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P B N O N

Abstract: The present work aimed to study the role of dietary tryptophan supplementation to mod-
ulate the European seabass (Dicentrarchus labrax) immune condition during stressful rearing condi-
tions (i.e. 15 days exposure to high density) as well as the immune response to acute inflammation
after intraperitoneal injection of a bacterial pathogen. Stress alone did not compromise seabass
health indicators. In contrast, a clear peripheral and local inflammatory response was observed in
response to the inoculated bacteria. Moreover, exposure to a high stocking density seemed to exac-
erbate the inflammatory response at early sampling points compared to fish stocked at a lower den-
sity. In contrast, stressed fish presented some immune suppressing effects on T-cell surface-glyco-
proteins receptors expression at a late sampling point following inflammation. Regarding the effects
of dietary tryptophan, no changes were observed on seabass immune indicators prior to inflamma-
tion, while a small number of immunosuppressive effects were observed in response to inflamma-
tion, supporting tryptophan role in promotion of immune-tolerance signals during inflammation.
Nonetheless, tryptophan dietary supplementation improved the inflammatory response against a
bacterial pathogen during stressful conditions, supported by a reduction of plasma cortisol levels,
an up-regulation of several immune-related genes at 48 h and an inversion of the previously ob-
served stress-induced T-cell suppression. Finally, the involvement of tryptophan catabolism in mac-
rophages was confirmed by the up-regulation of genes involved in the kynurenine pathway. The
present study brings new insights regarding the immune modulatory role of tryptophan during
stressful conditions in fish, thus allowing the development of novel prophylactic protocols during
vaccination by intraperitoneal injection in the European seabass.

Keywords: tryptophan; innate immunity; aquaculture; functional diets; stress.

1. Introduction

Nowadays it is widely accepted that incorporation of functional ingredients in ag-
uafeeds represents an efficient farming tool that combines the desired immune modula-
tory properties without neglecting the correct nutritional provisions required for fish nor-
mal physiological needs. In this context, it is of utmost importance to unveil the nutraceu-
tical potential of tryptophan in the quest for the definition of new strategies to empower
fish in the mitigation of the non-ideal production conditions. Recent works have put into
evidence the immune tolerance role of tryptophan dietary supplementation in fish, dis-
playing its potential in the self-restrain mechanisms that compose the immune and stress
responses. Machado et al. [1] showed that European seabass (Dicentrarchus labrax) fed
for 14 days a tryptophan supplemented diet and then submitted to an inflammatory in-
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sult, presented a decreased cellular response and dropped plasma nitric oxide and bacte-
ricidal activity, compared to fish fed a control diet. In another study, Machado et al. [2]
showed that dietary tryptophan clearly displayed a role in the attenuation of the immune
response inhibiting, once again, the inflammatory mechanisms, and to some degree de-
creasing seabass disease resistance to Photobacterium damselae subsp. piscicida (Phdp). In
fact, Machado et al. [3] in vitro observations pointed to a more direct role of tryptophan in
the limitation of self-damage in inflammatory scenarios by the modulation of pathways
associated to the assemblage of anti-inflammatory machinery and induction of macro-
phages polarization towards an anti-inflammatory phenotype. Moreover, a scenario of
dietary tryptophan deficiency may equally represent an handicap for the European sea-
bass, since it may lead to a rise in plasma cortisol levels in response to infection which
may explain the observed compromised immune cell response and disease resistance to
Phdp [2].

Tryptophan has also recognized roles in the neuroendocrine system and therefore
works as a player in the neuroendocrine-immune axis. Lepage et al. [4] [5] worked on the
topic and observed that rainbow trout (Oncorhynchus mykiss) fed for 1 week a diet supple-
mented with tryptophan (up to 4x above the control diet) undergoes different outcomes
according to their stress state, with serotonin (5-HT) acting either as a trigger or inhibitor
of the hypothalamic-pituitary-interregnal axis. Taking into account that fish showed ele-
vated plasma cortisol levels in response to stress, tryptophan-supplemented feed led to a
significant reduction in this stress-induced elevation of plasma cortisol. In contrast, tryp-
tophan-supplemented feed offered to undisturbed fish resulted in a slight elevation of
plasma cortisol levels. In accordance, in an attempt to explore the links between immune
and neuroendocrine response Azeredo et al. [6] observed that an increase in dietary tryp-
tophan (i.e. 4x more tryptophan than the control diet) was beneficial in chronically
stressed (i.e. high stocking density) Senegalese sole (Solea senegalensis) fed for 38 days.
However, undisturbed individuals showed a compromised immune status and lower dis-
ease resistance in the latter study.

The previously cited outcomes of dietary tryptophan trust on its role as precursor of
compounds responsible for the modulation of stress coping mechanisms, and antioxidant
and immune mechanisms [7]. In macrophages, tryptophan catabolism is mediated by in-
doleamine 2,3-dioxygenase (IDO), which catalyses the first and rate-limiting step of the
tryptophan catabolism along the kynurenine pathway. In fact, IDO directly relies on the
availability of tryptophan and its transcription is induced by inflammatory stimuli as in-
terferon-y and cytokines [8; 9]. Afterwards, tryptophan catabolic pathway is responsible
for exerting anti-microbial effects, by tryptophan depletion from the extracellular envi-
ronment, reducing its availability to microorganisms. Moreover, during the kynurenine
pathway the formation of specific metabolites as 3-hydroxykynurenine, 3-hydroxyan-
thranilic acid and quinolinic acid regulate T-cell function, and the same metabolites set up
a protector system acting locally to the removal of superoxide radicals modulating oxida-
tive status, thus creating conditions that favour immune suppression and tolerance [8; 10].
Similarly, since both immune and stress responses share common pathways, effector or-
gans and signalling molecules [11], leucocytes are also sensitive to a wide repertoire of
other neuroendocrine effectors, such as glucocorticoids. Consequently, important stress
signalling molecules, as cortisol, can have profound effects on the fish immune response
by influencing the balanced successive secretion of pro- and anti-inflammatory cytokines
[12; 13; 14]. Actually, tryptophan works as precursor of relevant functional molecules at
the neuroendocrine level. 5-HT is produced from tryptophan by the rate-limiting enzyme
tryptophan hydroxylase [15]. This monoamine, which can simultaneously function as a
neurotransmitter in the central nervous system and a paracrine or endocrine signal in the
gut and blood [16; 17], is able to either induce or inhibit the production of adrenocortico-
tropic hormone (ACTH) in the pituitary. ACTH is then responsible for the increase or
decrease of interrenal cortisol synthesis [4].
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Considering all previous studies, it could be inferred that the consumption needs and 98
physiological fate of tryptophan seems to be modulated according to both physiological 99
status of the individuals (e.g. stress response) and the progress of inflammation. There- 100
fore, and having into account the bi-directional and dependent relationship of both neuro- 101
endocrine and immune responses, dietary tryptophan supplementation may representa 102
tool in the mitigation of stressful conditions during current farming practices, and conse- 103
quently avoid unfavourable stress-inducing immune suppressor effects upon an infection 104
episode or an inflammatory inducer. Therefore, the present work intends to study the 105
ability of dietary tryptophan supplementation to modulate the immune response to an 106
acute inflammatory stimulus in European seabass juveniles reared under stressful condi- 107

tions (i.e. high stocking density). 108
2. Results 109
2.1 Response to stress 110

Exposure to high stocking density related-stress led to a decrease in the haematocrit 111
levels, while increased haemoglobin and both MCH and MCHC ratios were observed (Ta- 112
ble 1). In addition, stressed individuals presented lower mc2r mRNA levels than those left 113

undisturbed regardless feed regiment and sampling time (Table S1). 114
115
2.2 Inflammatory response 116

The response to inflammation was perceived looking to the differences found in time 117
regardless any other factor but also in the differences found in time in undisturbed groups 118
(©) alone and @ groups fed exclusively the CTRL diet. 119

Inflammation alone was responsible for the decrease of peripheral leucocytes num- 120
bers, from 48 h to 72 h, but also for the increase of the MCHC from 24 hto 48 h, as well as 121
peripheral monocytes at 4h and total peritoneal leucocytes from 24 h to 48h (Tables 1 and 122
2). In addition, the number of neutrophils was found increased 4 h after infection while 123
returning to the pre-infection values after 48 h. Plasma cortisol levels reached a peak at4 124
and 24 h after infection (Table 3). Gut SOD, CAT and peroxidase activities were progres- 125
sively reduced by the inflammation development (Table 4). A general up-regulation of 126
most analysed genes in the head-kidney was found in response to inflammation, reaching 127
a peak at 48 h with an overall reestablishment of the initial expression values at the sam- 128
pling point 72 h (Figure 1 and Table S1). Also, the mRNA expression of cxcr4 (Figure 1-C) 129
was found higher at 0 and 4 h compared to the last sampling points, 48 and 72 h, while 130
il1B (Figure 1- D) showed a higher expression at 4 h compared to all the sampling points. 131

132

2.3 Stress effect on the inflammatory response 133

The stress outcome on the inflammatory response was assessed having into account 134
the response over time displayed by stressed fish regardless the feeding regime or fish fed 135
exclusively the CTRL diet. Also, a look was taken at differences displayed between @ and 136
stressed groups fed CTRL at a specific sampling point. 137

When fish were reared during 15 days in stressful rearing conditions and the inflam- 138
matory mechanisms initiated, a decrease of the haematological indicators, HG, MCH and 139
MCHC (Table 1) as well as gut SOD, CAT and tGSH concentration (Table 4) were ob- 140
served. In fact, in a pre- inflammation status, the abovementioned haematological param- 141
eters were found increased by stress alone (section 2.1), which was not observed in undis- 142
turbed individuals upon inflammatory induction. Moreover, leucocytes dynamics upon 143
infection were also found modulated by the previous stress rearing conditions. Circulat- 144
ing total WBC and neutrophils concentrations were found increased at 24 h and 4 h, re- 145
spectively, in stressed fish when compared to & (Tables 2). Curiously, while neutrophils 146
numbers in undisturbed animals rapidly increase in response to inflammation, the num- 147
ber of neutrophils and lymphocytes found in circulation promptly diminished at 4 hin 148
stressed fish, while restoring their initial values in the following sampling times (Table 2). 149
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Regardless diet or in fish fed the control feed (CTRL) regime, stress induced a fast 150
up-regulation (mostly found at early sampling points) of several pro-inflammatory genes 151
(Fig. 1 and Table S1) compared the last sampling points, 48 and 72h. Most importantly, 152
when comparing the response of fish reared under stressful conditions to the undisturbed 153
() counterparts, when the immune mechanisms were activated, a down-regulation of 154
tnfa (Fig. 1- B), cd8a (Fig. 1- E), cd3zeta (Fig. 1- H), tcra (Fig. 1- 1), afmid (Fig. 1- K) and ido2 155
(Fig. 1- L) at 48 h was observed. In addition, tgfa (Fig. 1- A) was found up-regulated by 156
stress at 4 and 24h. On the other hand, high stocking density led to the up-regulation of 157
tgfB (Fig. 1- A), il1B (Table S1), cd8p (Fig. 1- F) and afmid (Fig. 1- K) at 4 h, tgfp (Fig. 1- A) 158

and tnfa (Fig. 1- B) at 24h and tgfp (Fig. 1- A) and cd8p (Fig. 1- F) at 48 h. 159
160
2.4 Tryptophan dietary supplementation 161

A look into tryptophan dietary supplementation effect in the absence of any other 162
factor was taken. In addition, tryptophan effect during an inflammatory insult in the ab- 163
sence (J) and presence of stress was observed. 164

Regardless stress condition and inflammatory status, tryptophan dietary supplemen- 165
tation was responsible for a reduction in plasma bactericidal activity (Table 3). Moreover, 166
irrespective to stress, 4 h after infection with Phdp fish fed TRP presented lower MCV 167
(Table 1) and gut SOD concentration (Table 4) than CTRL-fed fish. Head-kidney gene ex- 168
pression showed that a down-regulation of il18 (Table S1) at 4 h and cd8a (Fig 1.- E) at 48h 169
following infection in fish fed TRP, while presenting an higher expression of tnfa (Fig. 1- 170
B) at 24 h than CTRL-fed fish. Moreover, fish-fed TRP under stressful rearing conditions 171
reduced cortisol 4h after inflammation (Table 3) while displaying a general up-regulation 172
of genes as tgff (Fig. 1- A), cxcr4 (Fig. 1- C), cd8a (Fig. 1- E), cd8p (Fig. 1- F), cd3zeta (Fig. 1- 173
H), tcra (Fig. 1- I), afmid (Fig. 1- K) and ido2 (Fig. 1- L) at 48 h compared to CTRL-fed 174
individuals. Finally, the expression of tgfp (Fig. 1- A) and tnfa (Fig. 1- B) at 24 h and cd8f 175
(Fig. 1- F) at 4 h were found decreased compared to CTRL-fed counterparts. 176

177



178 Table 1.

179  post bacterial challenge.

Haematological parameters of European seabass reared at high density, fed dietary treatments for 15 days (Oh), and sampled 4, 24, 48 and 72 hours

Dietary treatments

CTRL
Parameters
9] Stress
Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h

RBC (x 100 pl-1) 1.66+ 0.20 1.35+ 0.35 145+ 0.29 1.73+ 0.12 1.74+ 0.28 1.33+ 0.19 1.64+ 0.50 1.72+ 0.32 1.83+ 0.25 1.74+ 0.13

HT (%) 18.17+ 2.73 21.50+ 2.36 23.50+ 3.95 21.17+ 1.95 19.33+ 4.23 12.80+ 1.17 21.50+ 3.59 21.33+ 5.28 20.17+ 3.89  16.83+ 1.21

HG (g dl) 0.20+ 0.10 0.09 £ 0.02 0.24+ 0.09 0.30+ 0.09 0.11+ 0.04 0.69+ 0.41 0.09+ 0.02 0.08 + 0.02 034+ 0.11 0.16 £ 0.08

MCH (pg cell ) 1.20+ 0.64 0.79+ 0.37 1.66+ 0.57 1.73+ 0.57 0.67+ 0.25 535+ 3.38 0.62+ 0.18 0.46+ 0.13 1.97 £ 0.80 0.90+ 0.41
MCV (nmd) 110.01+ 12.03  169.65+ 42.08 164.65+ 25.36 102.34+ 45.65 110.77+ 13.03  100.93+ 7.72 140.30+ 41.05 123.60+ 14.99 110.83+ 15.77 97.43+ 11.64

MCHC (g100 ml)  1.11+ 0.60 0.45+ 0.12 1.05+ 0.40 4.04+ 5.60 0.64+ 0.35 522+ 3.54 0.44+ 0.09 0.39+ 0.12 1.76 £ 0.62 1.00+ 0.51

Dietary treatments
Parameters
%) Stress
Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h

RBC (x 100 pl1) 1.57+ 0.26 1.77+ 0.39 2.06+ 0.68 1.71+ 0.31 1.84+ 0.33 1.50+ 0.25 1.55+ 0.40 1.72+ 0.42 1.86+ 0.26 1.66+ 0.40

HT (%) 18.83+ 5.01 19.00+ 1.91 21.33+ 4.19 20.83+ 2.81 17.40+ 2.58 18.33+ 1.37 18.83+ 5.18 18.67 + 3.50 1940+ 1.62 1467+ 1.11

HG (g dl) 0.31+ 0.06 0.11+ 0.03 0.23+ 0.04 0.29+ 0.08 021+ 0.23 0.66+ 0.46 0.10+ 0.02 0.12+ 0.07 0.29 + 0.06 024+ 0.11

MCH (pg cell?) 1.98+ 0.33 0.67 + 0.22 1.26+ 0.45 1.59+ 0.78 1.16+ 1.17 461+ 2.26 0.65+ 0.18 0.68+ 0.36 1.57+ 0.33 1.53+ 0.79
MCV (nm?3) 120.77+ 28.73 11142+ 22.61 109.38+ 23.21 116.02+ 6.09 97.10+ 8.77 12452+ 17.00 12497+ 38.85 113.97+29.44 10795+ 13.53 92.83+ 21.66

MCHC (g100 ml1)  1.72+ 042 0.61+ 0.22 1.17+ 045 1.86+ 0.60 0.67+ 0.28 3.53+ 240 0.56+ 0.22 0.65+ 0.41 1.55+ 0.34 1.66+ 0.83

180


nAhRYdx4j
Resaltado
Here and other tables:
I think this table should be splitted:
1. values
2. statistical differences, results from the multifactorial ANOVA

Maybe the values would be shown in a graph better..it's a suggestion.



Multifactorial ANOVA

Diet Stress Time Diet x Stress Diet x Time Stress x Time Diet x Stress X Time fime
Oh 4h  24h 48h 72h
RBC ns ns ns ns ns ns ns
HT ns 0.048 0.006 ns 0.035 ns ns B AB A AB B
HG ns ns <0.001 ns ns <0.001 ns A C C B BC
MCH ns 0.045 <0.001 ns ns <0.001 ns A C B BC
MCV 0.032 ns <0.001 ns 0.004 ns ns ABC A AB B C
MCHC ns ns <0.001 ns ns 0.001 ns A C C B BC
Diet x Time Stress x Time
CTRL TRP %) Stress
Oh 4h 24h 48h 72h Oh 24h  48h  72h Oh 4h 24h 48h  72h Oh 4h  24h  48h 72h
HT B A A AB AB
HG # A* B B B B
MCH # A* B B B B
MCV B aA A B B
MCHC AB# AB B A AB A* B B B B

Values represent means + SD (n = 10). Different symbols stand for statistically significant differences attributed to stress. Capital letters stand for statistically signif-

icant differences attributed to sampling time. Low case letters stand for significant differences attributed to dietary treatment (Multifactorial ANOVA; Tukey post-

hoc test; ns: non-significant; P < 0.05). RBC (Red blood cells-erythrocytes); Ht (Haematocrit); Hg (Haemoblogin); MCH (Mean corpuscular haemoglobin); MCV

(Mean corpuscular volume); MCHC (Mean corpuscular haemoglobin concentration).

181
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Table 2. Peripheral and peritoneal leucocyte counts of European seabass reared at high density, fed dietary treatments for 15 days (Oh), and sampled 4, 24, 48 and 187
72 hours post bacterial challenge. 188

Dietary treatments

CTRL
Parameters
%] Stress
Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h
WBC 5.02 + 0.88 4.13 = 1.00 453 + 092 5.03 £ 0.96 4.02 + 042 380+ 1.00 450+ 093 485+ 069 473+ 046 483+ 1.32
Peripheral Neutrophils 0.03 £ 0.03 0.34 £ 0.17 0.40 £ 0.05 0.09 = 0.05 0.05 £ 0.04 004+ 005 050+ 020 030+ 010 0.05+ 0.02 0.06 + 0.05
Peripheral Monocytes — 0.09 £ 0.02 0.18 £ 0.11 0.08 £ 0.05 025+ 0.13 0.11 £ 0.06 005+ 0.03 021+ 011 018+ 010 014+ 0.04 021+ 0.19
Peripheral Lymphocytes G107k 146 + 0.44 0.83 + 0.24 1.40 + 0.35 1.31 + 0.44 1.08 + 0.26 119+ 027 053+ 020 116+ 047 153+ 035 154+ 044
Peripheral Thrombocytes 3.51 + 0.67 3.08 + 0.85 2.70 £ 0.60 3.39 + 0.64 2.79 + 047 276+ 078 330+ 071 336+ 031 285+ 035 3.04+ 097
Peritoneal Leucocytes - 5.77 + 4.51 440+ 215 7.88 + 3.97 6.68 £ 2.16 - 658 + 422 487+ 123 700+ 233 625+ 211
Dietary treatments
TRP
Parameters
%) Stress
Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h

WBC 437+ 1.31 393 + 0.82 4.02 £ 0.86 457 + 0.63 395+ 042 508+ 089 442+ 146 553+ 103 333+ 061 473+ 0.83
Peripheral Neutrophils 0.03 £ 0.03 0.22 £ 0.14 0.40 £ 0.19 0.09 + 0.03 0.07 £ 0.10 012+ 014 049+ 030 045+ 020 0.05+ 0.03 0.03+ 0.02
Peripheral Monocytes . 0.12 £ 0.06 0.21 £ 0.12 0.07 £ 0.03 0.13 + 0.03 0.14 £ 0.07 014+ 014 016+ 010 018+ 0.08 014+ 0.05 0.15+ 0.05
Peripheral Lymphocytes G107 1.39 + 0.49 0.92 £ 0.65 1.34 + 0.27 1.42 + 0.36 1.21 + 0.28 135+ 036 057+ 028 148+ 047 099+ 019 153+ 044
Peripheral Thrombocytes 2.85+ 0.84 3.11 = 0.66 228 + 0.52 231 + 0.55 253 + 0.37 349+ 064 318+ 094 350+ 0.88 217+ 052 3.08 + 0.60
Peritoneal Leucocytes - 5.60 = 4.36 525+ 2.69 738 £ 6.71 753 £+ 3.27 - 682+ 371 520+ 124 715+ 316 837+ 371

189



Multifactorial ANOVA

Diet x Stress x Time
Diet x Dietx  Stress x Time
Diet Stress Time Stress X 1G] Stress
Stress Time Time
Time Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h
WBC ns ns ns ns ns 0.02 ns AB AB AB# A B AB AB A* B AB
Peripheral Neutrophils ns ns <0.001 ns ns 0.011 ns B A A B B B A¢¥ A B B A B* B A A
Peripheral Monocytes ns ns 0.025 ns ns ns ns B A AB AB AB
Peripheral Lymphocytes ns ns <0.001 ns ns 0.048 ns A B A A A A B A A A
Peripheral Thrombocytes ns ns ns ns ns ns ns
Peritoneal Leucocytes ns ns 0.045 ns ns ns ns - AB B A AB

Values represent means + SD (n = 10). Different symbols stand for statistically significant differences attributed to stress. Capital letters stand for statistically signif- 190

icant differences attributed to sampling time. (Multifactorial ANOVA; Tukey post-hoc test; ns: non-significant; P < 0.05).

191
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Table 3. Plasma humoral parameters of European seabass reared at high density, fed dietary treatments for 15 days (Oh), and sampled 4, 24, 48 and 72 hours post

bacterial challenge.

Dietary treatments

CTRL
Parameters
6] Stress
Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h
Peroxidase (unit ml?) 25.70+ 0.00 39.71+ 18.83 26.42 + 23.86 44.30 + 31.57 107.03 + 50.21 89.27 + 65.83 46.51+ 5.59 70.31 + 6.54 62.25+ 31.51 76.80 + 37.97
Bactericidal activity (%) 20.48+ 7.49 24.84 + 8.98 21.20+ 4.96 24.04+ 7.42 16.12+ 5.05 15.71+ 8.84 27.53+ 17.83 28.66 + 9.61 23.48+ 10.28 26.28 + 18.85

Cortisol (ngmll)  83.82+ 12.13B 15752+ 3829 A 17042+ 3029 A 119.35+ 39.47 AB 6836+ 28.77B  103.76+ 1591 AB  174.00+ 28.08aA 116.51+ 19.67 AB  119.35+ 36.04 AB  80.93+ 16.47 B
Dietary treatments
TRP
Parameters
%] Stress
Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h
Peroxidase (unit ml?) 74.24 + 46.42 42.68+ 12.26 62.33 + 30.93 69.64 + 77.44 63.90 + 48.50 28.10+ 1.61 60.03 + 29.00 82.57 + 66.71 115.68 + 69.28 64.74 + 37.44
Bactericidal activity (%) 25.26 + 14.05 21.81+9.09 22.00+ 11.10 19.24 + 6.39 13.67 + 10.28 15.49+ 7.01 19.46 + 4.97 11.40 + 13.65 22.61+ 11.10 13.59 + 4.82
Cortisol (ng ml)  127.452+ 42.81 AB  152.30+ 26.32 AB  174.00+ 30.76 A 80.93+ 18.05B 62.19+ 27.96 B 74.87 + 33.28 87.77+ 1747 b 116.51 + 21.99 98.20+ 24.74 48.72 + 20.18
Multifactorial ANOVA
Diet x Diet x Stress Stress x Time
Diet x Stress x
Diet Stress Time Diet x Time Stress x CTRL TRP (%] Stress
Stress Time
Time &  Stress Stress Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h
Peroxidase ns ns ns ns ns ns ns B B B AB A
Bactericidal activity 0.033 ns ns ns ns ns ns
Cortisol ns <0.001 ns <0.001 ns <0.001 0.003 b a b# * * A AB AB AB# B#

Values represent means + SD (n = 10). Different symbols stand for statistically significant differences attributed to stress. Capital letters stand for statistically signif-

icant differences attributed to sampling time. Low case letters stand for significant differences attributed to dietary treatment (Multifactorial ANOVA; Tukey post-

hoc test; ns: non-significant; P < 0.05).
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Table 4. Gut immune and oxidative stress parameters of European seabass reared at high density, fed dietary treatments for 15 days (Oh), and sampled 4, 24, 48 and

72 hours post bacterial challenge.

Dietary treatments

CTRL
Parameters
6] Stress
Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h
SOD (U mg protein)  42.50 + 16.84 55.84 + 29.61 15.38 + 4.40 23.51+9.56 17.80+ 3.54 53.95+ 35.15 57.60 + 31.57 58.37 + 28.88 24.37 £ 8.21 13.03 + 6.39
CAT (U mg protein?)  57.68 + 32.03 87.07 + 35.31 29.76 + 0.00 47.41+16.13 40.62 + 1.65 83.74+17.14 107.67 + 23.65 59.68 + 6.75 37.31+7.74 45.53 +10.19
Total GSH (LM) 2321.68 + 749.79 A 3497.65 + 1490.63 A* 845.78 £296.25B 226.61+77.26 B 283.05+81.95B  2834.11+790.40 A 1290.81 + 648.55 B# 895.02+347.87 B 357.92+49.20B 318.32+86.37 B
Bactericidal Activity (%) 58.76 + 6.42 64.83 +7.06 66.50 + 2.90 67.64+1.70 66.59 + 1.79 59.55+ 5.18 62.37+2.70 60.01+ 6.70 68.35 + 4.65 70.07 +3.13
Peroxidase (unit ml™) 28.13 + 8.60 77.31+78.10 65.66 + 55.01 89.85+47.17 23.83 + 4.05 4434+ 15.57 56.56 + 26.38 58.36 + 34.05 66.72 £ 47.22 21.49+7.53
Dietary treatments
TRP
Parameters
%) Stress
Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h
SOD (U mg protein?) ~ 59.19 + 23.38 21.52+15.67 17.24 +9.07 36.20 + 15.68 11.82+8.48 4455+ 31.92 29.15+ 10.78 30.65+25.24 14.67 +7.66 11.85+5.40
CAT (U mg protein?)  73.92+ 18.86 68.06 + 11.05 44.33+8.15 60.96 + 12.10 41.25+10.45 66.95 + 10.48 90.37 + 32.22 63.27 £2.30 38.06 +4.43 31.68 +1.47
Total GSH (UM) 2778.96 + 305.04 A 2839.77 + 846.36 A 753.84 +723.88 B 440.67 + 108.38 B 354.49+ 154.28 B 2013.46 + 460.27 AB 2608.92 + 1299.99 A 681.46 + 221.56 BC 546.07 + 46.62 BC 312.23+170.54 C
Bactericidal Activity (%) 60.43+5.61 B 65.01+2.65 AB 60.43+3.52 AB 67.85+1.72 AB 72.50+2.45 A 66.91+4.18 AB 58.59+4.33 B 63.92+1.39 AB 69.37+3.09 A 66.91 + 4.83 AB
Peroxidase (unit ml™) 54.70 + 14.38 50.71 + 31.48 44.33+27.21 52.12+27.78 31.24+12.96 77.31+45.37 69.84 + 30.96 33.71+16.23 64.88 + 39.43 26.55+7.58
Multifactorial ANOVA
Diet x Dietx Diet x Diet x Time Stress x Time
Stress x Time
Diet Stress Time Stress x CTRL TRP (%] Stress
Time
Stress  Time Time Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h Oh 4h 24h 48h 72h
SOD 0,037 ns <0.001 ns 0,044 0,032 ns A B BC BC C A AB* ABC B C # A AB B AB B A B B BC B
CAT ns ns <0.011 ns ns 0,018 ns AB A BC C C AB A B AB B A A BC C C
Total GSH ns ns <0.001 ns ns 0,009 0,005 A A B B B A A* B B B A A# B B B
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Bactericidal Activity ns ns <0.001 ns ns ns 0,021 B B B A A

Peroxidase ns ns 0,03 ns ns ns ns AB A AB A B

Values represent means + SD (n = 10). Different symbols stand for statistically significant differences attributed to stress. Capital letters stand for statistically signif-
icant differences attributed to sampling time. Low case letters stand for significant differences attributed to dietary treatment (Multifactorial ANOVA; Tukey post-

hoc test; ns: non-significant; P < 0.05).
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Figure 1. Quantitative expression of (A) Transforming growth factor-beta, (B) Tumor necrosis factor alpha, (C) Chemokine CXC receptor 4, (D) Interleukin 1 beta, 207
(E) Cluster of differentiation 8 alpha chain, (F) Cluster of differentiation 8 beta chain in head-kidney of European seabass reared at high density, fed dietary treat- 208
ments for 15 days (Oh), and sampled 4, 24, 48 and 72 hours post bacterial challenge. Values represent means + SD (n = 10). Different symbols stand for statistically 209
significant differences attributed to stress. Capital letters stand for statistically significant differences attributed to sampling time. Low case letters stand for signif- 210
icant differences attributed to dietary treatment (Multifactorial ANOVA; Tukey post-hoc test; ns: non-significant; P < 0.05). 211
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Figure 1 (continuation). Quantitative expression of (G) T-cell surface glycoprotein cd4, (H) T-cell surface glycoprotein cd3 zeta chain, (I) T cell receptor alpha chain, 214
(J) Melanocrtin 2 receptor, (K) Arylformamidase-like and (L) Indoleamine -dioxygenase 2 in head-kidney of European seabass reared at high density, fed dietary 215
treatments for 15 days (Oh), and sampled 4, 24, 48 and 72 hours post bacterial challenge. Values represent means + SD (n = 10). Different symbols stand for statistically 216
significant differences attributed to stress. Capital letters stand for statistically significant differences attributed to sampling time. Low case letters stand for signif- 217

icant differences attributed to dietary treatment (Multifactorial ANOVA; Tukey post-hoc test; ns: non-significant; P < 0.05). 218
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3. Discussion 220

Aiming to understand the outcome of dietary tryptophan supplementation in an in- 221
teractive scenario of stressful rearing conditions and an activation of inflammatory mech- 222
anisms, European seabass juveniles reared at high stocking density and fed a diet supple- 223
mented with tryptophan for 15 days were infected with Phdp. 224

Primarily, stress condition alone, irrespective of dietary treatment and infection, did = 225
not significantly compromise fish health status, with the exception of a decrease of haem- 226
atocrit and mc2r mRNA expression and an increase of haemoglobin concentration and 227
corpuscular indexes. The melanocortin 2 receptor (mc2r) codes an ACTH receptor that 228
regulates synthesis and release of glucocorticoids in response to ACTH release and there- 229
fore is essential for fish stress response. However, the observed down-regulation of the 230
gene in response to stress could be the result of a feedback response to an adaptation to 231
the prolonged stress [18]. In fact, cortisol levels tended to be higher in stressed European 232
seabass compared to undisturbed groups at the sampling time Oh, i.e. after a 15 days ex- 233
posure to high-density conditions. Therefore, as suggested by Agulleiro ef al. [18], chronic = 234
dietary cortisol may directly result in a decreased MC2R expression as an upstream con- 235
trol mechanism of cortisol release. 236

Differently, immune stimulation itself induced a clear inflammatory response as 237
could be expected, transversally characterized by a promptly enhanced neutrophil and 238
monocyte response (4 h), followed by an increase of the concentration of total leucocytes 239
found in the peritoneal cavity (from 24 to 48 h). In fact, plasma cortisol levels, as well as 240
the expression of the pro-inflammatory cytokine il1f3, were found augmented by inflam- 241
mation right after infection (i.e. 4 and 24 h). Later, the inflammatory process was charac- 242
terized by the up-regulation of numerous inflammatory genes at 48 h, as the regulatory 243
cytokine tgff, the acute-phase cytokine tnfa, both T-cell surface-glycoproteins cd8a and — 244
B, and T-cell receptors cd3zeta and tcra. The observed modulation of the peripheral and 245
local response to the infection with Phdp is in line with several previous reports [2;19; 20; 246
21; 22], that characterize the acute response to inflammation as a fast neutrophilia and 247
monocytosis within the first 24 h of infection together with the up-regulation of pro-in- 248
flammatory genes at the systemic level. Interestingly, intestinal oxidative stress appeared = 249
diminished as gathered by decreased antioxidant enzymes superoxide dismutase (SOD), 250
catalase (CAT) and total glutathione (tGSH) activity. This lower activity of antioxidant 251
enzymes at gut level might be the reflection of a shift in resources allocation to the inflam- 252
matory focus [23], the peritoneal cavity, supported by a sturdy response at the peripheral 253
(blood and head-kidney genes) and local (peritoneal leucocyte) levels. 254

Nonetheless, it is worth mention that in the present study stressful rearing conditions 255
seemed to exacerbate the inflammatory response. Despite the lower haemoglobin, haemo- 256
globin corpuscular indexes, and activity of the antioxidant enzymes SOD, CAT and tGSH 257
in the gut compared to non-stressed individuals, stressed fish showed a higher activity of 258
several inflammatory indicators. Contrarily to what would be expected in chronically 259
stressed animals (15 days exposure to high stocking density conditions), no clear innate 260
immune suppression due to the rise of cortisol [7] levels seems to have been taken place. 261
In fact, stressed seabass clearly displayed a profile resembling the one normally found in 262
acute-stressed fish [24]. A significant higher concentration of peripheral total leucocytes 263
and neutrophils was found in stressed fish at the early stage of the inflammation (4 and 264
24 h). In addition, key inflammatory genes such as il18 and tgfp (at 4 h), tnfoe (at 24 h) and 265
cd8a and - (at 48 h) were found highly expressed in stressed European seabass compared 266
to non-stressed groups. This points to a probable enhancement of the inflammatory re- 267
sponse by stress, both at the leucocyte and transcriptional levels. Nonetheless, stressed 268
fish presented a significant lower expression of tnfa, cd8a, cd3zeta and tcra than undis- 269
turbed fish at a late sampling point (48 h). This may in contrast suggest a certain degree 270
of immune suppressing effect of stress, mostly on T-cell surface-glycoproteins receptors. 271
In fact, some authors have observed not only a down regulation of lymphocytes surface 272
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molecules essential for their activation, but also a restrain in their tissue distribution while
the same was not observed in phagocytic cells (neutrophils and monocytes/macrophages)
[25; 26]. The disparity of the observed results could be the outcome of several factors such
as the type and severity of the stressor used [24; 27], despite the prolonged time of expo-
sure applied in the present study (15 days).

The main goal of the present work was to assess whether dietary tryptophan supple-
mentation during stressful conditions could be of advantage in the event of an infection.

Exclusively from tryptophan dietary supplementation, apart from a decreased
plasma bactericidal activity, no further changes were observed. Such inability of dietary
tryptophan per se, to induce significant changes in fish immune mechanisms, was previ-
ously demonstrated in Persian sturgeon (Acipenser persicus) by Hoseini et al. [28] and in
seabass [1; 2] after a 15 days feeding period. Indeed, most of the attributed immune-re-
lated effects of dietary tryptophan were described as dependent on immune stimulation
and associated with the induction of the IDO-related kynurenine pathway [1; 2; §; 9; 28].
In agreement, a small number of immunosuppressive effects were observed in fish fed a
higher tryptophan dose in response to inflammation. A decrease of MCV, gut SOD activ-
ity and down-regulation of the pro-inflammatory cytokine /18 and T-cell glycoprotein
cd8a in the head-kidney were observed. Nonetheless, tnfa expression was found up reg-
ulated at 24 h in response to infection. In a previous study, dietary tryptophan offered 26
% above the requirement level led to a weaker peripheral and local leucocyte response, to
a down-regulation of key immune-related genes and to a concomitant decrease in disease
resistance to a bacterial infection (Phdp) [2]. Engelsma et al. [29] also described a similar
effect in common carp (Cyprinus carpio). Despite shy, the outcome of the inflammatory
response observed in the present study is in agreement with the premise that tryptophan
may prime immune suppression by promoting immune-tolerance signals during inflam-
mation [2; 3; 29; 30]. Upon inflammatory induction, tryptophan catabolism in macro-
phages through the kynurenine pathway contributes to a reduction of its availability for
microorganisms consumption, deviates superoxide radicals for the modulation of cell ox-
idative status and regulates T-cell function, thus creating conditions that favour immune
suppression and tolerance [8; 10]. In addition, tryptophan supplementation may contrib-
ute to immune tolerance by promoting macrophage differentiation towards the M2/heal-
ing phenotype in an inflammatory scenario [3]. Nonetheless, no modulation of either
kynurenine-related genes, as the afmid and ido2 were observed in response to tryptophan
supplementation in an inflammatory scenario.

In contrast, considering dietary tryptophan supplementation during stressful rearing
conditions and its outcome in the inflammatory mechanisms, the present study showed
an important reduction of plasma cortisol levels at 4 h of infection compared to CTRL-fed
fish. In fact, despite non-significant, tryptophan seemed to induce a reduction in basal
cortisol levels in response to stress even prior to the inflammatory stimulus (0 h). This is
in agreement with previous reports that point to the ability of tryptophan to counteract
stress-induced cortisol increase [4] and concomitantly avoid cortisol immune suppressor
effect [2; 7]. This hypothesis is further supported by the up-regulation of several immune-
related genes at 48 h following infection. At that sampling point an increased mRNA ex-
pression of tgfB, cxcr4, cd8a and —f, cd3zeta and tcra was observed, highlighting a less re-
strained response. TGFf is a multifunctional cytokine produced by leucocytes and with
key roles in several cellular process, while CXCR4 is a membrane protein present in leu-
cocytes that binds to the CXC chemokines family. Moreover, contrarily with the previous
observed immune suppressing effect at 48 h of stress, tryptophan spare seems to revert
stress-induced T-cell suppression by increasing gene expression of the T-cell surface-gly-
coproteins and receptors (cd8a and —f, cd3zeta, tcra). However, it is described that only
about 10 % of total L-tryptophan is consumed through the neuro-endocrine routes [31].
Indeed, in the present experimental conditions an up-regulation of ido2 and afmid was
visible at 48 h, pointing to the involvement of the tryptophan catabolic pathway in mac-
rophages mediated by IDO. IDO2 is the first and rate-limiting enzyme of tryptophan ca-
tabolism in macrophages, followed by the enzyme arylformamidase (AFMID) responsible
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for kynurenine formation. Through this route, tryptophan consumption sets up a protec-
tion system mostly characterized by its immune suppressive effect and role during the
immune response [3; 8; 10]. Nonetheless, a down regulation of tnfa, cd8f and tgfp at earlier
sampling points was perceived.

To conclude, and despite of the main goal of the present study, the multiplicity of
factors as stress, inflammation and tryptophan per se, as well as their interaction cannot
be ignored. To begin with, stressful rearing conditions alone did not significantly compro-
mise seabass health indicators apart from the expectation of a decreased MC2R expression
possibly as control mechanism of the prolonged cortisol release. In contrast, immune stim-
ulation itself induced, as expected, a clear inflammatory response at the peripheral (blood
and head-kidney genes) and local (peritoneal leucocyte) levels. However, no clear im-
mune suppression was perceived when chronically stressed fish (15 days under high
stocking density conditions) were submitted to an acute inflammation. Contrarily, stress
seemed to exacerbate the inflammatory response at early sampling points (up to 24 h).
Nonetheless, stressed fish presented some immune supressing effects mostly on T-cell
surface-glycoproteins receptors at a late sampling point (48 h).

Finally, while tryptophan alone failed to modulate seabass immune indicators, a
small number of immunosuppressive effects were observed in response to inflammation.
Such results are in agreement with the premise that tryptophan may prime immune sup-
pression by promoting immune-tolerance signals during inflammation. Nonetheless,
when stress is a present factor, dietary tryptophan supplementation seems to improve the
imposed inflammatory response my mitigating stress effects since a clear reduction of
plasma cortisol levels is promptly observed in TRP-fed fish. This ability of tryptophan to
counteract stress-induced cortisol increase, is further supported by the up-regulation of
several immune-related genes at 48 h of infection, and by a reversal of the previously ob-
served stress-induced T-cell suppression. Finally, the involvement of the tryptophan cat-
abolic pathway in macrophages mediated by IDO was confirmed by the up-regulation of
genes involved in the kynurenine pathway. Data from the present study could be useful
for the development of novel prophylactic protocols during vaccination by intraperitoneal
injection in the European seabass, since fish are crowded prior i.p. injection and an im-
proved immune response during inflammation could enhance vaccination efficiency.

4. Materials and Methods

4.1 Experimental diets

Two plant protein-based diets with inclusion of fish soluble protein concentrate (5 %)
for better palatability were formulated and manufactured by Sparos Lda. (Olhao, Portu-
gal). The CTRL diet was formulated to include an indispensable amino acid (AA) profile
meeting the ideal pattern stablished for European seabass [18]. According to previous
works [1; 2; 19], an identical diet was formulated to contain L-tryptophan at 0.3 % of feed
at the expenses of wheat meal (TRP). All diets were manufactured as described by
Machado et al. [32]. Dietary AA content was analysed by ultra-high performance liquid
chromatography (UPLC) after acid hydrolysis, as described in Aragao ef al. [33]. Trypto-
phan was determined by UPLC, after alkaline hydrolysis (6 M NaOH and methanesul-
fonic acid at 110 °C over 22 h in nitrogen-flushed glass vials ). Formulation and proximate
analysis in presented in Table 5 whereas and the total AA profile of the experimental diets
is presented in Table 6.
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Table 5. Ingredients and chemical composition of the experimental diets.

Ingredients (%) CTRL TRP
Fish soluble protein concentrate> 5.00  5.00
Fish gelatin® 2.00 2.00
Soy protein concentratec 25.00 25.00
Pea protein concentrate¢ 6.00 6.00
Wheat gluten® 10.00 10.00
Corn gluten meal 15.00 15.00
Wheat meals 15.80 15.50
Fish oil® 15.10 15.10
Vit & Min Premix 1.00  1.00
Soy lecithini 1.00 1.00
Antioxidant* 020 0.20
Sodium propionate! 0.10  0.10
Monocalcium phosphate™ 3.00 3.00
L-Lysine® 0.60  0.60
L-Tryptophan°® 0.00  0.30
DL-Methioniner 020 0.20
Total 100.00 100.00

Chemical composition (as fed basis)

Crude protein (%) 45.70 46.00
Crude fat (%) 18.00 18.00
Fiber (%) 1.70  1.70
Starch (%) 13.40 13.20
Ash (%) 6.80  6.80
Energy (M]/kg) 21.90 21.90

a CPSP 90: 82.6% crude protein (CP), 9.6% crude fat (CF), Sopropéche, France. ® Fish
gelatin: 88% CP, 0.1% CF, LAPI Gelatine SPA, Italy. ¢ Soycomil P: 63% CP, 0.8% CF, ADM,
The Netherlands; ¢ NUTRALYS E85F: 78% CP, 1% CF, ROQUETTE Freres, France. ¢ VI-
TAL: 83.7% CP, 1.6% CF, ROQUETTE Freres, France. f Corn gluten meal: 61% CP, 6% CF,
COPAM, Portugal. & Wheat meal: 10.2% CP; 1.2% CF, Casa Lanchinha, Portugal. ®
SAVINOR UTS, Portugal. ' PREMIX Lda, Portugal: Vitamins (IU or mg/kg diet): DL-alpha
tocopherol acetate, 100 mg; sodium menadione bisulphate, 25 mg; retinyl acetate, 20000
IU; DL-cholecalciferol, 2000 IU; thiamin, 30 mg; riboflavin, 30 mg; pyridoxine, 20 mg; cy-
anocobalamin, 0.1 mg; nicotinic acid, 200 mg; folic acid, 15 mg; ascorbic acid, 500 mg; ino-
sitol, 500 mg; biotin, 3 mg; calcium panthotenate, 100 mg; choline chloride, 1000 mg, beta-
ine, 500 mg. Minerals (g or mg/kg diet): copper sulphate, 9 mg; ferric sulphate, 6 mg; po-
tassium iodide, 0.5 mg; manganese oxide, 9.6 mg; sodium selenite, 0.01 mg; zinc sulphate,
7.5 mg; sodium chloride, 400 mg; excipient wheat middlings. i Lecico P700IPM, LECICO
GmbH, Germany. ¥ Paramega PX, Kemin Europe NV, Belgium. ! PREMIX Lda., Portugal.
m MCP: 22% phosphorus, 16% calcium, Fosfitalia, Italy. » Lysine HCI 99%, Ajinomoto Eu-
rolysine SAS, France. © L-Tryptophan 98%, Ajinomoto Eurolysine SAS, France. » DL-Me-
thionine for Aquaculture: 99% Methionine, Evonik Nutrition & Care GmbH, Germany
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Table 6. Amino acid composition of experimental diets.
Amino acids (% DW)CTRLTRP

Arginine 40 41
Histidine 1.2 12
Lysine 3.0 3.0
Threonine 1.8 19
Isoleucine 21 21
Leucine 42 43
Valine 23 23
Methionine 1.1 1.2
Phenylalanine 3.0 32
Cysteine 04 04
Tyrosine 26 28
Aspartic acid 34 32
Glutamic acid 9.7 9.1
Alanine 24 25
Glycine 27 2.7
Proline 3.7 3.6
Serine 26 26
Tryptophan 0.2 04

4.2 Phdp inoculum preparation

For the inflammatory bacterial challenge, Phdp strain PP3, isolated from yellowtail
(Seriola quinqueradiata; Japan) by Dr Andrew C. Barnes (Marine Laboratory, Aberdeen,
UK), was used. Bacteria were routinely cultured at 22 °C in tryptic soy broth (TSB) or
tryptic soy agar (TSA) (both from Difco Laboratories) supplemented with NaCl to a final
concentration of 2 % (w/v) (TSB-2 and TSA-2, respectively) and stored at —80 °C in TSB-2
supplemented with 15 % (v/v) glycerol. To prepare the inoculum for injection into the fish
peritoneal cavities, 100 pL of stocked bacteria were cultured overnight at 22 °C on TSA-2.
Exponentially growing bacteria were collected and re-suspended in sterile TSB-2 and ad-
justed to a final concentration of 5x107 colony forming units (cfu) ml~, as confirmed by
plating the resulting cultures onto TSA-2 plates and counting of cfu, and each fish inocu-
lated intraperitoneally (i.p.) with 100 pl (5x10¢ cfu per fish) of the bacterial suspension.

4.3 Experimental design

European seabass juveniles (12.02 + 2.77 g) were randomly distributed (n=22-22 per
tank) in two independent recirculating seawater systems composed by a total of 16 tanks
(Figure 2), at a density of 5 kg m-3 and maintained for a 2 weeks acclimatization period
(temperature 20 + 0.5°C; salinity 32 ppt; photoperiod 10:14 hours dark: light). Afterwards,
by lowering the water level in one of the systems, fish were submitted to a higher density
(10 kg m3; Stress group) to simulate a stressful rearing condition while the other system
served as control for the stocking density factor (5 kg m? & group). In a complete ran-
domized design (Figure 2. serves only as example of diet distribution), the two dietary
treatments (CTRL and TRP) were randomly assigned in quadruplicate tanks in each recir-
culating seawater system and fish were fed these diets for 15 days twice a day with a daily
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average ration of 2 % of body weight. Samplings were then carried out (n= 2-3 fish per
tank, n= 10 per treatment) for the collection of data regarding the haematological profile,
peritoneal cells collection, plasma cortisol and immune parameters. In addition, gut sam-
ples were collected for innate immune and oxidative stress analysis. Finally, head-kidney
was sampled for gene expression analysis. Afterwards, the remaining fish were intraper-
itoneally (i.p.) injected with 100 pL of Phdp (5%107 cfu mL). At that point, temperature
was increased up to 24 + 0.5 °C to mimic the natural infection conditions and, similarly
to the previous point, fish were sampled (n= 2-3 fish per tank, n= 10 per treatment) after
4, 24, 48 and 72 hours. For all the sampling points fish were euthanized by anaesthetic
overdose with 2-phenoxyethanol (1 mL L1, Merck KGaA).

| Feeding trial
TRP @ | CTRL @ TRP@ |CTRL @ TRP'S | CTRL S TRP'S | CTRL & !
n=21 n=21 n=21 n=21 n=21 n=21 n=21 n=21 | Quadruplicate tanks per treatment (diet x stress)
1 Temperature 20 °C
CTRL@ | TRP @ CTRL@ | TRP @ CTRL S | TRP § CTRLS | TRP S I
n=22 n=22 n=22 n=22 n=22 n=22 n=22 n=22 | 15 days of feeding
2
Slkgm Stress by ‘“":‘;":9 water level | Sampling 3/2 fish per tank (n=10 per treatment)
g m*
1
1
: Infection trial
1
! Quadruplicate tanks per treatment (diet x stress)
TRP @ | CTRL @ TRP @ | CTRL @ TRPS |CTRLS || TRPS | cTRL S | Temperature ?‘;v] .Shd
n=18 n=18 n=18 n=18 n=18 n=18 n=18 n=18 s injection wit b
CTRL@ | TRP & CTRL@ | TRP @ CTRLS | TRP S CTRLS | TRP S | 4.24,48 and 72 h post-infection
n=20 n=20 n=20 n=20 n=20 n=20 n=20 n=20 ] >
1 Sampling 3/2 fish per tank (n=10 per treatment)

Figure 2. Trial design.

4.4 Haematological parameters

Blood was collected from the caudal vein using heparinized syringes, one part being
used for haematological analysis and the remaining centrifuged at 10,000 x g 10 min at 4
°C and the plasma collected, frozen in dry ice and stored at 80 °C for evaluating innate
humoral immune response parameters.

The haematological profile was conducted according to Machado et al. [1] and com-
prised total peripheral leucocytes (WBC) and erythrocytes (RBC) counts, as well as haem-
atocrit (HT) and haemoglobin (HG; SPINREACT kit, ref. 1001230, Spain) assessments. Af-
terwards, the mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH)
and mean corpuscular haemoglobin concentration (MCHC) were also calculated. Imme-
diately after blood collection, blood smears were performed from homogenized blood and
air-dried. After fixation with formol-ethanol (10 of 37 % formaldehyde in absolute etha-
nol), detection of peroxidase was carried out as described by Afonso et al. [19] in order to
allow identification of neutrophils. Blood smears were then stained with Wright’s stain
(Haemacolor; Merck). Slides were examined (x1,000 magnification), and at least 200 leu-
cocytes were counted and classified as peripheral thrombocytes, lymphocytes, monocytes
and neutrophils. Absolute value (x10* mL-) of each cell type calculated according to the
total blood WBC count.

4.5 Peritoneal leucocytes counting

Peritoneal cells were collected according to the procedure described by Costas et al.
[34] in individuals i.p. injected with the bacteria. Briefly, following fish anaesthesia and
blood collection from the caudal vein, 5 mL of cold Hank’s balanced salt solution (HBSS)
supplemented with 30 units heparin mL-' was injected into the peritoneal cavity. The per-
itoneal area was then slightly massaged in order to disperse peritoneal cells in the injected
HBSS. The i.p. injected HBSS containing suspended cells were collected and total perito-
neal leucocytes counts were performed with a haemocytometer.

4.6 Plasma innate immune response parameters

Total peroxidase activity in plasma was measured following the procedure described
by Quade and Roth [35]. The bactericidal activity assay was performed using Phdp strain
PP3. Bacteria were cultured in tryptic soy broth (TSB) (Difco Laboratories) supplemented
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with NaCl to a final concentration of 2 % (w/v) (TSB-2) and exponentially growing bacteria
were resuspended in sterile HBSS and adjusted to 1 x 10¢ cfu mL-". Plating serial dilutions
of the suspensions onto TSA-2 plates and counting the number of cfu following incubation
at 22 °C confirmed bacterial concentration of the inoculum. Plasma bactericidal activity
was then determined following the method described by Graham et al. [36] with modifi-
cations [1].

Cortisol was assessed by an ELISA Kit (IBL International Gmbh, Hamburg, Ger-
many) already validated for European seabass [37], and following manufacturer’s instruc-
tions. All analyses were conducted in triplicates and absorbance was read in a Synergy
HT (Biotek) microplate reader.

4.7 Gut innate immune and oxidative stress parameters

Seabass gut samples were weighed and homogenized individually as described
Peixoto et al. [38].

Total protein concentration in gut was measured using a Pierce BCA Protein Assay
Kit as described by Costas et al. [39]. Reduced/oxidized glutathione ratio was measured
using a Microplate Assay for GSH/GSSG Kit, as described by Hamre et al. [40]. Catalase
(CAT) activity was determined by measuring the decrease of hydrogen peroxide (H202)
concentration as described by Rodrigues et al. [41]. Superoxide dismutase (SOD) activity
was determined following Lima et al. [42]. Gut bactericidal activity were determined fol-
lowing the method described by Graham et al. [36] with modifications [38] using Tenaci-
baculum maritimum strain ACC13.1. Peroxidase activity was analysed according to Quade
and Roth [35].

All analyses were conducted in triplicates and absorbance was read in a Synergy HT
(Biotek) microplate reader.

4.8 Head-kidney gene expression

Total RNA isolation and DNase treatment (NZY Total RNA isolation kit, MB13402,
NZYTech, Portugal) and first-strand cDNA synthesis (NZY First-strand cDNA synthesis
kit, MB125, NZYTech, Portugal) were performed according to manufacture guidelines.
Primers design and efficiency values and quantitative PCR assays were performed as de-
scribed by Machado et al. [20]. Efficiency of each primer was calculated according to a
series dilution of a cDNA pool. DNA amplification was carried out using in a CFX384
Touch Real-Time PCR Detection System (Biorad) with specific primers for genes that have
been selected for their involvement in immune responses (Table 3). Accession number,
efficiency values, annealing temperature, product length and primers sequences are pre-
sented in Table 3. Melting curve analysis was also performed to verify that no primer
dimers were amplified. The standard cycling conditions were 95 °C initial denaturation
for 10 min, followed by 40 cycles of 94 °C denaturation for 30 s, primer annealing temper-
ature (Table 7) for 30 s and 72 °C extension for 30 s. All reactions were carried out as
technical duplicates. The expression of the target genes was normalized using the expres-
sion of European seabass 40s ribosomal protein (40s) and elongation factor 1 alpha (efla).
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Table 7. Forward and reverse primers for real-time PCR.

Acronym Gene Gene Bank ID Eff'  AT? Product length3 Forward primer sequence (5'-3") Reverse primer sequence (5'-3")
40s 40s Ribosomal protein HE978789.1 104.44 60 79 TGATTGTGACAGACCCTCGTG CACAGAGCAATGGTGGGGAT
efla Elongation factor 1 3 AJ866727.1 96.45 57 144 AACTTCAACGCCCAGGTCAT CTTCTTGCCAGAACGACGGT
tefB Transforming growth factor § AM421619.1 109.67 55 143 ACCTACATCTGGAACGCTGA TGTTGCCTGCCCACATAGTAG
tnfa Tumor necrosis factor a DQO070246.1 108.81 55 112 AGCCACAGGATCTGGAGCTA GTCCGCTTCTGTAGCTGTCC

cxcrd Chemokine CXC receptor 4 FN687464.1 90.94 57 171 ACCAGACCTTGTGTTTGCCA ATGAAGCCCACCAGGATGTG
il1p Interleukin 1 8 AJ269472.1 87.60 57 105 AGCGACATGGTGCGATTTCT CTCCTCTGCTGTGCTGATGT
cd8a Cluster of differentiation 8 a chain DQ090838.1 117.69 60 292 GCGATTCTGGTGTTTITGTCTAAAG GAGACGCACAGCTGTAAATGC
cd8p Cluster of differentiation 8 {3 chain DLAgn_00090370 104.44 55 223 CGGAACCCAAAAGGCCAAAG TAGGCTGTAGATGCAGTGCT
cd4 T-cell surface glycoprotein cd4 DLAgn_00058650 98.04 60 131 CTCGGTGGCATCCTTCTGAC AGCCAGACAACAACCTGTCC
cd3zeta  T-cell surface glycoprotein cd3 zeta chain DLAgn_00052540 93.08 60 99 GGCTCTCCGAACTTCTCCAG CTGCAACGTCGTTTCCGATG
fera T- cell receptor a chain DLAgn_00260540 116.00 60 72 ACACTGGCTGAGAAACATCCT GGCTGGGTCACTCTGTCTTC
me2r Melanocortin 2 receptor DLAgn_00065140 100.98 60 118 GAGGGCAAGGGGAGCATTTA GACGGGCAGATGGCAGTTAT
afmid Arylformamidase-like DLAgn_00177950 128.26 55 112 CGTTTCCACCTGTTTGACCT CCTAGCCTGCTGAAGGACTG
ido2 Indoleamine -dioxygenase 2 DLAgn_00014730 108.20 55 74 TGAAGGTGTGAGCAATGAGC CAAAGCACTGAATGGCTGAA

The efficiency of PCR reactions calculated from serial dilutions of tissue RT reactions in the validation procedure.

2Annealing temperature (°C).

3Amplicon (bp)

Int. J. Mol. Sci. 2022, 23, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/ijms

513
514

515
516
517
518
519
520
521
522
523
524
525



S International Journal of m\D\Py

Molecular Sciences

4.9 Statistical analysis

All results are expressed as mean =+ standard deviation (mean + SD). Data were ana-
lyzed for normality (Shapiro-Wilk’s W test) and homogeneity of variance (Levene’s test)
and, when necessary, transformed before being treated statistically. Data was analysed by
multifactorial ANOVA, with diet, stress and time/inflammation as factors, and followed
by Tukey post-hoc test to identify differences between the experimental treatments. All
statistical analyses were performed using the computer package STATISTICA 12 for WIN-
DOWS. The level of significance used was p < 0.05 for all statistical tests.

Author Contributions: Conceptualization, MM, RA and BC; methodology, MM, CA and BC; inves-
tigation, MM, PS, DP, AR, ID and IC; writing—original draft preparation, MM.; writing —review
and editing, MM, RA, CA and BC; funding acquisition, BC. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by INFLAMMAA (reference PTDC/CVT-CVT/32349/2017) and
IMMUNAA (reference PTDC/CVT-CVT/7741/2020) projects, financed by Portugal and the Euro-
pean Union through FEDER, COMPETE 2020 and CRESC Algarve 2020, in the framework of Por-
tugal 2020, and national funds through Fundagao para a Ciéncia e a Tecnologia (FCT, Portugal)
within the scope of UIDB/04423/2020 and UIDP/04423/2020. DP, IC and BC were supported by FCT,
Portugal (UI/BD/150900/2021, 2021.04867.BD and 2020.00290.CEECIND, respectively).

Institutional Review Board Statement: The experiments were approved by the CIIMAR Animal
Welfare Committee and DGAV (ORBEA-CIIMAR_26_2018) and was carried out under license num-
ber 0421/000/000/2020 in a registered facility (N16091.UDER). Experiments were directed by trained
scientists (following FELASA category C recommendations) and were conducted according to the
guidelines on the protection of animals used for scientific purposes from the European directive
2010/63/UE.

Data Availability Statement: All data is provided in the main text or Supplementary Files.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Machado M, Azeredo R, Diaz-Rosales P, Afonso A, Peres H, Oliva-Teles A, Costas B (2015) Dietary tryptophan and
methionine as modulators of European seabass (Dicentrarchus labrax) immune status and inflammatory response. Fish
Shell Immun 42, 353-362.

2. Machado M, Azeredo R, Domingues A, Fernandez-Boo S, Dias J, Concei¢cdo LEC, Costas B (2019) Dietary
tryptophan deficiency and its supplementation compromises inflammatory mechanisms and disease resistance in a
teleost fish. Sci Rep-Uk 9, 7689.

3. Machado M, Serra CR, Oliva-Teles A, Costas B (2021) Methionine and Tryptophan Play Different Modulatory Roles
in the European Seabass (Dicentrarchus labrax) Innate Immune Response and Apoptosis Signaling—An In Vitro Study.
Front Immunol 12.

4. Lepage O, Tottmar O, Winberg S (2002) Elevated dietary intake of L-tryptophan counteracts the stress-induced
elevation of plasma cortisol in rainbow trout (Oncorhynchus mykiss). J Exp Biol 205, 3679-3687.

5. Lepage O, Vilchez IM, Pottinger TG, Winberg S (2003) Time-course of the effect of dietary L-tryptophan on plasma
cortisol levels in rainbow trout Oncorhynchus mykiss. J Exp Biol 206, 3589-3599.

6. Azeredo R, Machado M, Martos-Sitcha JA, Martinez-Rodriguez G, Moura J, Peres H, Oliva-Teles A, Afonso A,
Mancera JM, Costas B (2019) Dietary Tryptophan Induces Opposite Health-Related Responses in the Senegalese Sole

Int. J. Mol. Sci. 2022, 23, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/ijms

526
527
528
529
530
531
532
533
534
535
536
537
538
539
540

541
542
543
544
545
546

547
548
549
550
551
552

553

554

555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572



(Solea senegalensis) Reared at Low or High Stocking Densities With Implications in Disease Resistance. Front Physiol
10.

7. Hoseini SM, Pérez-Jiménez A, Costas B, Azeredo R, Gesto M (2019) Physiological roles of tryptophan in teleosts:
current knowledge and perspectives for future studies. Reviews in Aquaculture 11.

8. Munn DH, Mellor AL (2013) Indoleamine 2,3 dioxygenase and metabolic control of immune responses. Trends
Immunol 34, 137-143.

9. Taylor MW, Feng GS (1991) Relationship between interferon-gamma, indoleamine 2,3-dioxygenase, and tryptophan
catabolism. Faseb J 5, 2516-2522.

10. Munn DH, Shafizadeh E, Attwood JT, Bondarev I, Pashine A, Mellor AL (1999) Inhibition of T cell proliferation
by macrophage tryptophan catabolism. Journal of Experimental Medicine 189, 1363-1372.

11. Maier SF (2003) Bi-directional immune-brain communication: Implications for understanding stress, pain, and
cognition. Brain Behav Immun 17, 69-85.

12. Verburg-Van Kemenade KB, Stolte EH, Metz JR, Chadzinska M (2009) Neuroendocrine—immune interactions in
teleost fish. In Fish Physiology, pp. 313-364 [GT Gamperl AK, Farrell AP, Colin J, editor]. San Diego, CA, USA:
Academic Press.

13. Stolte EH, Nabuurs SB, Bury NR, Sturm A, Flik G, Savelkoul HF, Lidy Verburg-van Kemenade BM (2008) Stress
and innate immunity in carp: corticosteroid receptors and pro-inflammatory cytokines. Mol Immunol 46, 70-79.

14. Verburg-van Kemenade BM, Ribeiro CM, Chadzinska M (2011) Neuroendocrine-immune interaction in fish:
differential regulation of phagocyte activity by neuroendocrine factors. Gen Comp Endocr 172, 31-38.

15. Hoglund E, @verli @, Winberg S (2019) Tryptophan Metabolic Pathways and Brain Serotonergic Activity: A
Comparative Review. Frontiers in Endocrinology 10.

16. Wurtman RJ, Fernstrom JD (1975) Control of brain monoamine synthesis by diet and plasma amino acids. Am J
Clin Nutr 28, 638-647.

17. Fernstrom JD (2016) A Perspective on the Safety of Supplemental Tryptophan Based on Its Metabolic Fates. J Nutr
146, 2601-2608.

18. Agulleiro MJ, Sanchez E, Leal E, Cortés R, Ferndndez-Duran B, Guillot R, Davis P, Dores RM, Gallo-Payet N,
Cerda-Reverter JM (2013) Molecular characterization and functional regulation of melanocortin 2 receptor (MC2R) in
the sea bass. A putative role in the adaptation to stress. Plos One 8, e65450.

19. Afonso A, Silva J, Lousada S, Ellis AE, Silva MT (1998) Uptake of neutrophils and neutrophilic components by
macrophages in the inflamed peritoneal cavity of rainbow trout (Oncorhynchus mykiss). Fish Shell Immun 8, 319-338.
20. Afonso A, Ellis AE, Silva MT (1997) The leucocyte population of the unstimulated peritoneal cavity of rainbow
trout (Oncorhynchus mykiss). Fish Shell Immun 7, 335-348.

21. Afonso A, Lousada S, Silva J, Ellis AE, Silva MT (1998) Neutrophil and macrophage responses to inflammation in
the peritoneal cavity of rainbow trout Oncorhynchus mykiss. A light and electron microscopic cytochemical study. Dis
Aquat Organ 34, 27-37.

22. Santos P, Peixoto D, Ferreira I, Passos R, Pires P, Simdes M, Pousdo-Ferreira P, Baptista T, Costas B (2022) Short-
Term Immune Responses of Gilthead Seabream (Sparus aurata) Juveniles against Photobacterium damselae subsp.
piscicida. Int J Mol Sci 23, 1561.

23. Wang H, Ye J (2015) Regulation of energy balance by inflammation: common theme in physiology and pathology.
Rev Endocr Metab Disord 16, 47-54.

24. Guo H, Dixon B (2021) Understanding acute stress-mediated immunity in teleost fish. Fish and Shellfish
Immunology Reports 2, 100010.

25. Tournier JN, Mathieu J, Mailfert Y, Multon E, Drouet C, Jouan A, Drouet E (2001) Chronic restraint stress induces
severe disruption of the T-cell specific response to tetanus toxin vaccine. Immunology 102, 87-93.

573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616



26. Ince LM, Weber J, Scheiermann C (2018) Control of Leukocyte Trafficking by Stress-Associated Hormones. Front
Immunol 9, 3143.

27. Hoseini SM, Yousefi M, Hoseinifar SH, Van Doan H (2019) Cytokines' gene expression, humoral immune and
biochemical responses of common carp (Cyprinus carpio, Linnaeus, 1758) to transportation density and recovery in
brackish water. Aquac 504, 13-21.

28. Hoseini SM, Mirghaed AT, Mazandarani M, Zoheiri F (2016) Serum cortisol, glucose, thyroid hormones' and non-
specific immune responses of Persian sturgeon, Acipenser persicus to exogenous tryptophan and acute stress. Aquac
462, 17-23.

29. Engelsma MY, Hougee S, Nap D, Hofenk M, Rombout JH, van Muiswinkel WB, Lidy Verburg-van Kemenade BM
(2003) Multiple acute temperature stress affects leucocyte populations and antibody responses in common carp,
Cyprinus carpio L. Fish Shell Immun 15, 397-410.

30.Qiu S, Fang Z, Wu D, Lin Y, Che L (2011) Tryptophan supplements promote pregnancy success in mice challenged
with pseudorabies virus (PRV) by regulating the expression of systemic cytokines, immunoglobulins, PRV -specific
protein profiles, and toll-like receptors. Journal of medicinal food 14, 857-865.

31. Palego L, Betti L, Rossi A, Giannaccini G (2016) Tryptophan Biochemistry: Structural, Nutritional, Metabolic, and
Medical Aspects in Humans. Journal of Amino Acids 2016, 13.

32. Machado M, Azeredo R, Fontinha F, Fernandez-Boo S, Conceicdo LEC, Dias J, Costas B (2018) Dietary Methionine
Improves the European Seabass (Dicentrarchus labrax) Immune Status, Inflammatory Response, and Disease
Resistance. Front Immunol 9.

33. Aragdo C, Cabano M, Colen R, Teodo6sio R, Gisbert E, Dias J, Engrola S (2022) Modulation of dietary protein to
lipid ratios for gilthead seabream on-growing during summer temperature conditions. Aquaculture Reports 25, 101262.
34. Costas B, Conceicao LEC, Dias J, Novoa B, Figueras A, Afonso A (2011) Dietary arginine and repeated handling
increase disease resistance and modulate innate immune mechanisms of Senegalese sole (Solea senegalensis Kaup,
1858). Fish Shell Immun 31, 838-847.

35. Quade MJ, Roth JA (1997) A rapid, direct assay to measure degranulation of bovine neutrophil primary granules.
Vet Immunol Immunop 58, 239-248.

36. Graham S, Jeffries AH, Secombes CJ (1988) A novel assay to detect macrophage bactericidal activity in fish; factors
influencing the killing oi Aeromonas salmonicida. J Fish Dis 11, 389-396.

37. Azeredo R, Machado M, Afonso A, Fierro-Castro C, Reyes-Lopez FE, Tort L, Gesto M, Conde-Sieira M, Miguez
JM, Soengas JL, Kreuz E, Wuertz S, Peres H, Oliva-Teles A, Costas B (2017) Neuroendocrine and Immune Responses
Undertake Different Fates following Tryptophan or Methionine Dietary Treatment: Tales from a Teleost Model. Front
Immunol 8, 1226.

38. Peixoto D, Pinto W, Gongalves AT, Machado M, Reis B, Silva J, Navalho J, Dias J, Conceicéo L, Costas B (2021)
Microalgal biomasses have potential as ingredients in microdiets for Senegalese sole (Solea senegalensis) post-larvae.
J Appl Phycol.

39. Costas B, Couto A, Azeredo R, Machado M, Krogdahl A, Oliva-Teles A (2014) Gilthead seabream (Sparus aurata)
immune responses are modulated after feeding with purified antinutrients. Fish Shell Immun 41, 70-79.

40. Hamre K, Penglase SJ, Rasinger JD, Skjaerven KH, Olsvik PA (2014) Ontogeny of redox regulation in Atlantic cod
(Gadus morhua) larvae. Free Radical Bio Med 73, 337-348.

41. Rodrigues ACM, Gravato C, Quintaneiro C, Bordalo MD, Barata C, Soares AMVM, Pestana JLT (2017) Energetic
costs and biochemical biomarkers associated with esfenvalerate exposure in Sericostoma vittatum. Chemosphere 189,
445-453.

617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658



42. Lima I, Moreira SM, Rendon-Von Osten J, Soares AMVM, Guilhermino L (2007) Biochemical responses of the
marine mussel Mytilus galloprovincialis to petrochemical environmental contamination along the North-western coast
of Portugal. Chemosphere 66, 1230-1242.

659
660
661

662





