (figure 3.3.6). Meanwhile,
in the case of rainbow trout that was pre-fed for 30 days, statistically higher expression of iNOS
was found in CTRL compared to CIT and ORN-CIT (figure 3.3.7). Furthermore, there is no

significant difference found between ORN with CTRL, CIT, and ORN-CIT.
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Figure 3.3.7. Expression of renal 1L-1p of rainbow trout pre-fed for 15 days (left) and 30 days
(right) respectively with supplementary level of ornithine, citrulline, and mixture of ornithine

and citrulline upon challenge with Vibrio anguillarum.

In renal 1L-1pB, after 15 days feeding and disease challenge, it was found that
statistically higher expression of IL-1B was found in CTRL compared to ORN-CIT treatment.
While in the case of 30 days feeding regime, statistically higher expression of IL-1p was found
in ORN and CIT treatment compared to CTRL while there was no difference found between
CTRL and ORN-CIT treatment (figure 3.3.7).

In renal arginase, after 15 days feeding regime and disease challenge, there are no
significant differences found among all the treatment. However, in the case of rainbow trout
that was fed with 30 days feeding regime before exposed to bacterial injection, significant

difference was found between CTRL and ORN treatment (figure 3.3.8).
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Figure 3.3.8. Expression of renal arginase II of rainbow trout pre-fed for 15 days (left) and 30
days (right) respectively with supplementary level of ornithine, citrulline, and mixture of

ornithine and citrulline upon challenge with Vibrio anguillarum.

Table 3.3.2. Initial weigh, final weight, growth, and feed efficiency of rainbow trout fed with
dietary supplementation of l-ornithine, 1-citrulline, and combination of 1-ornithine and I-
citrulline after 30 days feeding period.

CTRL ORN CIT ORN-CIT
Initial weight (g) 9.08 +0.89 9.08 £ 0.69 9.03 £0.75 9.11+0.9
Final weight (g) 30.38+1.72 30.73£2.16 31.02+1.84 30.71 +£1.67
Growth (% of initial weight) 242.3 £16.96 251.7+£42.97 258 £41.38 257.1 £50.85
Feeding efficiency (%) 87.31 +7.68 101.6 £10.82  88.29£945 89.65+9.25

Values are mean of triplicate analysis.

After 30 days feeding, there was no significant difference found in growth and feeding
efficiency among all treatment. in the case of average growth, the highest numerical value was
found in CIT treatment while the lowest was found in CTRL treatment (table 3.3.2).
Furthermore, in the case of feeding efficiency, the highest numerical value was found in ORN
treatment while the lowest numerical value was found in CTRL treatment.
3.4.Discussion

Postprandial plasma amino acid
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Plasma arginine increase of CTRL treatment was found in 15 hours postprandial
compared to its basal condition. The increase of plasma arginine at 12 hours postprandial is in
line with postprandial arginine increase which is found in other study on fish (Schuhmacher et
al. 1997). At 30 hours postprandial plasma arginine of CTRL already shown a reduced number.
It is previously stated plasma arginine that diminished from blood circulation is mainly used
for protein synthesis (Deutz 2008). In ORN treatment, increase of plasma arginine was found
only at 30 hours postprandial, the increase of plasma arginine in ORN was also occurred at
later time compared to other treatments. In CIT treatment, similar to CTRL, the increase of
plasma arginine was occurred at 15 hours postprandial. At that observation time, although
plasma arginine of CIT treatment was numerical higher compared to other treatment,
significant difference was only found between CIT and ORN. At 30 hours postprandial, plasma
arginine of CIT treatment was significantly higher compared to other treatment. in ORN-CIT,
the increase of plasma arginine was occurred at 15 hours postprandial. plasma arginine of
ORN-CIT treatment was still showing increasing trend although at slower pace compared to
CIT treatment.

Plasma ornithine of CTRL and CIT did not shown increase compared to its basal
condition. The increase of plasma ornithine can only be observed in treatments with ornithine
supplementation (ORN and ORN-CIT) as early as 6 hours postprandial. In ORN treatment,
higher than basal plasma ornithine was found at 6 hours and 30 hours postprandial; at 15 hours
postprandial concentration of plasma ornithine was fall into almost half of previous hour and
was not significantly different compared to basal state. Meanwhile. plasma ornithine of ORN-
CIT shown numerical highest concentration at 6, 15, and 30 hours postprandial and was shown
a significantly higher than CTRL at those postprandial observation. Interestingly, plasma

arginine of ORN treatment in this study was shown a significant increase at slower time among
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other treatments. Thus, the possibility that plasma ornithine concentration can regulate plasma
arginine production should be evaluated.

Increase of plasma citrulline was only found in treatments with citrulline
supplementation (CIT and ORN-CIT) and shown an increasing trend from 6 until 30 hours
postprandial. at 30 hours postprandial, plasma citrulline of CIT and ORN-CIT treatment was
immensely higher compared to the CTRL treatment.

In table 4.3.1., the increase of plasma ornithine and plasma citrulline in the treatments
that were supplemented by those amino acids can be observe at 6 hours postprandial while the
increase of plasma arginine can be observe as early as 15 hours postprandial. It is possible that
plasma ornithine and citrulline were appeared early since it was come directly from dietary
source while plasma arginine come from either protein turnover or endogenous arginine
synthesis.

Survival; plasma amino acids; and expression of renal inducible nitric oxide synthase,
interleukin-1-beta, and arginase.

It was stated previously that plasma arginine may partially regulate intracellular
availability of arginine and ensure sustain production of nitric oxide (Buentello & Gatlin, 1999).
However, based on survival analysis, it seems that higher concentration of plasma arginine that
was found in CIT treatment was not enough to increase immune performance of rainbow trout
after peritoneal injection with Vibrio anguillarum. Interestingly, renal iNOS expression of CIT
treatment shown lower relative fold change compared to CTRL at 24 hours post-injection with
Vibrio anguillarum. Furthermore, the lower fold change of CIT compared to CTRL was also
consistent in 15 and 30 days feeding regime. Since iNOS is reliable marker for M1 macrophage
(Wiegertjes et al. 2016), it can be concluded that at 24 hours post-injection, M1 macrophage
was not activated in this study. Activation of M1 macrophage is linked with protection against

acute infectious disease by stimulating intracellular killing of bacteria such as Vibrio
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anguillarum (Boesen et al. 2001; Benoit et al. 2008; Wiegertjes et al. 2016). In this research,
it is not clear why iNOS expression level was lower compared those in CTRL treatment.
However, from previous publication in terrestrial animal, it is found that expression of iNOS
can be inhibited by several factors such as blockage of I-kappa beta, overproduction of nitric
oxide, exposure to tumor growth factor beta, and extracellular arginine availability (Perrella et
al. 1994; Lee et al. 2003; Aktan 2004).

In ORN treatment, higher than CTRL expression of arginase I was observed at 24
hours post-injection. Since arginase Il is considered as indicator for M2/ alternatively activated
macrophage (Wiegertjes et al. 2016), it is possible that M2 was activated in this study. While
activation of M2 in fish was mainly linked into anti-inflammatory and healing process, M2
macrophage is divided into several types in terrestrial animal: M2a which is induced by 11-4 or
I1-14, M2b which is induced by Il-1p, and M2c¢ which is induced by Il-10 and glucocorticoid
hormone (Benoit et al. 2008; Wiegertjes et al. 2016). In the case of fish, although differentiation
of M2 macrophage was not been proved yet, higher II-1p and arginase II might imply the
similarity between those in M2b of mammals. However, further in deep study is still required
to reach that conclusion especially since stimuli for M1/M2 activation was not fully evaluated
in this study.

In conclusion, this study confirms that supplementation with I-citrulline increase
plasma arginine production. Furthermore, I-citrulline supplementation also shown higher
plasma arginine level compared to other treatment at 24 hours post-injection with Vibrio
anguillarum. The higher plasma arginine level in CIT treatment however is not enough to
enhance immune performance of rainbow trout after disease challenge. qPCR analysis in the
renal also shown that supplementation with citrulline, ornithine, and combination of ornithine

and citrulline at 1% of diet did not enough to increase mRNA level of iNOS.
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CHAPTER 4
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IV.  Effect of dietary arginine, ornithine, and citrulline supplementation on
postprandial plasma amino acids, arginine catabolism and resistance to Vibrio
anguillarium of rainbow trout Oncorhynchus mykiss"

4.1. Introduction
Arginine is a versatile amino acid that plays important roles in various physiological

functions. It regulates the production of aliphatic polyamine, which controls cellular

metabolism and is related to cell growth and differentiation through ornithine production.

Arginine can also enhance wound healing (Shi et al. 2002b; Wu et al. 2009; Andersen et al.

2013) and nitric oxide production through nitric oxide synthase (NOS) enzymes. Nitric oxide

is beneficial to the immune system, maintains cardiovascular health, and plays a role in neural

signaling (Garthwaite and Boulton 1995; Wu and Morris 1998; Forstermann and Miinzel 2006).
Recent studies have shown that arginine plays an important role in the activation of

macrophages: increased NOS activity occurs in classically activated macrophages, while

increased arginase activity is an indicator of alternatively activated macrophages (Forlenza et

al. 2011). Nitric oxide in classically activated macrophages, known as M1 macrophages, is a

potent anti-microbial compound, and with superoxide, has anti-parasitic properties (Nathan

and Hibbs 1991). Alternatively activated macrophages, known as M2 macrophages, promote
cell proliferation during wound healing (Mills et al. 2015). Classically activated and
alternatively activated macrophages compete for L-arginine as a substrate (Forlenza et al.

2011), so L-arginine availability also plays an important role in the activation of classically

and alternatively activated macrophages.

Because arginine is important for macrophage functioning, several studies have aimed
to supplement animals with various compounds that increase the availability of arginine.

Dietary supplementation with L-arginine increases plasma arginine concentrations in pigs (Yao
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et al. 2008; Yao et al. 2011), chickens (Ruiz-Feria et al. 2001), and fish (Fournier et al. 2003;
Cheng et al. 2011; Cheng et al. 2012a; Pohlenz et al. 2013; Andersen et al. 2014). Plasma
arginine concentrations can be increased by L-arginine supplementation, while arginine is
involved in the production of various compounds and is regulated by various pathways;
therefore, not all supplemental arginine can be used to improve the immune system. Chen et
al. (2015) reported an increase in inducible nitric oxide expression in the head kidney of Jian
carp, Cyprinus carpio var. Jian, when fed 2.19% arginine and challenged with Aeromonas
hydrophila. However, in the channel catfish Ictalurus punctatus, there was no significant
increase in innate immunity when the fish were fed excessive amounts of arginine, above their
optimum level for growth (Pohlenz et al. 2014). Arginine supplementation also increases urea
excretion due to the conversion of arginine by arginase (Fournier et al. 2003; Tulli et al. 2007;
Oliva-Teles et al. 2017). Increased urea excretion in aquaculture is problematic, because it can
pollute the surrounding water column and cause eutrophication (Talbot and Hole 1994).

In addition to arginine, citrulline and ornithine are compounds that can also be
supplemented into feed, and potentially used to increase arginine availability or improve fish
immunity. Citrulline is an arginine metabolite that is obtained from the ornithine-urea cycle or
nitric oxide synthesis. It can increase arginine synthesis through an argininosuccinate
intermediary, which involves argininosuccinate lyase and argininosuccinate synthase.
Ornithine is another arginine metabolite, and is important for polyamine and proline synthesis.
In terrestrial animals, supplementation with this amino acid can accelerate wound repair and
healing [23,24]. In mammals, citrulline can increase plasma arginine levels more than arginine
itself (Bahri et al. 2013). In fish, it is unclear whether ornithine or citrulline are able to increase
the availability of arginine, so dietary arginine is used. In addition, it is unclear whether these
compounds improve fish immunity. Therefore, this study aimed to evaluate the effects of

dietary supplementations of ornithine and citrulline on the resistance of rainbow trout
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Oncorhynchus mykiss against Vibrio anguillarum. In addition, we evaluated the expression
levels of arginase, interleukin-1-beta, and NOS during disease challenge, and evaluated the
postprandial behavior of plasma arginine and its metabolites after L-ornithine and L-citrulline
supplementation.
4.2. Materials and Methods

The study was divided into postprandial plasma amino acid level observations and a
feeding trial with a disease challenge using V. anguillarum. Juvenile rainbow trout were
acquired from Oizumi Research Station, Tokyo University of Marine Science and Technology,
Yamanashi, Japan, and acclimated for two weeks. During this period, fish were fed the CTRL
diet (see below). In both experiments, fish were reared in eight rectangular aquaria with a total
water volume of ~50 L per treatment. The aquaria were equipped with recirculating systems
that had sedimentation tanks, biofiltration, and automatic thermostats. The average temperature
during the trial period was 14.4 °C. In the recirculating system of each aquarium, aeration was
provided to maintain the oxygen level at saturation. During the trials, NO2 and NOjs levels were
periodically checked using Packtest (Kyoritsu, Tokyo, Japan), and were under 0.05 and 2 ppm,
respectively. The water flow rate was maintained at 0.75 L min!. Animal experimentation was
conducted according to the guidelines of the Animal Experiment Treaty of the Tokyo
University of Marine Science and Technology.
Dietary treatments

The basal diet (CTRL) for both experiments was formulated using a combination of
intact protein sources, such as blue whiting fish meal, soybean meal, feather meal, blood meal,
corn gluten meal, and a crystalline amino acid mixture (Table 4.2.1). Wheat flour was used as
a source of carbohydrate, while the lipid requirement was mainly provided by fish oil. For the
treatment diets, 2% L-arginine (+ARG), 2% L-ornithine (+ORN), and 2% L-citrulline (+CIT)

supplements were used (Table 4.2.1). A proximate analysis revealed that the protein and lipid
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percentages of the diets were 48.6 and 18.9% in CTRL, 53.1 and 18.7% in +ARG, 51.7 and

18.1% in +ORN, and 52.9 and 18.9% in +CIT (Table 4.2.1). An amino acid analysis revealed

that the arginine percentage in +ARG was 3.91% (compared to 1.80% in CTRL), the ornithine

percentage in +ORN was 1.61% (compared to 0.01% in CTRL), and the citrulline percentage

in +CIT was 1.76% (compared to 0.04% in CTRL) (Table 4.2.2). For preparing the

experimental diet, all the ingredients were ground using a Retsch Ultra Centrifugal Mill ZM

200 (Haan, Germany) to a particle size of ~0.5 um; thereafter, these were mixed thoroughly,

pelleted using a pellet mill (AEZ12 M, Hiraga Seishakusho, Kobe, Japan), and the pellets were

freeze-dried for 16 hours in a freezer-dryer (RLE-II, Kyowa Vacuum, Saitama, Japan; Tables

4.2.1 and 4.2.2). The diets were stored at 5 °C until use.

Table 4.2.1. Formulation and proximate analysis of experimental diets for rainbow trout fed

with supplemental level of l-arginine, 1-ornithine, and I-citrulline

Ingredients CTRL ARG ORN CIT
(crude protein (%) / ether extract (g/100 g (g/100 g (g/100 g (g/100 g
(%)) DW) DW) DW) DW)
Formulation of experimental diets
Blue whiting fish meal (71.8/9.6) 20.0 20.0 20.0 20.0
Soybean meal (48.5/2.3) 11.9 11.9 11.9 11.9
Feather meal (90.7/4.8) 2.0 2.0 2.0 2.0
Blood meal (95.2/0.7) 2.0 2.0 2.0 2.0
Corn gluten meal (63.9/1.6) 25.0 25.0 25.0 25.0
Flour (21.5/2.5) 15.0 15.0 15.0 15.0
Fish Oil 10.4 10.4 10.4 10.4
Vitamin premix® 3.0 3.0 3.0 3.0
Mineral premix® 1.0 1.0 1.0 1.0
Monocalcium phosphate 0.5 0.5 0.5 0.5
Choline CI (100%) 0.5 0.5 0.5 0.5
Vitamin E (50%) 0.1 0.1 0.1 0.1
Amino acid premix! 4.4 44 4.4 4.4
Celullose 4.1 4.1 4.1 4.1
L-arginine 0 2.0 0 0
L-ornithine 0 0 2.0 0
L-citrulline 0 0 0 2.0
Proximate analysis of experimental diet
Crude protein 48.6 53.1 51.7 52.9
Crude lipid 18.9 18.7 18.1 18.9
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Ash 8.2 8.6 8.6 8.6

2 Vitamin pre-mixture (amounts in g/kg): ascorbic acid, 368.902 g; biotin, 0.363 g; calcium
pantothenate, 6.05 g; cyanocobalamin, 0.006 g; folic acid, 0.908 g; inositol, 121 g; niacin,
24.2 g; p-aminobenzoic acid, 3.025 g; pyridoxine hydrochloride, 2.42 g; riboflavin, 3.63 g;
thiamin hydrochloride, 3.025 g; vitamin A acetate, 2,420,000 IU; vitamin D3, 2,420,000 IU;
vitamin K3, 6.05 g

b based on Hernandez et al., (2012)

¢ Amino acid pre-mixture (amount in g/100g): L-methionine!, 3.6; L-histidine', 7.4; L-
isoleucine!, 23.9; L-lysine hydrochloride!, 23.3; L-threonine!, 13.2; L-valine!, 28.7

'"'Wako Pure Chemical Industry Inc., Osaka, Japan

Table 4.2.2. Total amino acid content of experimental diets for rainbow trout fed with

supplemental level of l-arginine, l-ornithine, and I-citrulline *

CTRL ARG ORN CIT
(g/100 g DW) (g/100 g DW) (g/100 g DW) (g/100 g DW)

Taurine 0.12 0.14 0.14 0.14
Aspartic acid 3.18 3.20 3.21 3.23
Threonine 1.80 2.11 2.13 2.42
Serine 2.17 2.26 2.23 2.26
Glutamic acid 7.32 7.48 7.47 7.49
Glycine 1.87 1.94 1.91 1.88
Alanine 2.78 2.86 2.87 2.81
Citrulline 0.04 0.04 0.05 1.76
Valine 222 2.36 2.26 2.40
Cysteine 0.32 0.32 0.31 0.33
Methionine 0.77 0.69 0.71 0.71
Cystathionine 0.05 0.08 0.05 0.04
Isoleucine 1.94 2.07 1.89 1.95
Leucine 3.99 4.07 3.93 3.87
Tyrosine 1.53 1.64 1.52 1.54
Phenylalanine 1.85 1.87 1.86 1.92
Ornithine 0.01 0.02 1.61 0.10
Histidine 0.94 0.95 1.07 1.00
Lysine 2.42 2.51 2.51 2.55
Tryptophan 0.06 0.24 0.16 0.28
Arginine 1.80 3.91 1.88 1.79
Proline 3.07 3.16 2.97 2.46

*Values are means of duplicate analysis

Postprandial plasma arginine levels

For the postprandial plasma experiment, to avoid any confounding effects of previous

feeding, rainbow trout (average mass, 82.9 g) were first fasted for 14 days before being fed
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once with one of the designated basal and treatment diets until apparent satiation, which was
indicated by a refusal to feed and the presence of uneaten food at the bottom of the aquarium.
After 6, 15, and 30 postprandial hours, three fish per treatment were anaesthetized using
ethylene glycol monophenyl ether at 400 ppm before being blood sampled. Blood was taken
from the caudal vein using a heparinized syringe, and the plasma was separated by
centrifugation at 1000 x g at 4 °C for 15 minutes, while the liver and kidney were harvested
and preserved at -40 °C for free amino acid analysis.
Feeding and disease challenge

For the feeding and disease challenge, a short feeding trial was conducted for 30 days
using 15 fish per aquarium (average mass, 9.1 g). The fish were fed twice a day, six days a
week until apparent satiation. After 30 days, the final weight gain was recorded, and the fish
were then injected with 3.0 x 10° colony forming units of V. anguillarum diluted with
phosphate-buffered saline (1 mL per fish) and kept in isolation tanks. These tanks were
equipped with recirculating systems and automatic thermostats that were set at 18 °C. At 24
hours post-injection, five fish per treatment were anaesthetized using 2-phenoxyethanol at 400
ppm, and blood was collected from the caudal vein using a heparinized syringe. The liver,
intestine, muscle, and kidney were preserved for quantitative polymerase chain reaction
(qPCR) and amino acid analysis. Blood was separated using the same blood preparation
method, while the liver and kidney were collected and preserved in a sealed plastic bag at -
40 °C for free amino acid analysis. A small part of the head kidney was preserved in RN Alater®
for real-time qPCR analysis.

For plasma amino acid analysis, plasma was first mixed with 3% sulfosalicylic acid
solution (w/v) and then centrifuged at 1000 x g at 4 °C for 15 minutes. The supernatant was
then filtered using a 0.45-pum syringe filter, and the filtered supernatant was diluted with HPLC

grade water at 1:4 dilution before being analyzed with the amino acid analyzer JLC-500/V
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AminoTac™ (JEOL Ltd., Tokyo, Japan), according to the method described by Boonyoung et
al. (2013).

Renal samples were first defrosted in running water. The defrosted renal samples (0.2—
0.5 g) were then homogenized in 2% sulfosalicylic acid and centrifuged at 3000 % g and 4 °C
for 15 minutes. The supernatants were then collected and the pellets re-homogenized using the
same method, in order to ensure that all of the free amino acids were extracted from the organs.
The pooled supernatants were then made up to 50 mL and aliquots were filtered using a 0.45-
pm-pore-size syringe filter, which were then analyzed using the JLC-500/V AminoTac™
(JEOL Ltd.) according to the method described by Boonyoung et al. (2013).

RNA extraction was conducted using TRIzol reagent (Invitrogen, Carlsbad, USA)
according to the manufacturer’s protocol. Before preparing cDNA, the RNA quality was
spectrophotometrically measured using a Nanodrop™ Lite Spectrophotometer (Thermo
Scientific, Waltham, USA), and the RNA was treated with DNase using a RQ1 RNase-Free
DNase Kit (Promega, Madison, USA) to avoid false positives caused by DNA contamination.
The reverse transcription of total RNA to cDNA was conducted using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, USA). Primer design was
conducted using Primer3web version 4.1.0 (http://primer3.ut.ee/) following the guidelines of
the Thunderbird® SYBR® gPCR Mix (Toyobo, Tokyo, Japan): a primer length of ~20-30 mer,
a primer guanine-cytosine content of ~40-60%, and a target length of <150 bp. A list of primers
that were used in the qPCR is presented in Table 4.2.3. qPCR analysis was conducted using
Thunderbird™ SYBR® qPCR Mix in a StepOnePlus™ Real-Time PCR System (Applied
Biosystems) using beta-actin as a housekeeping gene (as a normalizer) and the ddCt method of

data analysis.
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Table 4.2.3. Sequence of primer used for chapter 4.

Gene hame Forward Reverse NCBI refseq
B-actin ctcagtctcattggcatggce gctgtttcaccgttecagtt NM_001124235.1
Arginase 2 acacactaccgtcatgcetgg cgtcgacccagatcagacac BK001400.1
iNOS tggagctatcgtcagaccgg tcacattgtctgccacctgtt NM_001124359.1
II-1B ccggggttgacatcagtacc atggtgaaggtggtaaggceg NM_001124347.2

Statistical analyses

Fish growth and amino acid contents were analyzed using an analysis of variance
(ANOVA) at P <0.05. Postprandial plasma arginine, ornithine, citrulline, and ammonia levels
were analyzed using a two-way ANOVA without interactions (P < 0.05), and gene expression
was analyzed using a Kruskal-Wallis test at P < 0.05. Upon detecting a significant difference,
a post-hoc analysis was conducted using several tests: Tukey’s range test for weight gain,
postprandial and post-injection plasma amino acid levels, and free renal amino acid levels, and
Dunn’s multiple comparison test for gene expression analysis. For the disease challenge,
survival was analyzed using a log rank test for trend combined with a Mantel-Cox test with
significance set at P < 0.05, and post-hoc analysis was conducted using Fisher’s least
significant difference test. All statistical analyses were conducted using Graphpad Prism® 6

version 6.01 (Graphpad software, La Jolla, USA).

4.3.Result

Significant differences were found in postprandial plasma amino acid levels among the
dietary treatments and among the postprandial amino acid observation timepoints (Table 4.3.1).
The plasma arginine level was higher than the basal level in +ARG and +CIT. In +ARG, high
plasma arginine levels were observed at 6, 15, and 30 hours postprandial, while in +CIT, they
were observed at 15 and 30 hours postprandial. Regarding each timepoint, at 6 hours
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postprandial, plasma arginine levels were significantly higher in +ARG than in CTRL; at 15
hours postprandial, plasma arginine levels in +ARG were significantly higher than in the other
diets, and they were higher in +CIT than in CTRL; and at 30 hours postprandial, they were
significantly higher in +ARG and +CIT than in CTRL and +ORN.

Significant differences were found in plasma ornithine levels among the treatments and
timepoints (Table 4.3.1). An increase in plasma ornithine levels was only observed in +ORN,

and at each timepoint, the plasma ornithine level in +ORN was significantly higher than in the

other treatments.

Table 4.3.1. Post-prandial plasma amino acids of rainbow trout fed with supplemental level
of arginine, ornithine, and citrulline

Basal 6-hours 15 hours 30 hours

Plasma CTRL 16.9 + 1.6° 9.0+ 3.0° 18.8 £2.72
arginine ARG 12.0+0.6 40.0 + 7.0t 45.6 £ 3.7f¢ 44.1 £ 1.2
(n g/ml ORN ’ ’ 19.3 +£0.8% 22.1+0.5% 24.2 +£3.8?
plasma) CIT 24.9 £3.6% 30.0 £ 5.4 40.4 £ 3.3
Plasma CTRL 1.9+0.1° 1.8+0.2° 1.8+0.2°
ornithine ARG 31401 5.9+1.0% 6.6 +£0.32 7.2+ 1.6
(n g/ml ORN ’ ’ 34.1+ 1.9 67.4+ 6.9 24.8 + 6.5
plasma) CIT 2.8+0.52 3.0+ 0.6 6.0+ 1.32
Plasma CTRL 1.48 +£0.232 0.74+£0.16° 1.25+£0.18?
Citrulline ARG 1.25+0.312 1.19+£0.332 1.47 £ 0.46?
(u g/ml ORN 0.47 £0.08 1.92 +0.282 2.18+0.26? 2.21 £ 0.042
plasma) 351.89+ 240.54 + 396.81 +
CIT 112.417 38.53f 194.817

Plasma CTRL 13.7 £ 1.0% 13.7 £ 1.4% 9.6+ 1.3
NH3 (u ARG 6.7+0.1 13.4+1.2F 11.2+1.2 143 +2.1f
g/ml ORN ’ ’ 11.9+0.6" 14.1+0.7 10.7 £ 0.6%
plasma) CIT 12.5+1.97 9.6+ 0.6 8.2+0.8?

Values are mean of triplicate analysis.
Superscript letter indicates significant difference between dietary treatment in the same post-

prandial observation time.
Tindicates significant difference compared to basal condition

Significant differences in plasma citrulline levels were only found among the dietary

treatments, and there were no significant differences among the postprandial timepoints (Table
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4.3.1). A Tukey’s multiple comparison test revealed that higher than basal plasma citrulline
levels were found in +CIT at 6, 15, and 30 hours postprandial. Furthermore, at each
postprandial timepoint, the plasma citrulline level in +CIT was significantly higher than that
in the other treatments.

Significant differences were found in plasma ammonia levels among the postprandial
timepoints, but not among the dietary treatments (Table 4.3.1). However, a Tukey’s multiple
comparison test revealed a significant difference between +ARG and +CIT at 30 hours
postprandial.

Feeding and disease challenge

Results of ANOV A showed no significant difference in growth performance, based on
the final weight of the fish (Table 4.3.2), but a post-hoc analysis revealed that growth in +ARG
was significantly higher than that in +CIT. However, there was no significant difference
between CTRL and +CIT. There was no significant difference in the food conversion ratio

among the treatments.

Table 4.3.2. Initial weight, final weight, growth, and food conversion ratio (FCR) of rainbow

trout fed with dietary arginine, ornithine, and citrulline supplementation.

Dietary treatments

CTRL ARG ORN CIT
Initial weight (g) 34.0+£23 342+ 1.7 342 +1.7 34.0+£2.0
Final weight (g) 82.8+4.5 85.5+3.8 84.0+4.5 78.8 +£3.7
Growth
(% of initial 146.5+4.2%  151.4+3.82 145.1 £2.2% 133.6 £4.2°
weight)
FCR 1.17 £ 0.05 1.21 £ 0.05 1.21+0.07 1.16 £0.05

Values are mean of triplicate analysis.
Superscript letter indicates significant difference between dietary treatment in the same post-
prandial observation time.

After seven days of disease challenge, a Mantel-Cox post-hoc analysis revealed that the

only significant difference in survival was between CTRL and +CIT: survival in +CIT (69.2%)

was significantly higher than that in CTRL (25.0%) (Figure 4.3.1).
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Figure 4.3.1. Survival analysis of rainbow trout pre-fed with supplemental level of arginine,
ornithine, and citrulline upon Vibrio anguilarum challenge through peritoneal injection.
Disease challenge was performed for 7 days. Analysis was conducted using log-rank test.

Twenty-four hours after injecting V. anguillarum, plasma samples from each treatment
were collected and analyzed (Table 4.3.3). Significantly higher plasma arginine levels were
found in +CIT than in +ARG or +ORN, while no significant difference was found between
CTRL and +CIT. Moreover, +CIT fish had significantly higher plasma citrulline levels than
those in the other treatments.

Regarding free renal amino acids (Table 4.3.4), significantly higher plasma arginine
levels were found in +CIT than in +ORN or +ARG. There was no significant difference
between CTRL and +CIT, but CTRL had significantly higher plasma arginine levels than
+ORN. Significant differences were found in plasma citrulline levels between +CIT and the

other treatments. There were no significant differences in plasma ornithine levels.
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Table 4.3.3. Plasma amino acid of rainbow trout pre-fed supplemental level of arginine,

ornithine, and citrulline after 24 hours post-injection with Vibrio anguilarum

Dietary treatments

CTRL +ARG +ORN +CIT
Plasma arginine 25.8 + 4.6° 29.8 + 5.2 25.9+5.12 63.7 £ 5.4b
(n g/ml plasma)
Plasma ornithine 51 +0.8° 10.0 + 2.42 19.6 + 5.5% 29.2+5.8°
(n g/ml plasma)
Plasma citrulline 38409 354112 3.9+ (.42 148.8 + 58.4
(n g/ml plasma)

Values are mean of triplicate analysis.
Superscript letter indicates significant difference between dietary treatment

Table 4.3.4. Renal free amino acid of rainbow trout pre-fed supplemental level of arginine,

ornithine, and citrulline after 24 hours post-injection with Vibrio anguilarum

Dietary treatments
CTRL ARG ORN CIT

?Ir(% 1-13“;?2/m1 plasma) 47.0 +9.0% 26.0 + 2.0° 20.0+8.0°  52.0+18.0°
?ll‘(l)lgl:lﬂgml plasma) 22+2.4 1.9+0.6 3.6+0.9 3.9+09
citrulline

a a a b
(10 ? u g/ml plasma) 1.85+0.59 1.04 £0.13 1.29+£0.222 38.72 +£12.89

Plasma glutamic acid

a b b a
(10 3 i g/ml plasma) 80.2+12.3 18.7+3.7 16.1+1.7 26.56 £2.0

Values are mean of triplicate analysis.
Superscript letter indicates significant difference between dietary treatment

A real-time qPCR analysis of the kidney revealed significant differences in inducible
nitric oxide synthase (iNOS) and interleukin-1-beta I1-1f levels (Figure 2). Significantly higher
iNOS fold-changes were only found between +CIT and CTRL, while significantly higher II-
1B fold-changes were found between +ORN and CTRL. There was no significant difference in

arginase 2 expression in the kidney (figure 4.3.2).
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Figure 4.3.2. relative expression of iNOS (a), interleukin-1-beta (b), and arginase 2 (c¢), in the
kidney of rainbow trout at 24 hours after disease challenge with Vibrio anguillarum after fed

30 days fed with dietary supplementation of arginine, ornithine, and citrulline.

4.4. Discussion

Postprandial amino acid levels

Several studies on fish have shown that arginine supplementation increases
postprandial plasma arginine levels (Barziza et al. 2000; Buentello and Gatlin IIT 2000; Alam
et al. 2002; Tesser et al. 2005), and we found that plasma arginine levels in +ARG were still
high even at 30 hours postprandial. To the best of our knowledge, this is the first time that
citrulline supplementation in fish has resulted in similar observable plasma arginine levels as

arginine supplementation, even 30 hours after feeding. Interestingly, the fish in +CIT had
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higher plasma arginine levels at 30 hours postprandial than those in CTRL. Moreover, at the
same postprandial timepoint, the plasma arginine level in +CIT was as high as that in +ARG.
It is possible that the increased plasma arginine level in +CIT resulted from the conversion of
citrulline to arginine through the ornithine-urea cycle. Overall, we found that only arginine or
citrulline supplementation could increase plasma arginine levels.

Plasma arginine originates from several sources: protein that is consumed during
feeding, protein catabolism and turnover, and endogenous arginine synthesis (Morris 2006;
Deutz 2008). It is probable that the increased plasma arginine level in +ARG was caused by
dietary arginine supplementation, which supports the results of studies on humans (Castillo et
al. 1993), pigs (Bruins et al. 2002), I. punctatus (Pohlenz et al. 2013), and flounder Paralichthys
olivaceus (Alam et al. 2002). It is probable that the plasma arginine increase in +CIT was
caused by the conversion of citrulline into arginine through endogenous arginine pathways,
which are interorgan pathways that involve the synthesis of citrulline from ornithine in the
intestine, the release of citrulline into the blood, and the conversion of citrulline into arginine
in the kidney (Van De Poll et al. 2007; Deutz 2008). This pathway in O. mykiss was discussed
by Chiu et al. (1986), who found that citrulline can be used as a precursor in arginine synthesis.
Interestingly, the plasma arginine increase in +CIT occurred at a later timepoint than in +ARG,
possibly because the plasma arginine levels in +CIT were not affected by feeding activity, as
they were in +ARG. This difference highlights the importance of using multiple postprandial
observation timepoints when measuring postprandial plasma amino acid levels, particularly
when the amino acid targeted is involved in multiple pathways and can be endogenously
produced.

Regarding postprandial plasma ornithine levels, an increase in plasma ornithine levels
was only found in +ORN at 6, 15, and 30 hours postprandial. The maximum plasma ornithine

level was observed at 15 hours postprandial, and at 30 hours postprandial, some of the plasma
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ornithine had already been utilized by the body. Furthermore, a two-way ANOVA found no
significant difference between CTRL, +ARG, and +CIT. Ornithine is an arginine catabolite
that is obtained through the actions of the enzyme arginase. In the intestines of terrestrial
animals, ornithine is a reversible, intermediate compound between proline and arginine through
P5C (Wu 1997; Wu et al. 2011), and links the glutamine pathway with arginine through
glutamate and P5SC (Wu and Morris 1998). While ornithine can be synthesized from glutamine
and proline, increased plasma ornithine concentrations are only observed after ornithine
supplementation (Ewtushik et al. 2000; Sugino et al. 2008), with the increased plasma arginine
levels caused by arginine supplementation (Daly et al. 1988; Castillo et al. 1995; Wilson et al.
2007), or after supplementation with compounds that elevate plasma arginine concentrations,
such as citrulline and N-carbamylglutamate (Osowska 2004; Collins et al. 2007; Wu et al.
2010). However, we found that plasma ornithine levels in +ARG and +CIT only tended to be
higher than those in CTRL at all postprandial timepoints, and there was no significant increase
in plasma ornithine due to arginine or citrulline supplementation.

An increase in postprandial plasma citrulline levels was only found in +CIT. Citrulline
obtained from food is taken up by a transporter (Vadgama and Evered 1992). In terrestrial
animals, citrulline has an exceptionally high bioavailability, a high intestinal absorption
velocity, and an ability to be taken up by various amino acid transporters (Bahri et al. 2008;
Moinard et al. 2008; Cynober et al. 2010). These facts could explain the high loading capacity
of plasma citrulline in +CIT (800-times its basal state) compared to that of plasma arginine in
+ARG (3.8-times its basal state) and that of plasma ornithine in +ORN (21.7-times its basal
state).

While it is probable that citrulline in the postprandial plasma of the fish in +CIT was
obtained from dietary supplementation, it can also be produced by two enzymes: ornithine

carbamoyl transferase (OCT) and NOS. OCT is commonly found in the intestinal mucosa and
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livers of terrestrial animals (Ryall et al. 1985; Curis et al. 2005), converts ornithine into
citrulline, and is part of the ornithine-urea cycle. In the intestine, citrulline can be produced de
novo from glutamine, proline, or arginine, and plays a role in regulating nitrogen homeostasis
(Wu 1997; Wu and Morris 1998; Moinard and Cynober 2007; Cynober et al. 2010; Wu et al.
2011). Citrulline, and nitric oxide, can also be synthesized from arginine by NOS. This enzyme
is found in neural cells, macrophages, and endothelial cells, and is classified as nNOS, iNOS,
and eNOS, respectively (Curis et al. 2005). iNOS is a type of nitric oxide that can be induced
by stimulatory cytokines and infections, and plays an important role in innate immunity
(Bogdan 2001; Aktan 2004). However, it is unlikely that plasma citrulline originates in the
nitric oxide pathway, because the production of nitric oxide is strictly regulated as it can induce
apoptosis (Mori 2007). In humans and other terrestrial animals, circulating citrulline can be
taken up by cells that metabolize arginine into nitric oxide, or it can be converted into arginine
in the kidney, enter the blood, and increase circulating arginine levels. The potential use of
citrulline to increase plasma arginine production has been suggested previously (Bahri et al.
2013), including in rainbow trout (Chiu et al. 1986). In the present study, it was not only shown
that citrulline can produce similar plasma arginine levels as +ARG at 30 hours postprandial,
but also that it can be more effective in increasing circulating arginine levels than +ARG,
because plasma citrulline levels in +CIT were very high.
Feeding and disease challenge

Survival was higher in +CIT than in CTRL after an intraperitoneal injection of V.
anguillarum, and kidney iNOS expression was also higher in +CIT than in CTRL. This could
indicate the activation of a M1 macrophage, in which iNOS is specifically expressed
(Wiegertjes et al. 2016). A review of macrophage polarization in fish suggested that the
activation of M1/classically activated macrophages is characterized by cell-mediated immunity,

killing intracellular pathogens such as V. anguillarum (Boesen et al. 2001; Wiegertjes et al.
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2016). Therefore, citrulline increased iNOS expression in the kidney and killed V. anguillarum,
which eventually increased fish survival.

Extracellular arginine is important for maintaining nitric oxide production (Wu and
Morris 1998), and we found that arginine levels in the plasma and kidneys of +CIT fish were
significantly higher than those in the plasma and kidneys of +ORN and CTRL fish, respectively,
and +ARG and +ORN fish, respectively. Furthermore, citrulline levels in the plasma and
kidneys of +CIT fish were significantly higher than those in the plasma and kidneys of fish in
the other treatments. In terrestrial animals, supplementation with 80 or 120 uM of citrulline
can produce more nitric oxide than supplementation with arginine at a similar concentration.
Rapovy et al. (2015) demonstrated that supplementation with L-citrulline alone or with both
L-arginine and L-citrulline results in higher nitric oxide production than with supplementation
with only L-arginine. Therefore, it is possible that both arginine and citrulline in the kidney
play important roles in the sustainable production of nitric oxide.

The renal expression of 11-1B was significantly higher in +ORN than in CTRL. II-1f is
a pro-inflammatory cytokine that plays an important role in the innate immune system
(Dinarello 1996). It is possible that high IL-1p expression is related to innate immune system
activation (Gioacchini et al. 2008; Awad et al. 2011); however, further studies are required to
determine an association between high I1-1f expression and dietary ornithine supplementation,
because arg2 expression did not significantly differ between CTRL and +ORN.

In summary, dietary supplementation of rainbow trout with 2% citrulline increased
plasma arginine production to a similar level as arginine supplementation. Furthermore, when
challenged with V. anguillarum, 2% citrulline supplementation increased survival compared
to CTRL, increased post-injection plasma and renal arginine and citrulline levels, and

significantly increased iNOS expression. Therefore, citrulline supplementation is better than
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arginine supplementation in enhancing the immune performance of rainbow trout when

challenged with V. anguillarum.
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CHAPTER 5
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V. General Summary

For general conclusion, arginine supplementation did not enhance growth performance
and feed efficiency based on 9 weeks feeding trial on rainbow trout. Furthermore, using
postprandial study, it seems that supplementation with different level of dietary arginine
increase production of plasma urea and imply negative association with endogenous arginine
synthesis through lower production of plasma citrulline especially at 18 hours postprandial
compared to control treatment that has sufficient level of dietary arginine. In the case of
plasma ornithine of this postprandial study, positive association between dietary arginine
supplementation and plasma ornithine was found.

Since, it was found that arginine supplementation did not produce significant
difference found in growth, no higher arginine composition found in muscle of rainbow trout
feed with arginine supplemented group and increase plasma urea production. These findings
raise possibility to use arginine catabolite to emulate the beneficial properties of arginine.
One of potential compounds are ornithine and citrulline. In the first chapter, it is stated that in
the endogenous arginine synthesis, ornithine can be converted into citrulline in intestine and
citrulline will then converted into arginine in kidney. Thus, supplementation with ornithine
and citrulline was aimed to utilize endogenous arginine pathways to increase production of
plasma arginine.

In second experiment, result in postprandial study shows that supplementation with
citrulline can increase arginine production compared to control treatment. However,
supplementation with ornithine did not seems to increase plasma arginine production up until
30 hours postprandial observation. Furthermore, upon survival challenge, with Vibrio
anguillarum, although higher post-injection plasma arginine was found in group that was
supplemented with only 1% of citrulline in rainbow trout that was fed for 30 days, survival

analysis did not show significant difference among all treatment. This result was also

-75-



corroborated with gene expression analysis in kidney who did not found any increase of
iNOS in the group that was supplemented with 1% citrulline.

Upon result from the second experiment, the third experiment was aimed to evaluate
whether citrulline or ornithine can be used to replace arginine as functional ingredients. Since
previous research with only 1 % supplementation did not produce better result on bacterial
challenge, the supplementation dosage in the third experiment was increase into 2% of diet.

On the third experiment, postprandial study shows that citrulline supplementation can
produce plasma arginine at similar level with arginine supplementation. However, short
feeding trial shows that treatment with 2% citrulline supplementation produce lower growth
compared to treatment with 2% of arginine supplementation. While produce lower growth
performance, treatment with 2% citrulline supplementation shows better survival upon
challenge with Vibrio anguillarum. The effect of citrulline supplementation is also supported
with higher plasma arginine, high free arginine and citrulline availability in kidney, and
higher expression of inducible nitric oxide in kidney which indicate activation of M1

macrophage for intracellular immune activity.
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APPENDIXES

Chapter I1:
Initial weight
Anova
Source of
Variation SS df MS F P-value F crit
Between Groups 1.489238889 2 0.744619 0.248682 0.787485 5.143253
Within Groups 17.96556667 6 2.994261
Total 19.45480556 8
Final Weight
Anova
Source of
Variation SS df MS F P-value
Between Groups 182.1977 2 91.09885 0.980838 0.427997
Within Groups 557.2716 6 92.8786
Total 739.4693 8
Weight gain
Anova
Source of Variation SS df MS F P-value
Between Groups 306.9 2 153.4 0.5390 0.6092
Within Groups 1708 6 284.7
Total 2015 8
Feed intake
Anova
Source of
Variation SS df MS F P-value F crit
Between Groups 35968.99 2 17984.5 1.288209 0.342402 5.143253
Within Groups 83765.09 6 13960.85
Total 119734.1 8
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Feeding efficiency

Anova

Source of Variation SS df MS F P-value
Treatment (between columns) 33.07 2 16.54F(2,6)=0.6825P = 0.5407
Residual (within columns) 145.4 6 24.23
Total 178.4 8

Protein efficiency ratio

Anova

Source of Variation SS df MS F P-value
Treatment (between columns) 0.1313 2 0.06567 5.522 0.0436
Residual (within columns) 0.07135 6 0.01189
Total 0.2027 8

Tukey’s multiple comparison

Tukey's multiple comparisons

test Mean Diff. 95% Cl of diff. Significant?  Summary
CTRLvs. 3.89A 0.04601 -0.2272 10 0.3192 No ns
CTRLvs. 5.64A 0.2761 0.002943 to 0.5493 Yes *
3.89A vs. 5.64A 0.2301 -0.04306 to 0.5033 No ns
Survival
Raw data
CTRL 3.89A 5.64A
95 100 90
100 95 95
100 95 90
Anova
ANOVA
Source of Variation SS df MS F P-value
Between Groups 72.22222 2 36.11111 4.333333 0.068464
Within Groups 50 6 8.333333
Total 122.2222 8
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Anova

Source of Variation

Treatment (between columns)
Residual (within columns)
Total

Tukey’s multiple comparison

Tukey's multiple comparisons
test

CTRLvs. 3.89A
CTRLvs. 5.64A
3.89A vs. 5.64A

Anova

Source of Variation

Treatment (between columns)
Residual (within columns)
Total

Threonine

ANOVA table

Treatment (between columns)
Residual (within columns)
Total

Valine

ANOVA table

Treatment (between columns)
Residual (within columns)
Total

Muscle protein content

SS df MS F P-value
100.9 2 50.46 6.724  0.0294
45.02 6 7.504
145.9 8
Mean Diff. 95% Cl of diff. Significant? Summary
-7.566 -14.43 10 -0.7032 Yes *
-6.526 -13.39t0 0.3369 No ns
1.040 -5.823 t0 7.903 No ns
Muscle lipid content
Ss df MS F P-value
4.195 2 2.097 0.2433 0.7914
51.72 6 8.619
55.91 8
Amino acid of muscle
SS DF MS F (DFn, DFd)  Pvalue
F(2,6)= =
0.1409 2 0.07044 0.8929 0.4577
0.4733 6 0.07888
0.6142 8
SS DF MS F (DFn, DFd) P value
F(2,6)= P=
1.171 2 0.5854 1.707 0.2588
2.057 6 0.3428
3.228 8
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Arginine

ANOVA table

Treatment (between columns)
Residual (within columns)
Total

Isoleucine

ANOVA table

Treatment (between columns)
Residual (within columns)
Total

Leucine

ANOVA table

Treatment (between columns)
Residual (within columns)
Total

Phenylalanine

ANOVA table

Treatment (between columns)
Residual (within columns)
Total

Histidine
ANOVA table

Treatment (between columns)
Residual (within columns)
Total

Lysine
ANOVA table
Treatment (between columns)

Residual (within columns)
Total

SS
0.5567

0.6169
1.174

SS
0.01886

0.3524
0.3713

SS
0.1729

1.202
1.374

SS
0.08779

0.4455
0.5333

SS
0.02238

0.1778
0.2002

SS
0.7805

1.045
1.826
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DF

(o)}

DF

(o)}

DF

(o)}

DF

(o)}

DF

(o)}

MS

0.2783
0.1028

MS
0.00943
0
0.05874

MS

0.08644
0.2003

MS

0.04389
0.07425

MS

0.01119
0.02964

MS

0.3903
0.1742

F (DFn, DFd)
F(2,6)=
2.707

F (DFn, DFd)
F(2,6)=
0.1605

F (DFn, DFd)
F(2,6)=
0.4317

F (DFn, DFd)
F(2,6)=
0.5912

F (DFn, DFd)
F(2,6)=
0.3776

F (DFn, DFd)
F(2,6)=
2.240

P value
P=
0.1452

P value

0.8552

P value
P=
0.6681

P value
P=
0.5830

P value

0.7007

P value
P=
0.1877



Tryptophan

ANOVA table SS DF MS F (DFn, DFd)  Pvalue
0.00575 F(2,6)= P=
Treatment (between columns) 0.01151 2 5 0.6087 0.5745
0.00945
Residual (within columns) 0.05672 6 4
Total 0.06823 8
Methionine
Source of
Variation SS df MS F P-value
Between Groups 0.001544 2 0.000772127 0.88696095 0.459762
Within Groups 0.005223 6 0.000870531
Total 0.006767 8
Serine
Source of Variation SS df MS F P-value
Between Groups 0.013603533 2 0.006802 2.610194 0.152908
Within Groups 0.015635081 6 0.002606
Total 0.029238614 8
Glutamate
Source of Variation SS df MS F P-value
Between Groups 0.301081782 2 0.150541 2.806993 0.137883
Within Groups 0.321784001 6 0.053631
Total 0.622865783 8
Glycine
Source of Variation SS df MS F P-value
Between Groups 0.01142072 2 0.00571 2.574522 0.155862
Within Groups 0.013308164 6 0.002218
Total 0.024728884 8
Alanine
Source of Variation SS df MS F P-value
Between Groups 0.006122747 2 0.003061 0.770353 0.503753
Within Groups 0.023843934 6 0.003974
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Total 0.029966681 8
Cysteine
Source of Variation SS df MS F P-value
8.51E-
Between Groups 1.70218E-07 2 08 0.05594 0.946083
1.52E-
Within Groups 9.12866E-06 6 06
Total 9.29888E-06 8
Cystathionine
ANOVA
Source of Variation Ss df MS F P-value
4.43E-
Between Groups 8.86096E-05 2 05 0.575701 0.590582
Within Groups 0.000461748 6 7.7E-05
Total 0.000550357 8
Tryrosine
Source of Variation ) df MS F P-value
Between Groups 0.005495672 2 0.002748 1.817289 0.241521
Within Groups 0.009072315 6 0.001512
Total 0.014567987 8
Proline
Source of Variation ) df MS F P-value
Between Groups 0.012444055 2 0.006222 2.433092 0.168354
Within Groups 0.015343507 6 0.002557
Total 0.027787562 8
Taurine
Source of Variation SS df MS F P-value
Between Groups 0.003120888 2 0.00156 1.146507 0.378718
Within Groups 0.008166249 6 0.001361
Total 0.011287137 8
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Aspartate

Source of Variation SS df MS F P-value
Between Groups 0.010436418 2 0.005218 0.399643 0.68717
Within Groups 0.078343136 6 0.013057
Total 0.088779554 8

Plasma amino acid

Plasma arginine

ANOVA table SS DF MS F (DFn, DFd) P value
Interaction 10490 6 1748 F (6, 18) =4.303P =0.0073
Time 14404 3 4801 F(3,18)=11.82P =0.0002
Column Factor 30230 2 15115 F(2,6)=25.14 P=0.0012
Subjects (matching) 3607 6 601.1 F(6,18)=1.479P =0.2408
Residual 7315 18 406.4

Mean
Dunnett's multiple comparisons test Diff. 95% Cl of diff. ~Significant? Summary
0
CTRLvs. 3.89A -21.16 -62.08 to 19.76 No ns
CTRLvs. 5.64A -21.21 -62.13t019.72 No ns
6
CTRLvs. 3.89A -66.53 -107.5to-25.61Yes ok
CTRLvs. 5.64A -67.90 -108.8t0-26.98Yes *ok
12
CTRLvs. 3.89A -43.77 -84.69 to -2.847 Yes *
CTRLvs. 5.64A -109.1 -150.0to-68.18Yes ok x
18
CTRLvs. 3.89A -13.84 -54.76t027.09 No ns
CTRLvs. 5.64A -85.68 -126.6to0-44.76Yes Hokk

Mean

Dunnett's multiple comparisons test Diff. 95% Cl of diff. Significant? Summary
CTRL
Ovs.6 -6.431 -48.62t035.76 No ns
Ovs.12 -10.01 -52.21t032.18 No ns
Ovs.18 -31.39 -73.58t0 10.80 No ns
3.89A
Ovs.6 -51.80 -93.99 to0-9.608 Yes *
Ovs.12 -32.62 -74.81t09.572 No ns
Ovs.18 -24.06 -66.26t0 18.13 No ns
5.64A
Ovs.6 -53.13  -95.32t0-10.94 Yes *
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Ovs. 12
Ovs. 18

Plasma ornithine

ANOVA table SS DF
Interaction 975.6 6
Time 492.9 3
Column Factor 1813 2
Subjects (matching) 229.6 6
Residual 858.3 18

Dunnett's multiple comparisons test

0
CTRLvs. 3.89A
CTRLvs. 5.64A
6
CTRLvs. 3.89A
CTRLvs. 5.64A

12
CTRLvs. 3.89A
CTRLvs. 5.64A
18
CTRLvs. 3.89A
CTRLvs. 5.64A

Dunnett's multiple comparisons test

CTRL
Ovs.6
Ovs.12
Ovs.18

3.89A
Ovs.6
Ovs.12
Ovs.18

5.64A
Ovs.6
Ovs.12
Ovs.18

Plasma citrulline

-97.91
-95.87

MS

162.6
164.3
906.4
38.27
47.69

Mean
Diff.

-5.330
-5.133

-11.53
-9.613

-10.95
-27.95

-2.083
-26.61

Mean
Diff.

1.047
0.3367
-1.490

-5.157
-5.280
1.757

-3.433
-22.48
-22.97
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-140.1 to -55.72 Yes *kkk
-138.1to -53.67 Yes okl

F (DFn, DFd) P value

F (6, 18) =3.410 P =0.0200
F(3,18)=3.446 P=0.0388
F(2,6)=23.68 P=0.0014
F (6, 18) =0.8026 P = 0.5807

95% Cl of diff.  Significant? Summary

-18.25t0 7.586 No ns
-18.05t07.783 No ns
-24.45t01.383 No ns
-22.53t03.303 No ns
-23.86t01.970 No ns
-40.87 to -15.03 Yes kK
-15.00t0 10.83 No ns
-39.53t0-13.70 Yes *kk

95% Cl of diff.  Significant? Summary

-13.41t0 15.50 No ns
-14.12t0 14.79 No ns
-15.94t012.96 No ns
-19.61t09.297 No ns
-19.73t09.174 No ns
-12.70t0 16.21 No ns
-17.89t011.02 No ns
-36.93 to -8.026 Yes *x
-37.42t0 -8.516 Yes *x



ANOVA table SS DF

Interaction 428.7 6
Time 697.6 3
Column Factor 71.48 2
Subjects (matching) 249.1 6
Residual 376.7 18

Dunnett's multiple comparisons test
0

CTRLvs. 3.89A
CTRLvs. 5.64A
6

CTRLvs. 3.89A
CTRLvs. 5.64A
12

CTRLvs. 3.89A
CTRLvs. 5.64A
18

CTRLvs. 3.89A
CTRLvs. 5.64A
Dunnett's multiple comparisons test
CTRL

Ovs.6
Ovs.12
Ovs.18

3.89A

Ovs.6
Ovs.12
Ovs.18

5.64A

Ovs.6
Ovs.12
Ovs.18

Plasma lysine

ANOVA table SS DF
Interaction 1.662 6
Time 1.933 3
Column Factor 0.06533 2
Subjects (matching) 4.437 6
Residual 7.659 18

Plasma essential amino acid

ANOVA table SS DF
Interaction 180228 6

MS

71.45
232.5
35.74
41.51
20.93

F (DFn, DFd) P value

F(6,18) =3.414P =0.0199
F(3,18)=11.11P =0.0002
F(2,6)=0.8610P =0.4691
F(6,18)=1.984P=0.1216

Mean Diff. 95% ClI of diff.

Significant? Summary

-1.127 -10.92t0 8.669 No ns
1.777 -8.019t011.57 No ns
-5.287 -15.08 to 4.509 No ns
-5.483 -15.28t04.312 No ns
6.043 -3.752t015.84 No ns
1.743 -8.052t011.54 No ns
8.197 -1.599t017.99 No ns
15.73 5.931t025.52 Yes *x

Mean Diff. 95% ClI of diff.

Significant? Summary

-4.730 -14.30t0 4.845 No ns
-9.883 -19.46 to -0.3084 Yes *
-19.85 -29.42 t0-10.27 Yes *rk
-8.890 -18.46 to 0.6849 No ns
-2.713 -12.29t06.862 No ns
-10.52 -20.10 to -0.9484 Yes *
-11.99 -21.56t0-2.415 Yes *
-9.917 -19.49to -0.3417 Yes *
-5.897 -15.47 to 3.678 No ns
MS F (DFn, DFd) P value
0.2770 F (6,18)=0.6509P = 0.6892
0.6445 F(3,18)=1.515 P=0.2448
0.03267 F(2,6)=0.04417P=0.9571
0.7395 F(6,18)=1.738 P=0.1694
0.4255
MS F (DFn, DFd) P value
30038 F(6,18)=1.783 P=0.1594
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Time 2.514e+006 3 838035 F(3,18)=49.75 P < 0.0001
Column Factor 18361 2 9180 F(2,6)=0.1774 P=0.8417
Subjects (matching) 310501 6 51750 F (6, 18) =3.072 P =0.0300
Residual 303233 18 16846
Mean

Dunnett's multiple comparisons test Diff. 95% Cl of diff. Significant? Summary
0
CTRLvs. 3.89A -32.81 -339.6t0274.0No ns
CTRLvs. 5.64A 54.03 -252.7to 360.8No ns
6
CTRLvs. 3.89A -103.6 -410.4to0 203.1No ns
CTRLvs. 5.64A 38.97 -267.8 to 345.7No ns
12
CTRLvs. 3.89A 23.39 -283.4to0 330.2No ns
CTRLvs. 5.64A -107.7 -414.4t0199.1No ns
18
CTRLvs. 3.89A 266.7 -40.10to0573.4No ns
CTRLvs. 5.64A 229.4  -77.37to536.2No ns
CTRL
Ovs.6 -95.30 -367.0t0176.4 No ns
Ovs. 12 -498.9 -770.5t0-227.2Yes Hokk
Ovs. 18 -782.7 -1054to-511.1 Yes ok x
3.89A
Ovs.6 -166.1 -437.8t0105.5 No ns
Ovs. 12 -442.7 -714.3to-171.0Yes ok
Ovs. 18 -483.3 -754.9to-211.6Yes ok k
5.64A
Ovs.6 -110.4 -382.0t0161.3 No ns
Ovs.12 -660.6 -932.2 t0-388.9Yes oAk
Ovs. 18 -607.4 -879.0to-335.7 Yes Hok Ak
Plasma urea
ANOVA table SS DF MS F (DFn, DFd) P value
Interaction 117.8 2 58.90 F(2,12)=0.2300 P=0.7979
Row Factor 2.347 2 1.174 F(2,12) =0.004583 P =0.9954
Column Factor 674.7 1 674.7 F(1,12)=2.635 P=0.1305
Residual 3073 12 256.1

Hepatic free AA
Arginine
ANOVA table SS DF MS F (DFn, DFd) P value

-100 -



Interaction 111.9 2
Row Factor 3.339 1
Column Factor  244.3 2
Residual 424.3 12
Tukey's multiple comparisons test

0

CTRLvs. 3.89A

CTRLvs. 5.64A

3.89A vs. 5.64A

18

CTRLvs. 3.89A

CTRLvs. 5.64A

3.89A vs. 5.64A

Sidak's multiple comparisons test
0-18

CTRL

3.89A

5.64A

Ornithine

ANOVA table SS DF
Interaction 379.3 2
Row Factor 253.2 1
Column Factor 1390 2
Residual 1699 12

Tukey's multiple comparisons test
0

CTRLvs. 3.89A

CTRLvs. 5.64A

3.89A vs. 5.64A

18

CTRLvs. 3.89A

CTRLvs. 5.64A

3.89A vs. 5.64A

Sidak's multiple comparisons test
0-18
CTRL

55.95
3.339
122.1
35.36

Mean
Diff.

-6.600
-14.03
-7.429

-6.354
-3.329
3.024

Mean
Diff.

-2.787
-2.541
7.912

MS

189.7
253.2
695.1
141.6

Mean
Diff.

-8.083
-12.24
-4.157

-4.580

-29.73
-25.15

Mean
Diff.

-2.840

F(2,12)=1.582 P =0.2455
F(1,12) = 0.09442 P = 0.7639
F(2,12)=3.454 P =0.0654

95% Cl of diff. ~Significant? Summary

-19.55t0 6.353 No ns
-26.98 to -1.076 Yes *

-20.38t0 5.525 No ns
-19.31t0 6.599 No ns
-16.28 t09.624 No ns
-9.929t0 15.98 No ns

95% Cl of diff. Significant? Summary

-16.24 t0 10.66 No ns
-15.99t010.91 No ns
-5.538 t0 21.36 No ns

F (DFn, DFd) P value

F(2,12) =1.340P =0.2984
F(1,12)=1.789P =0.2059
F(2,12)=4.910P =0.0277

95% Cl of diff. ~ Significant? Summary

-34.00t0 17.83 No ns
-38.16 t0 13.68 No ns
-30.07t0 21.76 No ns
-30.50to0 21.34 No ns
-55.64 to -3.810 Yes *

-51.06 to 0.7697 No ns

95% Cl of diff. Significant? Summary

-29.75t0 24.07 No ns
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3.89A 0.6627 -26.25to 27.57No ns

5.64A -20.33  -47.24t06.584 No ns
Citrulline
ANOVA table SS DF MS F (DFn, DFd) P value
Interaction 224.3 2 1121 F(2,12) =14.66P =0.0006
Row Factor 74.97 1 74.97 F(1,12)=9.800P =0.0087
Column Factor  131.7 2 65.84 F(2,12) =8.606P =0.0048
Residual 91.80 12 7.650
Mean

Tukey's multiple comparisons test Diff. 95% Cl of diff. Significant? Summary
0
CTRLvs. 3.89A 11.45 5.4281t017.48 Yes Hokk
CTRLvs. 5.64A 14.38  8.359t020.41 Yes Hokkk
3.89A vs. 5.64A 2.930 -3.095to 8.955No ns
18
CTRLvs. 3.89A -2.475 -8.500 to 3.550No ns
CTRLvs. 5.64A -1.456 -7.481to4.570No ns
3.89A vs. 5.64A 1.020 -5.005 to 7.045No ns

Mean
Sidak's multiple comparisons test Diff. 95% Cl of diff. Significant? Summary
0-18
CTRL 14.00 7.748t020.26 Yes rAx
3.89A 0.07554 -6.181to 6.332 No ns
5.64A -1.835 -8.091to04.422No ns
Total EAA
ANOVA table SS DF MS F (DFn, DFd) P value
Interaction 10293 2 5147 F(2,12)=1.357 P=0.2943
Row Factor 641.7 1 641.7 F(1,12)=0.1692P = 0.6881
Column Factor 14686 2 7343 F(2,12)=1.936 P=0.1868
Residual 45522 12 3794

Intestinal qPCR

ARG2
Kruskal-Wallis test
P value 0.0107
Exact or approximate P value? Exact
P value summary *
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Do the medians vary signif. (P < 0.05) Yes

Number of groups 3
Kruskal-Wallis statistic 6.489

Dunn's multiple Mean rank

comparisons test diff. Significant? Summary
CTRLvs. 3.89A -3.333 No ns
CTRLvs. 5.64A -5.667 Yes *
3.89A vs. 5.64A -2.333 No ns
iNOS

Kruskal-Wallis test

P value 0.2321

Exact or approximate P value? Exact

P value summary ns

Do the medians vary signif. (P < 0.05) No

Number of groups 3
Kruskal-Wallis statistic 3.289
HSP70

Kruskal-Wallis test

P value 0.0107

Exact or approximate P value? Exact

P value summary *

Do the medians vary signif. (P < 0.05) Yes

Number of groups 3
Kruskal-Wallis statistic 6.489

Dunn's multiple Mean rank

comparisons test diff. Significant? Summary
CTRLvs. 3.89A -3.333 No ns
CTRLvs. 5.64A -5.667 Yes *
3.89A vs. 5.64A -2.333 No ns
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Chapter 111

Plasma arginine

ANOVA table
Interaction
Row Factor
Column Factor

Residual

SS
788.4
2148
651.1
1042

Postprandial plasma amino acid

DF

32

Dunnett's multiple comparisons test

CTRL
Ovs.7
Ovs. 15
Ovs. 30

ORN
Ovs.7
Ovs. 15
Ovs. 30

CIT
Ovs.7
Ovs. 15
Ovs. 30
ORN-CIT
Ovs.7
Ovs. 15
Ovs. 30

Tukey's multiple comparisons test

0

CTRLvs. ORN
CTRLvs. CIT
CTRL vs. ORN-CIT
ORNvs. CIT

ORN vs. ORN-CIT
CIT vs. ORN-CIT
7

CTRLvs. ORN
CTRLvs. CIT
CTRL vs. ORN-CIT
ORNvs. CIT

Mean
Diff.

0.0
0.0
0.0
0.0
0.0
0.0

-0.4667
-5.333
-5.000
-4.867

MS F (DFn, DFd) P value
87.60 F(9,32)=2.691 P=0.0188
716.1 F(3,32)=22.00 P<0.0001
217.0 F(3,32)=6.667 P=0.0013
32.55
Mean
Diff. 95% Cl of diff.  Significant? Summary
0.3067 -11.18t011.79 No ns
-11.89 -23.38t0-0.4062Yes *
-6.093 -17.58t05.394 No ns
-0.1600 -11.65t011.33 No ns
-1.727 -13.21t09.761 No ns
-16.39 -27.88t0-4.906 Yes ok
-5.027 -16.51t06.461 No ns
-18.79 -30.28t0-7.306 Yes Hokk
-30.23 -41.71t0-18.74 Yes kA
-4.693 -16.18t06.794 No ns
-12.73 -24.21t0-1.239 Yes *
-13.59 -25.08t0-2.106 Yes *

95% Cl of diff.

-12.62 t0 12.62
-12.62to0 12.62
-12.62 to0 12.62
-12.62 t0 12.62
-12.62 to 12.62
-12.62t0 12.62

-13.09to0 12.16
-17.96 t0 7.289
-17.62 t0 7.622
-17.49t0 7.755
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Significant? Summary

No
No
No
No
No
No

No
No
No
No

ns
ns
ns
ns
ns
ns

ns
ns
ns
ns



ORN vs. ORN-CIT -4.533 -17.16t0 8.089 No ns

CIT vs. ORN-CIT 0.3333 -12.29t012.96 No ns
15

CTRLvs. ORN 10.17  -2.455t022.79 No ns
CTRLvs. CIT -6.900 -19.52t05.722 No ns
CTRLvs. ORN-CIT -0.8333 -13.46t011.79 No ns
ORNvs. CIT -17.07 -29.69 to -4.445Yes *k
ORN vs. ORN-CIT -11.00 -23.62t01.622 No ns
CIT vs. ORN-CIT 6.067 -6.555t018.69 No ns

Plasma ornithine

ANOVA table SS DF MS F (DFn, DFd) P value
Interaction 468.1 9 52.01 F(9,32)=5.356 P=0.0002
Row Factor 428.8 3 142.9 F(3,32)=14.72 P<0.0001
Column Factor 931.0 3 310.3 F(3,32)=31.96 P<0.0001
Residual 310.7 32 9.710

Mean
Dunnett's multiple comparisons test Diff. 95% Cl of diff.  Significant? Summary
CTRL
Ovs.7 0.4333 -5.840t06.707 No ns
Ovs. 15 -0.9633 -7.237t05.310 No ns
Ovs. 30 -0.07667 -6.350t0 6.197 No ns
ORN
Ovs.7 -13.08 -19.36t0-6.810 Yes okl
Ovs.15 -6.073  -12.35t00.2002 No ns
Ovs. 30 -7.310 -13.58t0-1.036 Yes *
CIT
Ovs.7 -0.7100 -6.984t05.564 No ns
Ovs.15 -2.372  -8.645t03.902 No ns
Ovs. 30 -5.510 -11.78t00.7635No ns
ORN-CIT
Ovs.7 -16.57 -22.84t0-10.29 Yes oAk
Ovs. 15 -17.40 -23.68t0-11.13 Yes ok ok
Ovs. 30 -12.38 -18.65t0-6.103 Yes oAk
0
CTRL vs. ORN 0.0 -6.893t06.893 No ns
CTRLvs. CIT 0.0 -6.893t06.893 No ns
CTRLvs. ORN-CIT 0.0 -6.893t06.893 No ns
ORNvs. CIT 0.0 -6.893t06.893 No ns
ORN vs. ORN-CIT 0.0 -6.893t06.893 No ns
CIT vs. ORN-CIT 0.0 -6.893t06.893 No ns
7
CTRLvs. ORN -13.52 -20.41t0-6.623 Yes Hokkk
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CTRLvs. CIT
CTRLvs. ORN-CIT
ORN vs. CIT

ORN vs. ORN-CIT
CIT vs. ORN-CIT
15

CTRLvs. ORN
CTRLvs. CIT
CTRLvs. ORN-CIT
ORN vs. CIT

ORN vs. ORN-CIT
CIT vs. ORN-CIT
30

CTRLvs. ORN
CTRLvs. CIT
CTRLvs. ORN-CIT
ORN vs. CIT

ORN vs. ORN-CIT
CIT vs. ORN-CIT

Plasma citrulline

ANOVA table SS DF
Interaction 174760 9
Row Factor 171197 3
Column Factor 367619 3
Residual 21804 32

Dunnett's multiple comparisons test

CTRL
Ovs.7
Ovs. 15
Ovs. 30

ORN
Ovs.7
Ovs. 15
Ovs. 30
CIT
Ovs.7
Ovs. 15
Ovs. 30
ORN-CIT
Ovs.7
Ovs. 15

-1.143
-17.00
12.37

-3.485
-15.86

-5.110
-1.408
-16.44
3.702

-11.33
-15.03

-7.233
-5.433
-12.30
1.800

-5.067
-6.867

-8.037 to0 5.750
-23.89t0-10.11
5.480 to 19.27

-10.38 to 3.408
-22.75 to -8.965

-12.00 to 1.783
-8.302 to0 5.485
-23.33 t0 -9.547
-3.192 to 10.59
-18.22 to -4.437
-21.92t0-8.138

-14.13 to -0.3400
-12.33 to 1.460
-19.19 to -5.407
-5.093 to 8.693
-11.96 to 1.827

Yes
Yes
No
Yes

No
No
Yes
No
Yes
Yes

Yes
No
Yes
No
No

-13.76 t0 0.02662 No

ns
ok ok ok

%k % %

ns
* %k % ok

ns
ns
ok ok ok
ns

% %k %

% %k % %k

ns
*ok ok
ns
ns
ns

MS
19418
57066
122540
681.4

Mean
Diff.

-0.4237
-0.6220
-0.6237

-0.3403
-1.025
-1.390

-123.6
-197.7
-315.5

-156.2
-277.5
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F (DFn, DFd) P value

F(9,32)=28.50 P<0.0001
F(3,32)=83.75 P<0.0001
F(3,32)=179.8 P<0.0001

95% Cl of diff.  Significant? Summary

-52.98 t0 52.13
-53.17t0 51.93
-53.18 t0 51.93

No ns
No ns
No ns

-52.89t052.21
-53.58 t0 51.53
-53.94t0 51.16

No ns
No ns
No ns
-176.1t0-71.01 Hok A
-250.3to0-145.2
-368.0t0-262.9

Yes
Yes
Yes

% %k %k %k

% %k %k %k

%k %k %k %k

-208.7 to -103.6
-330.1to -225.0

Yes

Yes % %k %k %k



Ovs. 30

Tukey's multiple comparisons test

0

CTRLvs. ORN
CTRLvs. CIT
CTRL vs. ORN-CIT
ORNvs. CIT

ORN vs. ORN-CIT
CIT vs. ORN-CIT

7

CTRLvs. ORN
CTRLvs. CIT
CTRL vs. ORN-CIT
ORNvs. CIT

ORN vs. ORN-CIT
CIT vs. ORN-CIT

15

CTRLvs. ORN
CTRLvs. CIT
CTRL vs. ORN-CIT
ORNvs. CIT

ORN vs. ORN-CIT
CIT vs. ORN-CIT

30

CTRLvs. ORN
CTRLvs. CIT
CTRL vs. ORN-CIT
ORNvs. CIT

ORN vs. ORN-CIT
CIT vs. ORN-CIT

Initial weight
ANOVA table

Treatment (between columns)
Residual (within columns)
Total

Final weight

ANOVA table

%k %k % %k

Significant? Summary

ns
ns
ns
ns
ns
ns

ns
* k%

% % % %
* % %k

%k %k k¥

ns

ns
* ok %k

%k % % %
% %k %k
% %k %k %

% %k %k %k

ns
* ok %k

%k % %k %
% %k %k

% %k %k %

ns

P value

P value

-323.8 -376.3to-271.2 Yes
Mean
Diff. 95% Cl of diff.
0.0 -14.58 t0 14.58 No
0.0 -14.58 t0 14.58 No
0.0 -14.58 t0 14.58 No
0.0 -14.58 t0 14.58 No
0.0 -14.58 t0 14.58 No
0.0 -14.58 t0 14.58 No
0.002055 -14.58t014.59 No
-24.00 -38.58t0-9.412 Yes
-31.48 -46.06 t0 -16.89 Yes
-24.00 -38.581t0-9.414 Yes
-31.48 -46.06 t0-16.89 Yes
-7.481 -22.06t07.103 No
-0.1059 -14.69to 14.48 No
-31.57 -46.15t0-16.99 Yes
-76.34 -90.92 to -61.75 Yes
-31.47 -46.051t0-16.88 Yes
-76.23 -90.81t0-61.65 Yes
-44.77 -59.35t0-30.18 Yes
-0.02976 -14.61to14.55 No
-42.37 -56.95t0-27.78 Yes
-54.77 -69.35t0-40.18 Yes
-42.34 -56.92t0-27.75 Yes
-54.74 -69.32t0-40.15 Yes
-12.40 -26.981t02.185 No
Growth performance

SS DF MS F (DFn, DFd)

0.02298 3 0.007661 F (3, 20) =0.001939 P = 0.9999

79.01 20 3.951

79.04 23

SS DF MS  F(DFn, DFd)
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Treatment (between columns)
Residual (within columns)
Total

Weight gain
ANOVA table

Treatment (between columns)
Residual (within columns)
Total

Feeding efficiency

ANOVA table

Treatment (between columns)
Residual (within columns)
Total

Survival of 15 days feeding

Comparison of Survival Curves

1.259 3
412.4 20 20.62
413.6 23
SS DF MS
936.3 3
192985 20 9649
193921 23
SS DF MS
661.1 3 220.4
7018 16 438.6
7679 19
Survival

Log-rank (Mantel-Cox) test (recommended)

Chi square

df

P value

P value summary

Are the survival curves sig different?

Survival of 30 days feeding

Comparison of Survival Curves

3.225

0.3582
ns
No

Log-rank (Mantel-Cox) test (recommended)

Chi square

df

P value

P value summary

Are the survival curves sig different?

4.849

0.1832
ns
No

F (DFn, DFd)

0.4196 F (3, 20)=0.02035P =0.9959

P value

312.1 F(3,20)=0.03234P=0.9919

F (DFn, DFd) P value
F (3, 16) = 0.5024 P = 0.6860

Plasma arginine 15 days feeding upon challenge with Vibrio anguillarum

ANOVA table

Treatment (between columns)
Residual (within columns)
Total

SS DF
1204 3
1626 8
2831 11

-108 -

MS F (DFn, DFd) P value

F(3,8)= P=
401.4 1.975 0.1964
203.3



Plasma arginine 30 days feeding upon challenge with Vibrio anguillarum

ANOVA table SS DF MS F (DFn, DFd) P value
F(3,8)= P=

Treatment (between columns) 989.0 3 329.7 10.15 0.0042

Residual (within columns) 259.8 8 32.47

Total 1249 11

Uncorrected Fisher's ~ Mean Individual P

LSD Diff. Significant? Summary Value

CTRL vs. ORN -5.540 No ns 0.2679

CTRLvs. CIT -23.75 Yes ook 0.0009

CTRLvs. ORN-CIT -15.05 Yes * 0.0120

ORNvs. CIT -18.21 Yes ok 0.0045

ORN vs. ORN-CIT -9.505 No ns 0.0753

CIT vs. ORN-CIT 8.703 No ns 0.0983

Plasma ornithine 15 days feeding upon challenge with Vibrio anguillarum

ANOVA table SS DF MS F (DFn, DFd) P value
Treatment (between columns) 33.60 3 11.20 F(3,8)=1.479P=0.2919
Residual (within columns) 60.58 8 7.572

Total 94.18 11

Plasma ornithine 30 days feeding upon challenge with Vibrio anguillarum

ANOVA table SS DF MS F (DFn, DFd) P value
F(3,8)= P=

Treatment (between columns) 286.0 3 95.35 6.777 0.0138

Residual (within columns) 112.6 8 14.07

Total 398.6 11

Uncorrected Fisher's Mean Individual P

LSD Diff. Significant? Summary Value

CTRLvs. ORN -7.108 Yes * 0.0488

CTRLvs. CIT -12.64 Yes ** 0.0033

CTRLvs. ORN-CIT -2.107 No ns 0.5110

ORNvs. CIT -5.533 No ns 0.1084

ORN vs. ORN-CIT 5.002 No ns 0.1411

CIT vs. ORN-CIT 10.54  Yes ok 0.0088

Plasma citrulline 15 days feeding upon challenge with Vibrio anguillarum

ANOVA table SS DF MS F (DFn, DFd) P value
Treatment (between columns) 182214 3 60738 F(3,8)=8.132P=0.0082
Residual (within columns) 59751 8 7469

Total 241965 11
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Uncorrected Fisher's Mean Individual P

LSD Diff. Significant? Summary Value

CTRLvs. ORN -0.2400 No ns 0.9974
CTRLvs. CIT -145.0 No ns 0.0740
CTRLvs. ORN-CIT -298.1 Yes ok 0.0029
ORN vs. CIT -144.7 No ns 0.0744
ORN vs. ORN-CIT -297.8 Yes ok 0.0029
CIT vs. ORN-CIT -153.1 No ns 0.0618

Plasma citrulline 30 days feeding upon challenge with Vibrio anguillarum

ANOVA table SS DF MS F (DFn, DFd) P value
Treatment (between columns) 175169 3 58390 F(3,8)=5.755P=0.0214
Residual (within columns) 81165 8 10146

Total 256334 11

Uncorrected Fisher's ~ Mean Individual P

LSD Diff. Significant? Summary Value

CTRLvs. ORN -0.3320 No ns 0.6131

CTRLvs. CIT -3.709 Yes Hokok 0.0004

CTRLvs. ORN-CIT -2.701  Yes *k 0.0027

ORNvs. CIT -3.377 Yes *E* 0.0007

ORN vs. ORN-CIT -2.369 Yes ** 0.0056

CIT vs. ORN-CIT 1.008 No ns 0.1489

iNOS expression after 15 days feeding upon challenge with Vibrio anguillarum

ANOVA table SS DF MS F (DFn, DFd) P value
F(3,8)= P=

Treatment (between columns) 0.5800 3 0.1933 4.052 0.0504

Residual (within columns) 0.3817 8 0.04771

Total 0.9617 11

iNOS expression after 30 days feeding upon challenge with Vibrio anguillarum

ANOVA table SS DF MS F (DFn, DFd) P value
F(3,8)= P=

Treatment (between columns) 1.267 3 0.4223 7.393 0.0108

Residual (within columns) 0.4570 8 0.05712

Total 1.724 11

Tukey's multiple Mean

comparisons test Diff. 95% Cl of diff. Significant? Summary

CTRLvs. ORN 0.1560 -0.4689 to 0.7809 No ns

CTRLvs. CIT 0.6924 0.06745to 1.317 Yes *

CTRLvs. ORN-CIT 0.7425 0.1176to0 1.367 Yes *

ORNvs. CIT 0.5364 -0.08857 to 1.161 No ns
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ORN vs. ORN-CIT
CIT vs. ORN-CIT

0.5865
0.05010 -0.5748 t0 0.6750 No

-0.03846 t0 1.211 No

ns
ns

IL-1b expression after 15 days feeding upon challenge with Vibrio anguillarum

ANOVA table

Treatment (between columns)

Residual (within columns)
Total

SS
1.666
0.7664
2.433

Tukey's multiple Mean

comparisons test Diff. 95% Cl of diff.
CTRLvs. ORN 0.3563 -0.4529to 1.166 No
CTRLvs. CIT 0.7158 -0.09346 to 1.525 No
CTRLvs. ORN-CIT 0.9891 0.1798t01.798 Yes
ORNvs. CIT 0.3595 -0.4498t01.169 No
ORN vs. ORN-CIT 0.6327 -0.1765to01.442 No
CIT vs. ORN-CIT 0.2733 -0.5360t01.083 No

DF
3
8
11

ns
ns
*

ns
ns
ns

MS F (DFn, DFd) Pvalue
0.5555 F(3,8)=5.799P =0.0209
0.09580

Significant? Summary

IL-1b expression after 30 days feeding upon challenge with Vibrio anguillarum

ANOVA table

Treatment (between columns)

Residual (within columns)
Total

Tukey's multiple
comparisons test

CTRLvs. ORN
CTRLvs. CIT
CTRL vs. ORN-CIT
ORNvs. CIT

ORN vs. ORN-CIT
CIT vs. ORN-CIT

SS
2.916
0.3586
3.274

Mean

Diff. 95% Cl of diff.
-1.043 -1.597 t0-0.4899
-0.8699 -1.423t0-0.3163
0.04206 -0.5115t00.5956
0.1736 -0.3800t00.7271
1.086 0.5320t0 1.639
0.9120 0.3584to0 1.466

DF
3
8
11

Significant?

Yes

Yes

No

No

Yes

Yes

MS F (DFn, DFd) Pvalue
0.9719 F(3,8)=21.68P =0.0003
0.04482

Summary

%k

* %

ns

ns
* %

%k

Arginase II expression after 15 days feeding upon challenge with Vibrio anguillarum

ANOVA table

Treatment (between columns)

Residual (within columns)
Total

SS

0.6788
2.847
3.526

DF MS F (DFn, DFd)  Pvalue
F(3,8)= P=

3 0.2263 0.6358 0.6126

8 0.3558

11

Arginase II expression after 30 days feeding upon challenge with Vibrio anguillarum

ANOVA table

SS
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DF

MS

F (DFn, DFd) Pvalue



Treatment (between columns)
Residual (within columns)
Total

Tukey's multiple Mean
comparisons test Diff.
CTRLvs. ORN -3.393
CTRLvs. CIT -1.885
CTRL vs. ORN-CIT 0.5917
ORN vs. CIT 1.508
ORN vs. ORN-CIT 3.985
CIT vs. ORN-CIT 2.477

29.78
6.595
36.38

95% Cl of diff.

-5.767 t0 -1.019
-4.259 to 0.4887
-1.782 to0 2.966
-0.8662 to 3.882
1.611to 6.359
0.1030 to 4.851
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F(3,8)=

3 9.927 12.04
8 0.8244
11

Significant? Summary

Yes *ok
No ns
No ns
No ns
Yes wk
Yes *

0.0025



Chapter 1V:

Postprandial plasma amino acid

Plasma arginine

ANOVA table SS

Interaction 1380
Row Factor 2568
Column Factor 2706
Residual 1379

DF

w

32

Dunnett's multiple comparisons test

CTRL
Ovs.6
Ovs. 15
Ovs. 30
Arginine
Ovs.6
Ovs. 15
Ovs. 30
Ornithine
Ovs.6
Ovs. 15
Ovs. 30
Citrulline
Ovs.6
Ovs. 15
Ovs. 30

Tukey's multiple comparisons test

0

CTRL vs. Arginine
CTRL vs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline

6

CTRL vs. Arginine
CTRL vs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline

MS

153.3
856.0
902.0
43.09

Mean
Diff.

-4.900
3.060
-6.745

-20.92
-34.93
-32.12

-7.220
-10.06
-12.19

-12.86
-18.01
-28.34

Mean
Diff.

0.0
0.0
0.0
0.0
0.0
0.0

-16.02
-2.320
-7.960
13.70
8.060
-5.640
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F (DFn, DFd)

P value

F(9,32) = 3.559P = 0.0037
F (3,32) =19.87P < 0.0001
F (3,32) = 20.93P < 0.0001

95% Cl of diff.

Significant? Summary

-18.12t0 8.315 No ns
-10.16to0 16.28 No ns
-19.96t06.470 No ns
-34.14 to -7.705 Yes *x

-48.14 to0 -21.71 Yes
-45.33 t0-18.90 Yes

%k % %k %

% %k %k %k

-20.44t05.995 No ns
-23.28t03.155 No ns
-25.40t01.030 No ns
-26.08 to 0.3551 No ns
-31.22 t0 -4.790 Yes *x

-41.55t0-15.12 Yes

95% ClI of diff.

-14.52 to 14.52
-14.52 to 14.52
-14.52 to 14.52
-14.52 to 14.52
-14.52 to 14.52
-14.52 to 14.52

-30.54 to -1.499
-16.84 t0 12.20
-22.48 t0 6.561
-0.8207 to 28.22
-6.461 to 22.58
-20.16 to 8.881

% 3k %k %k

Significant? Summary

No ns
No ns
No ns
No ns
No ns
No ns
Yes *
No ns
No ns
No ns
No ns
No ns



15

CTRL vs. Arginine
CTRL vs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline
30

CTRL vs. Arginine
CTRL vs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline

Plasma ornithine

ANOVA table SS DF
Interaction 4818 9
Row Factor 1669 3
Column Factor 7405 3
Residual 886.9 32

Dunnett's multiple comparisons test
CTRL
Ovs.6
Ovs. 15
Ovs. 30
Arginine
Ovs.6
Ovs. 15
Ovs. 30
Ornithine
Ovs.6
Ovs. 15
Ovs. 30
Citrulline
Ovs.6
Ovs. 15
Ovs. 30

Tukey's multiple comparisons test
0

CTRL vs. Arginine

CTRL vs. Ornithine

-37.99 -52.51t0-23.46 Yes kA
-13.12 -27.64t01.401 No ns
-21.07 -35.59to0-6.544 Yes ok
24.87 10.341t039.39 Yes *Ax
16.92 2.399t031.44 Yes *
-7.945 -22.47t06.576 No ns
-25.37 -39.89t0-10.85 Yes ok
-5.440 -19.96t09.081 No ns
-21.59 -36.11to-7.069 Yes ok
19.93 5.409t034.45 Yes ok
3.780 -10.74t018.30 No ns
-16.15 -30.67to-1.629 Yes *
MS F(DFn,DFd)  Pvalue
5353 F(9,32)=19.31P < 0.0001
556.4 F(3,32)=20.08P <0.0001
2468 F(3,32)=89.06P <0.0001
27.71

Mean

Diff. 95% Cl of diff. ~Significant? Summary

1.245 -9.354t011.84 No ns
1.310 -9.289t011.91 No ns
1.305 -9.294t011.90 No ns
-1.990 -12.59t08.609 No ns
-3.515 -14.11to 7.084 No ns
-4.085 -14.68t06.514 No ns
-30.95 -41.55t0-20.35Yes FHk
-64.30 -74.89to-53.70Yes okl
-21.69 -32.29to0-11.09Yes HHK
0.3550 -10.24t010.95 No ns
0.1200 -10.48t010.72 No ns
-2.930 -13.53t07.669 No ns
Mean

Diff. 95% Cl of diff. Significant? Summary

0.0 -11.65t011.65 No ns
0.0 -11.65t0 11.65 No ns
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CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline
6

CTRL vs. Arginine
CTRL vs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline
15

CTRL vs. Arginine
CTRL vs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline
30

CTRL vs. Arginine
CTRL vs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline

Plasma citrulline

ANOVA table SS DF
Interaction 213447 9
Row Factor 72917 3
Column Factor 602209 3
Residual 456396 32

Dunnett's multiple comparisons test
CTRL
Ovs.6
Ovs. 15
Ovs. 30
Arginine
Ovs.6
Ovs. 15
Ovs. 30
Ornithine
Ovs.6
Ovs. 15
Ovs. 30

0.0
0.0
0.0
0.0

-3.235
-32.20
-0.8900
-28.96
2.345
31.31

-4.825
-65.61
-1.190
-60.78
3.635
64.42

-5.390
-23.00
-4.235
-17.61
1.155
18.76

MS
23716
24306
200736
14262

Mean
Diff.

-1.010

-11.65to0 11.65 No ns
-11.65to0 11.65 No ns
-11.65t011.65 No ns
-11.65t0 11.65 No ns
-14.88 t0 8.411 No ns
-43.84 t0 -20.55Yes oAk
-12.54t010.76 No ns
-40.61to-17.31Yes oAk
-9.301to 13.99 No ns
19.66t042.95 Yes oAk
-16.47 t0 6.821 No ns
-77.25 to -53.96 Yes Hok A
-12.841t010.46 No ns
-72.43 t0 -49.13 Yes kA x
-8.011 to 15.28 No ns
52.77t076.06 Yes ok
-17.04 t0 6.256 No ns
-34.64 to -11.35Yes HokAK
-15.88t0 7.411 No ns
-29.25 to -5.959 Yes *ok
-10.49t0 12.80 No ns
7.114t030.41 Yes *Ex
F(DFn,DFd)  Pvalue

F(9,32)=1.663P = 0.1395
F(3,32)=1.704P = 0.1858
F (3,32) = 14.07P < 0.0001

95% Cl of diff.

-241.4t0239.4 No

-0.2700 -240.7 to 240.2 No
-0.7750 -241.2t0239.7 No

-1.110

-241.5t0 239.3 No

-0.4435 -240.9 to 240.0 No
-0.9950 -241.4t0239.4 No

-1.445
-1.710
-1.735
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-241.9t0 239.0 No
-242.1to0 238.7 No
-242.2 t0 238.7 No

Significant? Summary

ns
ns
ns

ns
ns
ns

ns
ns
ns



Citrulline
Ovs.6
Ovs. 15
Ovs. 30

Tukey's multiple comparisons test

0

CTRL vs. Arginine
CTRLvs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline

6

CTRL vs. Arginine
CTRLvs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline

15

CTRL vs. Arginine
CTRLvs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline

30

CTRL vs. Arginine
CTRLvs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline

Plasma NH3

ANOVA table SS DF
Interaction 77.34 9
Row Factor 274.6 3
Column Factor 31.58 3
Residual 162.1 32

-351.4
-290.1
-396.3

Mean
Diff.

0.0
0.0
0.0
0.0
0.0
0.0

-0.1000
-0.4350
-350.4
-0.3350
-350.3
-350.0

-0.1735
-1.440
-289.8
-1.267
-289.7
-288.4

-0.2200
-0.9600
-395.6
-0.7400
-395.4
-394.6

MS

8.594
91.53
10.53
5.064
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-591.9to0-111.0Yes **
-530.5 to -49.66 Yes *
-636.8 to -155.9 Yes *rk

95% Cl of diff. ~ Significant? Summary

-264.2t0 264.2 No ns
-264.2t0 264.2 No ns
-264.2t0 264.2 No ns
-264.2t0 264.2 No ns
-264.2t0 264.2 No ns
-264.2t0 264.2 No ns
-264.3t0 264.1 No ns
-264.6t0 263.8 No ns
-614.6 to0 -86.21 Yes *x
-264.5t0263.9 No ns
-614.51t0-86.11 Yes *ok
-614.2 t0-85.78 Yes *x
-264.4t0 264.0 No ns
-265.6t0 262.8 No ns
-554.0to0 -25.64 Yes *

-265.5t0262.9 No ns
-553.8t0-25.46 Yes *

-552.6t0-24.20 Yes *

-264.4t0264.0 No ns
-265.2t0263.2 No ns
-659.8t0-131.4 Yes *ok
-264.9t0 263.5 No ns
-659.5t0-131.2 Yes *x
-658.8t0-130.4 Yes *x

F (DFn, DFd) P value

F(9,32)=1.697P=0.1307
F(3,32)=18.07P < 0.0001
F(3,32)=2.079P=0.1226



Dunnett's multiple comparisons test

CTRL
Ovs.6
Ovs. 15
Ovs. 30
Arginine
Ovs.6
Ovs. 15
Ovs. 30
Ornithine
Ovs.6
Ovs. 15
Ovs. 30
Citrulline
Ovs.6
Ovs. 15
Ovs. 30

Tukey's multiple comparisons test

0

CTRL vs. Arginine
CTRL vs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline

6

CTRL vs. Arginine
CTRL vs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline

15

CTRL vs. Arginine
CTRL vs. Ornithine
CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline

30

CTRL vs. Arginine

CTRLvs. Ornithine
CTRL vs. Citrulline

Mean
Diff.

-7.033
-7.033
-2.867

-6.700
-4.500
-7.600

-5.200
-7.400
-3.967

-5.800
-2.933
-1.467

Mean
Diff.

0.0
0.0
0.0
0.0
0.0
0.0

0.3333
1.833
1.233
1.500
0.9000
-0.6000

2.533
-0.3667
4.100
-2.900
1.567
4.467

-4.733
-1.100
1.400
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95% Cl of diff. Significant? Summary

-11.56to -2.503 Yes
-11.56to0 -2.503 Yes
-7.397t01.664 No

-11.23t0-2.169 Yes
-9.031 t0 0.03073 No
-12.13t0-3.069 Yes

-9.731t0 -0.6693 Yes
-11.93t0-2.869 Yes
-8.497 to 0.5641 No

-10.33t0-1.269 Yes
-7.464t0 1.597 No
-5.997t03.064 No

* %k

* %

ns

* %

ns
* ok ok

ns

* %k

ns
ns

95% Cl of diff. Significant? Summary

-4.978t04.978 No
-4.978t04.978 No
-4.978t04.978 No
-4.9781t04.978 No
-4.978t04.978 No
-4.978t04.978 No

-4.645t05.312 No
-3.145t06.812 No
-3.745t06.212 No
-3.478t06.478 No
-4.078t05.878 No
-5.578t04.378 No

-2.445t07.512 No
-5.345t04.612 No
-0.8783t09.078 No
-7.878t02.078 No
-3.412t06.545 No
-0.5117t09.445 No

-9.712t0 0.2450 No
-6.078t03.878 No
-3.578t06.378 No

ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns

ns
ns
ns



Arginine vs. Ornithine 3.633
Arginine vs. Citrulline 6.133
Ornithine vs. Citrulline 2.500

-1.345t08.612 No ns
1.155to0 11.11 Yes *
-2.478t07.478 No ns

Growth performance

Initial weight

ANOVA table SS DF MS F (DFn, DFd) P value
Treatment (between columns) 0.2045 3 0.06817 F(3,56)=0.001249P >0.9999
Residual (within columns) 3057 56 54.58

Total 3057 59

Tukey's multiple

comparisons test Mean Diff. 95% Cl of diff. Significant? Summary

CTRL vs. ARG -0.1200  -7.263to 7.023No ns

CTRL vs. ORN -0.1200  -7.263to 7.023No ns

CTRLvs. CIT -0.006667 -7.150to 7.137No ns

ARG vs. ORN 5.086e-007-7.143 to 7.143 No ns

ARG vs. CIT 0.1133 -7.030to 7.257 No ns

ORN vs. CIT 0.1133 -7.030to 7.257No ns

Final weight

ANOVA table SS DF MS F (DFn, DFd) P value
Treatment (between columns) 374.8 3 1249 F(3,56)=0.4867P =0.6929
Residual (within columns) 14375 56 256.7

Total 14750 59

Tukey's multiple Mean

comparisons test Diff.

CTRL vs. ARG -2.780 -18.27t0 12.71No
CTRL vs. ORN -1.213 -16.70to 14.28 No
CTRLvs. CIT 3.973 -11.52to019.46 No
ARG vs. ORN 1.567 -13.92to 17.06 No
ARG vs. CIT 6.753 -8.7381t022.24No
ORNvs. CIT 5.187 -10.30t0 20.68No
Weight gain

ANOVA table SS
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95% Cl of diff. Significant? Summary

ns
ns
ns
ns
ns
ns

DF MS F (DFn,DFd)  Pvalue



Treatment (between columns)
Residual (within columns)
Total

Tukey's multiple Mean
comparisons test Diff.
CTRL vs. ARG -4.938
CTRLvs. ORN 1.433
CTRLvs. CIT 12.86
ARG vs. ORN 6.370
ARG vs. CIT 17.80
ORN vs. CIT 11.43
FCR

ANOVA table

Treatment (between columns)
Residual (within columns)
Total

2550
10600
13150

56
59

F(3,56)= =

850.0 4.491 0.0068
189.3

95% Cl of diff. ~ Significant? Summary

-18.24t0 8.364 No
-11.87t0 14.73 No
-0.4387 t0 26.17No
-6.932t019.67 No
4.499t031.10 Yes
-1.871t024.73 No

SS
0.03341
2.749
2.782

DF

56
59

ns
ns
ns
ns

% %

ns

MS F (DFn, DFd) P value
0.01114 F(3,56)=0.2269P =0.8773
0.04908

95% Cl of diff. Significant? Summary

Tukey's multiple Mean

comparisons test Diff.

CTRLvs. ARG -0.03649 -0.2507 to 0.1777 No
CTRLvs. ORN -0.04286 -0.2571t00.1713No
CTRLvs. CIT 0.01283 -0.2014 to 0.2270 No
ARG vs. ORN -0.006370-0.2206 to 0.2078 No
ARG vs. CIT 0.04932 -0.1649 to 0.2635 No
ORNvs. CIT 0.05569 -0.1585 to 0.2699 No

ns
ns
ns
ns
ns
ns

Survival, plasma amino acid, renal amino acid, and renal qPCR analysis upon challenge
with Vibrio anguillarum

Survival

Logrank test for trend

(recommended)

Chi square 5.321
df 1

P value 0.0211
P value summary *

Sig. trend? Yes
CTRL vs +tARG

Log-rank (Mantel-Cox) test
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Chi square 0.8126

df 1
P value 0.3673
P value summary ns

Are the survival curves sig different? No

CTRL vs +ORN

Log-rank (Mantel-Cox) test

Chi square 2.513
df 1

P value 0.1129
P value summary ns

Are the survival curves sig different? No

CTRL vs +CIT

Log-rank (Mantel-Cox) test

Chi square 4,906
df 1

P value 0.0268
P value summary *

Are the survival curves sig different? Yes

+ARG vs +ORN

Log-rank (Mantel-Cox) test

Chi square 0.4446
df 1

P value 0.5049
P value summary ns

Are the survival curves sig different? No

+ARG vs +CIT

Log-rank (Mantel-Cox) test

Chi square 1.657
df 1

P value 0.1980
P value summary ns

Are the survival curves sig different? No

+ORN vs +CIT

Log-rank (Mantel-Cox) test

Chi square 0.5236
df 1

P value 0.4693
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P value summary

ns

Are the survival curves sig different? No

Plasma arginine
ANOVA table
Treatment (between columns)

Residual (within columns)
Total

SS

3968
448.1
4416

DF MS

3 1323
8 56.01
11

95% Cl of diff. ~Significant? Summary

Tukey's multiple Mean

comparisons test Diff.

CTRL vs. Arginine -4.033 -27.05t0 18.99 No
CTRLvs. Ornithine -0.06667 -23.09 to 22.95 No
CTRL vs. Citrulline -37.93 -60.95to-14.91Yes

Arginine vs. Ornithine  3.967
Arginine vs. Citrulline  -33.90
Ornithine vs. Citrulline -37.87
Plasma ornithine

ANOVA table

Treatment (between columns)
Residual (within columns)
Total

Tukey's multiple Mean
comparisons test Diff.

CTRL vs. Arginine -4.933
CTRL vs. Ornithine -14.50
CTRL vs. Citrulline -24.10

Arginine vs. Ornithine -9.567
Arginine vs. Citrulline  -19.17
Ornithine vs. Citrulline -9.600

Plasma citrulline

ANOVA table

Treatment (between columns)
Residual (within columns)
Total

-19.05t0 26.99 No
-56.92 to -10.88 Yes
-60.89 to -14.85Yes

SS

1025
420.1
1445

95% Cl of diff.  Significant? Summary

-23.88t014.01 No
-33.45t04.447 No
-43.05to0-5.153 Yes
-28.51t09.380 No
-38.11t0-0.2199Yes
-28.55t09.347 No

SS

47336
20562
67898

ns
ns
% %k
ns
% %k
% %
DF MS
3 341.6
8 52.51

11

ns

ns

*

ns

*

ns
DF MS
3 15779
8 2570

11

95% Cl of diff. Significant? Summary

Tukey's multiple Mean

comparisons test Diff.

CTRL vs. Arginine 0.3000 -132.3t0132.9 No
CTRL vs. Ornithine -0.1667 -132.7to 132.4 No
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ns
ns

F (DFn, DFd) P value
F(3,8)= P=
23.61 0.0003

F (DFn, DFd) P value
F(3,8)= P=
6.506 0.0154

F (DFn, DFd) P value
F(3,8)=6.139P =0.0180



CTRL vs. Citrulline
Arginine vs. Ornithine
Arginine vs. Citrulline
Ornithine vs. Citrulline

Renal arginine

ANOVA table

-145.0
-0.4667
-145.3
-144.8

Treatment (between columns)

Residual (within columns)

Total

Uncorrected Fisher's
LSD

CTRLvs. ARG
CTRLvs. ORN
CTRLvs. CIT

ARG vs. ORN

ARG vs. CIT

ORNvs. CIT

Renal ornithine

ANOVA table

Treatment (between columns)

Residual (within columns)

Total

Uncorrected Fisher's
LSD

CTRLvs. ARG
CTRLvs. ORN
CTRLvs. CIT

ARG vs. ORN

ARG vs. CIT

ORNvs. CIT

Renal citrulline

ANOVA table

-277.6to-12.44Yes
-133.0t0 132.1 No
-277.9to-12.74Yes
-277.4t0-12.27 Yes

ns

SS DF MS F (DFn, DFd)
0.000756 F(3,8)=
0.002270 3 6 4.801
0.000157
0.001261 8 6
0.003531 11
Mean Individual P
Diff. Significant? Summary Value
0.0215 No ns 0.0692
0.02723 Yes * 0.0290
-0.005187 No ns 0.6265
0.005730 No ns 0.5914
-0.02669 Yes * 0.0314
-0.03242 Yes * 0.0133
SS DF MS F (DFn, DFd)
9.076e- 3.025e- F(3,8)=
006 3 006 1.017
2.380e- 2.975e-
005 8 006
3.288e-
005 11
Mean Individual P
Diff. Significant? Summary Value
0.00028 No ns 0.8474
-0.001407 No ns 0.3471
-0.001738 No ns 0.2523
-0.001687 No ns 0.2653
-0.002018 No ns 0.1898
-0.000331 No ns 0.8201
SS DF MS F (DFn, DFd)
F(3,8)=
0.003136 3 0.001045 8.373

Treatment (between columns)

-122 -

P value
P=
0.0338

P value
P=
0.4345

P value
P=
0.0075



0.000124

Residual (within columns) 0.00099898 9
Total 0.004135 11
Uncorrected Fisher's Individual P
LSD Mean Diff. Significant? Summary Value
CTRLvs. ARG 0.0008133 No ns 0.9312
CTRL vs. ORN 0.0005633 No ns 0.9523
CTRLvs. CIT -0.03687 Yes *E 0.0037
ARG vs. ORN -0.00025 No ns 0.9788
ARG vs. CIT -0.03768 Yes *E 0.0033
ORNvs. CIT -0.03743 Yes *x 0.0034
Renal iNOS

Kruskal-Wallis test

P value 0.0165

Exact or approximate P value? Exact

P value summary *

Do the medians vary signif. (P < 0.05) Yes

Number of groups 4

Kruskal-Wallis statistic 8.077

Dunn's multiple Mean rank

comparisons test diff. Significant? Summary
CTRLvs. +ARG -4.000 No ns

CTRLvs. +ORN -2.000 No ns

CTRLvs. +CIT -8.000 Yes *

+ARG vs. +ORN 2.000 No ns

+ARG vs. +CIT -4.000 No ns

+ORN vs. +CIT -6.000 No ns

Renal IL-1B

Kruskal-Wallis test

P value 0.0006

Exact or approximate P value? Exact

P value summary wkx

Do the medians vary signif. (P < 0.05) Yes

Number of groups 4

Kruskal-Wallis statistic 9.667

Dunn's multiple Mean rank

comparisons test diff. Significant? Summary
CTRLvs. +ARG -3.000 No ns

CTRLvs. +ORN -8.333 Yes *
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CTRLvs. +CIT -6.667 No ns

+ARG vs. +ORN -5.333 No ns
+ARG vs. +CIT -3.667 No ns
+ORN vs. +CIT 1.667 No ns
Renal ARG2

Kruskal-Wallis test

P value 0.0918

Exact or approximate P value? Exact

P value summary ns

Do the medians vary signif. (P < 0.05) No

Number of groups 4
Kruskal-Wallis statistic 6.179

Dunn's multiple Mean rank

comparisons test diff. Significant? Summary
CTRLvs. +ARG 3.667 No ns
CTRLvs. +ORN 2.667 No ns
CTRLvs. +CIT -3.000 No ns
+ARG vs. +ORN -1.000 No ns
+ARG vs. +CIT -6.667 No ns
+ORN vs. +CIT -5.667 No ns
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