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by inducing food
anticipatory activity
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and Chunlin Wang1,3*

1Key Laboratory of Aquacultural Biotechnology Ministry of Education, Ningbo University,
Ningbo, China, 2Marine Economic Research Center, Dong Hai Strategic Research Institute, Ningbo
University, Ningbo, China, 3Collaborative Innovation Center for Zhejiang Marine High-efficiency and
Healthy Aquaculture, Ningbo, China
A three-month culture experiment was designed to assess the effects of

photoperiod and feeding regime on growth, feed utilization, and food

anticipatory activity (FAA) of juvenile rainbow trout. The experiment included

two photoperiods: 24L:0D (LL) and 12L:12D (LD); three feeding regimes:

random feeding (R), mid-dark stage feeding (D), and mid-light stage feeding

(L). A total of six treatment groups (R-LL, D-LL, L-LL, R-LD, D-LD, L-LD) were

defined. The experimental results showed that the growth and feed utilization

of the scheduled feeding groups (D and L groups) were significantly higher than

those of the R group under both photoperiods, and there was no statistical

difference between the D and L groups. A typical FAA was observed in the L

group, independent of the photoperiod. Also, the digestive enzyme activity of

the L group was synchronized by the feeding time under both photoperiods.

There were rhythms in serum levels of glucose (GLU), triglyceride (TG), and

total-cholesterol (T-CHO) in the D and L groups. Serum GLU also had a rhythm

in the R group, but the peaks occurred at the feeding point (LL group) or after

the feeding point (LD group), reflecting a possible passive rise in GLU after

feeding. Serum cortisol was higher in the R group than in the scheduled feeding

group, indicating that random feeding caused stress to juvenile rainbow trout.

Serum insulin levels were found to increase before feeding in all three feeding

regimes, probably reflecting the anticipation of food induced by the last meal.

Serum melatonin levels were suppressed by the LL group. Serum 5-HT levels

were synchronized by meal time in the R and L groups. Finally, rhythms of

appetite-related genes were observed under all three feeding regimes, and

more genes were rhythmic under LL, suggesting that food can strongly

synchronize the feeding rhythm of juvenile rainbow trout when lacking light
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zeitgeber. In summary, this study concluded that diurnal feeding (L group)

independent of photoperiod induced typical FAA in juvenile rainbow trout and

that the LD (12L:12D) photoperiod and L (mid-light phase) feeding were

recommended in the juvenile rainbow trout aquaculture.
KEYWORDS

photoperiod, feeding regime, food anticipatory activity, rainbow trout oncorhynchus
mykiss, digestive enzyme
Introduction

Light (main characteristics include: spectrum, light intensity,

and photoperiod) is an important abiotic factor that plays a vital

role in the entire life cycle of fish, from embryonic development

to gonadal maturation (Villamizar et al., 2011; Imsland et al.,

2020). Photoperiod is the most primary zeitgeber of the fish

biological clock system, affecting its growth (Wei et al., 2019;

Singh and Zutshi, 2020), reproduction (Foss et al., 2020; Imsland

et al., 2020), locomotion (Almazán-Rueda et al., 2004),

metabolism (Paredes et al., 2014; Wei et al., 2019), and

immunity (Leonardi and Klempau, 2003; Esteban et al., 2006).

Aquaculture has widely used photoperiod manipulation to

improve productivity (Imsland et al., 2020; Ruchin, 2021). It

has been observed in most intensively farmed fish that extended

light periods promote somatic growth (Boeuf and Le Bail, 1999;

Aride et al., 2021; Li et al., 2022), while extended darkness

periods promote gonadal development and maturation

(Hermelink et al., 2017; Lundova et al., 2019). Constant light

(LL) has been implemented in commercial production in

freshwater recirculation aquaculture systems (RAS) of Atlantic

salmon smolts (Lorgen-Ritchie et al., 2022; Ytrestøyl et al., 2022).

Several studies have shown that LL does not negatively affect

behavior (Hamilton et al., 2022), survival (Nemova et al., 2020),

flesh quality (Imsland et al., 2019), and immune gene expression

(Ytrestøyl et al., 2022) in salmonids. However, LL exposure is

considered a stressor in some fish, such as black sea turbot

(Psetta maeotica) (Turker, 2005), Atlantic cod (Gadus morhua)

(Giannetto et al., 2014), and largemouth bass (Micropterus

salmoides) (Malinovskyi et al., 2022), etc. More importantly,

light, as the most important zeitgeber, plays a crucial role in the

regulation of biological circadian rhythms, and the absence of

photoperiod can cause metabolic disorders and further develop

into metabolic diseases (Bass, 2012; Coomans et al., 2015; Kopp

et al., 2016; Hillyer et al., 2021).

Like photoperiod, feeding is another crucial zeitgeber,

providing the organism with a temporal cue to its

environment (Stephan, 2002; López-Olmeda, 2017). Moreover,

feeding appears to be preferential to photoperiod in regulating

biological clock oscillations in peripheral tissues such as the liver
02
and intestine (Stephan, 2002; Heyde and Oster, 2019). Feeding

has been shown to reset the peripheral biological clock and affect

metabolic processes (Bass, 2012). For fish, it is difficult to obtain

food continuously in the natural environment, thus exhibiting

different feeding rhythms such as diurnal and nocturnal

predators (López-Olmeda and Sánchez-Vázquez, 2010;

Kousoulaki et al., 2015). Further, feeding time preference was

influenced by the season in some fishes, e.g., European sea bass

(Dicentrarchus labrax L.) showed diurnal feeding in spring,

summer, and autumn nocturnal feeding in winter (Sánchez-

Vázquez et al., 1998). Matching feeding times to feeding rhythms

can significantly improve growth and feed utilization in many

fish species (López-Olmeda and Sánchez-Vázquez, 2010), such

as channel catfish (Ictalurus punctatus) (Noeske-Hallin et al.,

1985), rainbow trout (Oncorhynchus mykiss) (Boujard et al.,

1995), European sea bass (Azzaydi et al., 2000), African catfish

(Clarias gariepinus) (Hossain et al., 2001), and Senegalese sole

(Solea senegalensis) (Marinho et al., 2014). Conversely,

misaligned feeding (e.g., feeding during the resting phase) can

lead to the decoupling of the central and peripheral biological

clock oscillations of the organism, resulting in metabolic

disturbances (Opperhuizen et al., 2016; Oishi and Hashimoto,

2018; Challet, 2019).

The positive effects of scheduled feeding were mainly based

on food anticipatory activity (FAA), a behavior present in almost

all fish (López-Olmeda, 2017), manifested by an increase in

locomotion from a few minutes or hours before mealtime, as

well as an increase in feeding-related endocrine and digestive

and metabolic enzyme activity (Stephan, 2002; Vera et al., 2007).

In addition, FAA could persist for several days when deprived of

the food zeitgeber, suggesting the presence of endogenous

oscillators guiding the FAA, known as food entrainment

oscillators (FEOs, Davidson, 2006; López-Olmeda and

Sánchez-Vázquez, 2010; Patton and Mistlberger, 2013).

Despite numerous studies in model animals such as mice, the

exact organization or localization of FEOs remains unknown,

and many findings support that FEOs can work independently

of the traditional biological clock system (feedback loops)

(Davidson, 2006; Page et al., 2020). In fish, the understanding

and working pathways of FEOs are still very vague and
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fragmented, and some hormones are thought to play an

important role, such as ghrelin (Nisembaum et al., 2014a) and

orexin (Hoskins and Volkoff, 2012; Nisembaum et al., 2014b).

The effects of light and food on fish circadian rhythms have

been studied in several species. In zebrafish (Danio rerio)

(Paredes et al., 2015) and gilthead sea bream (Sparus aurata)

(Paredes et al., 2014), the rhythm of lipid metabolism genes in

the liver was found to be pulled by the photoperiod independent

of feeding time. In contrast, in rainbow trout (Hernández-Pérez

et al., 2015), food was found to affect the rhythm of hepatic

glucose and lipid metabolism gene expression more than light.

Vera et al. (2013) also observed liver biological clock gene

expression rhythms in the gilthead sea bream entrained by

food independent of light. In addition, the expression of

different biological clock genes in rainbow trout liver

(Hernández-Pérez et al., 2017) and goldfish (Carassius

auratus) gut (Nisembaum et al., 2012) was pulled by light and

food, respectively, suggesting an interaction between these two

zeitgebers. In zebrafish, neither regular feeding (diurnal feeding)

nor altered feeding (nocturnal feeding) affected the expression

rhythm of gut biological clock genes, but altered feeding shifted

the expression rhythm of gut melatonin synthase genes,

indicating that gut biological clock genes are entrained by

photoperiod and melatonin synthesis is synchronized by

feeding time (Mondal et al., 2022). On the other hand, food

and light also impacted the locomotor activity and FAA of the

fish. In zebrafish (Blanco-Vives and Sánchez-Vázquez, 2009),

feeding was found to be synchronized with locomotor activity

and independent of photoperiod. It was also observed in goldfish

that scheduled feeding under LL synchronized the rhythm of

biological clock genes in the optic tectum and hypothalamus and

elicited FAA, while rhythmic expression of biological clock genes

in the liver was also observed in the random feeding group,

suggesting that the biological clock in the liver is synchronized

by the last meal time, and FAA independent of the liver

biological clock system (Feliciano et al., 2011). However, in

tambaqui (Colossoma macropomum), mid-dark phase feeding

caused FAA, while mid-light phase feeding was futile (Fortes-

Silva et al., 2018). Notably, as a strictly nocturnal species, tench

(Tinca tinca) elicited FAA in the light phase feeding under a

constant dark but not LD (12L:12D) environment (Herrero

et al., 2005). Whether scheduled feeding can induce FAA in

fish seems closely related to feeding time and photoperiod.

Rainbow trout is a high-value economically farmed fish

widely farmed worldwide (especially in European countries)

(Öz, 2018). Global aquaculture production reached 848,051

tons, with a value of $3.88 billion in 2018 (FAO, 2020).

Rainbow trout is famous among consumers as a high-grade

aquatic product in China due to its bright color, delicious taste,

and rich nutrition. However, there is still a vast gap between

production and market demand due to the lack of cold-

freshwater resources. Previous studies found that rainbow

trout farming in seawater can achieve faster growth rates
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(Landless, 1976; Shepherd et al., 2005), higher feed conversion

efficiencies (Landless, 1976), and stronger immunity (Yada et al.,

2001). Based on this discovery, in recent years, some researchers

have attempted to aquaculture rainbow trout using offshore fish

cages (such as “Shenlan 1”) in the cold-water masses of the

Yellow Sea in China (Dong, 2019; Chu et al., 2020). Nowadays,

rainbow trout has emerged as a promising candidate fish for

deep-sea aquaculture (Dong, 2019; Huang et al., 2021).

Currently, the “mountain-sea transfer” culturing method

has been used to culture rainbow trout in seawater (Dong,

2019). In brief, rainbow trout larvae are hatched in low-

temperature freshwater nurseries. The fry (about 5 g) is

transferred to mountainous areas with abundant cold-

freshwater resources for large-size juvenile culture. After

growing to approximately 150 g, the juveniles are transported

to seawater domestication systems for one week and finally

transferred to the offshore fish cage for culture to commercial

fish (weight above 4 kg). During this process, cultivating fish

from fry to juveniles is a crucial step, which directly affects the

later mariculture success rate. Whether light and food can be

manipulated to promote rainbow trout growth during the

freshwater culture is vital to the success of the “mountain-sea

transfer” culturing method. Therefore, the objectives of this

study were 1) to investigate whether the photoperiod/feeding

regimes can induce FAA and promote growth in juvenile

rainbow trout and 2) the effects of different photoperiod/

feeding regimes on behavioral, digestive, metabolic,

endocrine, and appetite rhythms in juvenile rainbow trout.
Materials and methods

Ethical issues

This study was approved by the Animal Care and Use

Committee of Ningbo University.
Fish

This research was conducted in the Intelligent Aquaculture

Laboratory, School of Marine Sciences, Ningbo University. The

juvenile rainbow trout were obtained from a commercial nursery

(Shandong, China) and cultured in a recirculating aquaculture

system (RAS) (HISHING, Qingdao, China) from July to

November 2020. All fish were acclimatized in the RAS for one

month before the culture experiment. During the acclimation

period, the fish were randomly fed a commercial diet (Tech-

Bank, Ningbo, China, Supplementary Table 1) at about 2% of

body weight, with a photoperiod of 12L:12D (lights-on at 6:00,

the light intensity on the water surface is 100-200 lx), water

temperature controlled at 15.5-17.5°C, dissolved oxygen was

kept saturated, and ammonia nitrogen < 0.05mg/L.
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Experiment design

A total of 840 healthy rainbow trout were weighed and

randomly distributed to 42 tanks (1.0m× H 0.8m, Supplementary

Figure 1), with 20 fish per tank. The experiment included two

photoperiods: 24L:0D (LL, the light intensity on the water surface is

100-200 lx) and 12L:12D (LD, lights-on at 6:00, light-off at 18:00,

the light intensity on the water surface is 100-200 lx); three feeding

regimes: random feeding (R), mid-dark stage feeding (D), andmid-

light stage feeding (L). Briefly, a random feeding schedule for the R

group was obtained using a random number generator software

according to the method described by Nisembaum et al. (2012); In
Frontiers in Marine Science 04
group D, we fed at 24:00 daily; in group L, we fed at 12:00 daily. A

total of six experimental treatments were combined: R-LL, D-LL, L-

LL, R-LD, D-LD, and L-LD, and each treatment included seven

tanks. The growth experiment lasted three months, and the cultural

management and environmental conditions were consistent with

the acclimation.
Fish locomotion observation

In this experiment, an underwater infrared camera (SLD-

EX300Q, Hengdun Shunli Da electronic technology Co., Ltd.,
A B

D

E F

C

FIGURE 1

Growth performance, feed utilization, and locomotion of juvenile Oncorhynchus mykiss under different experimental treatment. (A). IBW, Initial
body weight, (B). FBW, Final body weight, (C). WG, Weight gain (%) = 100 × (final weight − initial weight)/initial weight, (D). SGR, Specific growth
rate (%/day) = 100 × (ln final weight − ln initial weight)/94 days, (E). FCR, Feed conversion ratio = dry feed consumed/wet weight gain, (F). EF,
Exercise frequency. Different lowercase letters and capital letters indicate significant difference among different feeding strategy at the LL
(constant light) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at the
same feeding regime (*, P < 0.05; **, P < 0.01).
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Jinan, China) was used to observe the exercise frequency (EF) of

juvenile rainbow trout. The number of times the fish swam

through the observation area was recorded as EF. Fish

locomotion data were collected from October 2nd to 4th, 2020

(2 months after the growth experiment was conducted) for 72

hours. As Mistlberger (1994) described, a typical FAA is usually

defined as a rapid increase in activity from minutes to hours

before the feeding point, reaching more than twice the basal

activity and lasting at least 30 minutes.
Sample collection

Following the 3-month growth experiment, all fish were

starved for 24 hours, while samples were taken afterward. The

24th hour after food deprivation was ZT0 (feeding point), and

samples were taken every 4 hours for 24 hours, for a total of 7

sampling points (ZT0, ZT4, ZT8, ZT12, ZT16, ZT20, ZT24),

corresponding to 7 tanks in each treatment, to avoid the

stimulation of fish by sampling. Each sampling point was

operated as follows: first, the fish in the tank were anesthetized

using MS-222 (50mg/L, Shanghai Macklin Biochemical Co.,

Ltd., Shanghai, China), and then 12 fish were randomly taken

from the tank for weight and body length measurement (to

calculate the condition factor (CF)); the blood was immediately

collected from each fish by the tail vein method and stored

overnight at 4°C; then, the fish were dissected immediately after

blood collection, the brain, liver (weighing to calculate the

hepatosomatic index (HSI)), and digestive tract (scraping off

intestinal fat to calculate the intraperitoneal fat ratio (IPF)) were

isolated, quick frozen in liquid nitrogen and stored at -80°C.
Digestive enzymes

First, the digestive tract was homogenized in saline (0.9%

NaCl, 4°C) in a ratio of 1:9 (W: V). The homogenate was

centrifuged at 3000 rpm for 10 min at 4°C to obtain the

supernatant. Amylase (C016-1-1), lipase (A054-2-1), pepsin

(A080-1-1), and chymotrypsin (A080-3-1) activity in the

digestive tract were assayed using commercial kits (Nanjing

Jiancheng Bioengineering Institute, Nanjing, China) according

to the instructions.
Serum metabolites and hormones

Fish blood was left overnight at 4°C and then centrifuged at

4°C for 10 minutes at 2500 rpm, and the supernatant was taken as

serum. Serum glucose (Glu, A154-2-1), triglyceride (TG, A110-1-

1), and total-cholesterol (T-CHO, A111-1-1) were measured by

commercial kits (Nanjing Jiancheng Bioengineering Institute,

Nanjing, China) according to the instructions. Serum cortisol,
Frontiers in Marine Science 05
insulin, melatonin, and serotonin (5-HT) levels were measured

using commercial enzyme linked immunosorbent assay (ELISA)

kits (Shanghai Qiaodu Biotechnology Co., Ltd., Shanghai, China)

according to the instructions.
Gene expression

The total RNA of the brain and digestive tract was extracted

with a commercial kit RNA isolator (R401-01, Vazyme, Nanjing,

China). The quality of total RNA was checked by ultramicro-

spectrophotometer (Nanodrop 2000, Thermo Scientific,

Waltham, USA) and 1% gel electrophoresis. The RNA was

reverse transcribed into cDNA using a HiFiScript cDNA

synthesis kit (CW2569M, CWBIO, Beijing, China).

The real-time PCR was used to analyze the relative

expression of appetite-related genes in the brain (agouti-

related peptide (agrp), cocaine- and amphetamine-related

transcript (cart), neuropeptide Y (npy), orexin, pro-opio

melanocortin (pomc)) and digestive tract (Ghrelin/Obestatin

prepropeptide (ghrl) and leptin). The total reaction volume

includes 10 ml of 2 × MagicSYBR Mixture (CW3008H,

CWBIO, Beijing, China), 2 ml of cDNA, 0.4 ml of each primer

(10 mM), and 7.2 ml of ddH2O. A Real-Time PCR System

(QuantStudio™ 6 Flex, Life Technologies, Carlsbad, USA) was

used with the program as follows: 95°C for 30 s; 45 cycles at 95°C

for 5 s, 60°C for 30 s; and 95°C for 15 s. The specific primers used

in this study are shown in Supplementary Table 2 and

synthesized by a commercial company (Youkang Biological

Technology Co., Ltd, Hangzhou, China). The relative

expression level of target genes is normalized by b-actin and

elongation factor-1a (ef1a) and calculated by the comparative

CT method (2-DDCT method) (Livak and Schmittgen, 2001).
Statistical analysis

All statistical analyses were performed on SPSS 22.0 and R

4.1.2 software. First, all data were checked for homogeneity and

normal distribution through Levene’s test and Kolmogorov-

Smirnov test, respectively. Then a two-way ANOVA was

performed with photoperiod and feeding regime. Meanwhile,

t-tests were performed for photoperiod, and one-way ANOVA

followed by Duncan’s multiple range test was performed for the

feeding regime to check the effect on IBW, FBW, WG, SGR,

FCR, EF, HSI, IPF, and CF. P < 0.05 and P < 0.01 were

considered significant differences and extremely significant

differences, respectively. In addition, cosinor analysis

[performed using the circacompare R package (Parsons et al.,

2020)] was performed to detect the circadian rhythms in

digestive enzyme activity, serum metabolite and hormone

levels, and appetite-related gene expression. P < 0.05 indicates

the presence of circadian rhythms.
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Results

Growth performance, feed utilization,
and morphology

In the present study, photoperiod did not affect the growth

and feed utilization of juvenile rainbow trout (Figures 1A–E and

Supplementary Table 3). Scheduled feeding (D and L groups)

significantly increased the final body weight (FBW) and

decreased the feed conversion ratio (FCR) of juvenile rainbow

trout (P<0.05). The scheduled feeding (D and L groups)

significantly increased specific growth rate (SGR) under LL

(P<0.05), although there was no statistical difference, and

higher weight gain (WG) and SGR were also observed with
Frontiers in Marine Science 06
scheduled feeding (D and L groups) under LD (P>0.05). There

was no interaction between photoperiod and feeding regime on

growth and feed utilization of juvenile rainbow trout

(Supplementary Table 3). Feeding time (D or L groups) did

not affect the growth and feed utilization of juvenile rainbow

trout (Figures 1A–E). Morphological parameters (HSI, IPF, and

CF) were not affected by the experimental treatment

(Supplementary Table 3 and Supplementary Figure 2, P>0.05).
Locomotion

The EF of juvenile rainbow trout was significantly influenced

by photoperiod and feeding regime (Figures 1F, 2, and
FIGURE 2

Exercise frequency of juvenile Oncorhynchus mykiss under different experimental treatment. The bright bars indicate the light period and the
dark bars indicate the dark period.
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Supplementary Table 3). The EF of juvenile rainbow trout in the

LL group was higher than that of the LD group (P<0.05); the EF of

juvenile rainbow trout in the L group was significantly higher than

that of the other groups under both photoperiods (P<0.05). There

was an interaction between photoperiod and feeding regime on the

locomotion of juvenile rainbow trout (Supplementary Table 3).

Under LL, the EF of the L group was significantly higher than that

of the R and D groups; under LD, EF showed L>R>D.

Under both photoperiods, the EF of juvenile rainbow trout

in the L group was significantly higher before feeding and then

decreased, a typical FAA (Figure 2). However, no typical FAA

was observed in both R and D groups under both

photoperiods (Figure 2).
Frontiers in Marine Science 07
Digestive enzyme

In this study, amylase activity showed a significant rhythm

under LL for all three feeding regimes, while no rhythm was

observed under LD (Figures 3A, 6). Under LL, the amylase

activity of the L and D groups increased before feeding and

peaked at ZT2 and ZT4, respectively. In comparison, the

amylase activity of the R group peaked before feeding (ZT18).

Lipase activity showed significant rhythms in R and L groups

under both photoperiods (Figures 3B, 6). In the L group, lipase

activity increased before the feeding point, peaked at the feeding

point (ZT0), and then decreased. However, lipase activity in the

R group increased after feeding and then decreased.
A B

DC

FIGURE 3

Digestive enzyme activity of juvenile Oncorhynchus mykiss under different experimental treatment. (A). Amylase, (B). Lipase, (C). Pepsin, (D)
Chymotrypsin. The cosine curve denotes the presence of rhythmic oscillations (P < 0.05).
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There was a significant rhythm of pepsin activity in the L

group under both photoperiods (Figures 3C, 6). Pepsin activity

increased before feeding, peaked at the feeding point (ZT0), and

then decreased.

The chymotrypsin activity was significantly rhythmic under

LL for all three feeding regimes (Figures 3D, Figure 6). The L and

D groups showed increased chymotrypsin activity before feeding,

peaking at the feeding point (ZT0) and then decreasing.

Chymotrypsin activity in the R group increased after feeding.

Under LD, chymotrypsin activity of L and R groups increased

before feeding, peaked after feeding (ZT7), and then decreased.
Serum metabolites and hormones

In the present study, the experimental treatments affected

serum levels of metabolites and hormones (Figures 4, 6). Serum

GLU levels increased before feeding and decreased after feeding in

the D (peaked at ZT20 under LD) and L (peaked at ZT0 under LL,

peaked at ZT23 under LD) groups. In the R group, serum GLU

levels peaked at the ZT0 (LL) and ZT3 (LD), respectively

(Figures 4A, 6). Serum TG levels were significantly higher in the

scheduled feeding group (D and L groups) than in the R group and

were found to peak after feeding (ZT4) under all three feeding

regimes (Figures 4A, 6). Serum T-CHO levels in the scheduled

feeding group also increased and peaked after feeding

(Figures 4A, 6).

Serum cortisol levels were not affected by photoperiod, but

random feeding caused a significant increase in serum cortisol

levels (Figure 4B). Serum insulin levels were significantly higher

in the R and D groups than in the L group, and peaked before

feeding (ZT20-ZT23) under all three feeding regimes

(Figures 4B, 6). Serum melatonin levels were significantly

lower in the LL group than in the LD group. There was no

circadian rhythm observed in serum melatonin levels under LD.

Serum melatonin levels showed R>D>L under both

photoperiods (Figure 4B). Serum serotonin levels were

significantly higher in the LL group than in the LD group.

Serum serotonin levels peaked before feeding (ZT23-ZT0) in

both the R and L groups and then decreased (Figures 4B, 6).
Appetite-related gene expression

Overall, more appetite-related genes showed circadian

rhythms under LL compared to LD. And all appetite-related

genes showed significant circadian rhythms under different

feeding regimes (Figure 5).

Under LL, all appetite-related genes showed circadian

rhythms in the R group, and the peaks were mostly

concentrated around ZT15-ZT18 (except leptin and npy); in

the L group, all genes except orexin showed significant circadian

rhythms with peaks around ZT10-ZT13; in the D group, only
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leptin and orexin genes showed circadian rhythms with peaks

around ZT11 and ZT14, respectively (Figures 5, 6).

Under LD, significant circadian rhythms were observed only

in the cart, ghrl, leptin, and npy genes. In the R group, circadian

rhythms were observed in ghrl (peak at ZT23) and leptin (peak at

ZT5) genes; in the L group, circadian rhythms were observed in

cart (peak at ZT0), ghrl (peak at ZT14), and leptin (peak at ZT13)

genes; in the D group, circadian rhythms were observed in cart

(peak at ZT22), ghrl (peak at ZT15), leptin (peak at ZT1), and

npy (peak at ZT3) genes (Figures 5, 6).
Discussion

Growth performance and food
anticipatory activity

Rainbow trout mortality was not observed in this study,

indicating that our aquaculture environment was suitable for the

survival of juvenile rainbow trout. In the present study,

photoperiod did not affect growth performance (FBW, WG,

SGR) and feed utilization (FCR) of juvenile rainbow trout.

Similar results have been reported in other fish species, such as

lenok (Brachymystax lenok) (Liu et al., 2015), pacamã catfish

(Lophiosilurus alexandri) (Kitagawa et al., 2015), Amazonian

ornamental (Heros severus) (Veras et al., 2016), zebrafish

(Abdollahpour et al., 2020), and largemouth bass (Malinovskyi

et al., 2022). However, in some fish, compared to LD, LL

promoted somatic growth and feed utilization, e.g., Caspian

roach (Rutilus rutilus caspicus) (Shahkar et al., 2015), gibel carp

(Carassius auratus) (Wei et al., 2019), winter flounder

(Pseudopleuronectes americanus) (Casey et al., 2020), Nile

tilapia (Oreochromis niloticus) (Martıńez-Chávez et al., 2021).

LL promotes somatic growth in fish mainly attributed to the

suppression of gonadal development (Doyle et al., 2021),

increased feed intake (Wei et al., 2019; Martıńez-Chávez et al.,

2021), enhanced digestive enzyme activity (Shan et al., 2008;

Ramzanzadeh et al., 2016), and upregulation of gene expression

of growth-related hormones (growth hormone (GH) and

insulin-like growth factor (IGF-1)) (Li et al., 2022).

Conversely, some studies have found that compared to LD, LL

inhibited the growth of some fish, such as anemonefish

(Amphiprion melanopus) (Arvedlund et al., 2000), wild carp

(Cyprinus carpio) (Ghomi et al., 2011), and European sea bass

(Li et al., 2021). Li et al. (2021) found that feed intake and

digestion were elevated in European sea bass under LL exposure.

However, antioxidant enzyme activity was elevated and

accompanied by more frequent locomotion leading to an

increase in non-growth energy consumption, which ultimately

inhibited fish growth (Li et al., 2021). Similarly, Valenzuela et al.

(2022) found that LL exposure caused stress in rainbow trout

and impacted immune system function. In this study, the growth

performance and feed utilization of juvenile rainbow trout did
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A
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FIGURE 4

Serum metabolites (A) and hormones (B) of juvenile Oncorhynchus mykiss under different experimental treatment. The cosine curve denotes
the presence of rhythmic oscillations (P < 0.05).
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FIGURE 5

Expression of feeding-related genes of juvenile Oncorhynchus mykiss under different experimental treatment. Asterisks denote the presence of
diurnal oscillations (*, P < 0.05; **, P < 0.01). The cosine curve denotes the presence of rhythmic oscillations (P < 0.05).
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not show statistical differences between LL and LD groups. This

result may be attributed to several reasons: 1) fixed feeding rates

in both groups; 2) only amylase and lipase activity was increased

in the LL group; 3) more frequent activity in the LL group; 4) no

significant stress was observed in the LL group. In this study, fish

feeding was fixed at about 2% of body weight for the different

treatments. In addition, only significantly elevated amylase and

lipase activities were observed in the LL group, while pepsin and

chymotrypsin activities were not affected by photoperiod. On the

other hand, the EF of rainbow trout in the LL group was

significantly higher than that in the LD group. Also, although

the serum GLU levels were significantly higher in the LL group

than in the LD group, there was no significant difference in

serum cortisol levels between the photoperiods. In summary, it is

hypothesized that digestion and absorption of feeds were

improved in rainbow trout under LL. However, it may not

have caused significant stress, the more frequent locomotion

also increased energy expenditure under LL, so LL did not

promote growth and feed utilization in juvenile rainbow trout.

It is also noteworthy that compared to LD, LL significantly

increased the WG of largemouth bass for the first 8 weeks;

however, after 12 weeks, the WG difference disappeared between
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these two groups (Malinovskyi et al., 2022). The culture period

in this study was 3 months, so further studies are needed to

determine whether short-term LL exposure would promote the

growth of juvenile rainbow trout.

Scheduled feeding (D and L groups) significantly improved

juvenile rainbow trout’s growth and feed utilization independent of

photoperiod. Scheduled feeding induced FAAwithin almost all fish

species (López-Olmeda, 2017). Similarly, this study observed the

typical FAA behavior in the L group and was independent of

photoperiod. Under both photoperiods, the locomotion of rainbow

trout in the L group increased rapidly before the feeding point and

decreased after feeding. Surprisingly, the D group did not exhibit

FAA under both photoperiods, and rainbow trout are typically

diurnal fish (Iigo and Tabata, 1997; Sánchez-Vázquez and Tabata,

1998; Bolliet et al., 2001), suggesting that shift feeding does not

induce FAA in the rainbow trout. Similar results were reported in

tambaqui, as nocturnal fish (Fortes-Silva et al., 2016), where typical

FAA was found in the mid-dark feeding group rather than the

mid-light feeding group under an LD environment (Fortes-Silva

et al., 2018). Fortes-Silva et al. (2018) concluded that daytime

feeding generally does not alter the locomotion of nocturnal fish.

Another study in tench (Tinca tinca) (strictly nocturnal species)
FIGURE 6

The peak time of the indicator with diurnal oscillation in this study. The distance from the center of the clock indicates significance, with closer
to the edge of the clock indicating stronger rhythmic oscillations (smaller P values).
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also found that daytime feeding failed to elicit FAA under an LD

environment (Herrero et al., 2005). However, daytime feeding

elicited FAA in a constant dark environment (Herrero et al., 2005).

Herrero et al. (2005) concluded that mealtime became the

dominant zeitgeber for synchronous locomotion in the absence

of photoperiod. Similarly, an earlier study found that the demand-

feeding rhythm of rainbow trout under LL was synchronized by

dark period feeding (Bolliet et al., 2001). Unexpectedly, in this

study, under LL, the typical FAA was still not present in the D

group, although there was a higher EF at the feeding point. This

result may be related to the different observation methods, as

Bolliet et al. (2001) directly recorded the baiting behavior of fish

through electronic self-feeders connected to a computer, whereas

in the present study, the locomotion of fish was recorded through a

video camera. In fish, the exact location and mechanism of FEOs

that cause FAA are still poorly understood (Nisembaum et al.,

2014a), and the present study also cannot explain why the D group

did not cause typical FAA. However, the results of this study

showed that rainbow trout have strong diurnal behavior, which

could not be altered by shift feeding. The nocturnal feeding also

inhibited the locomotion of rainbow trout, which reduced energy

consumption and may partially explain the improved growth

performance of the D group.
Digestive enzyme rhythms

FAA is not only an increase in locomotion before feeding but

also accompanies the preparation of the digestive and endocrine

systems for the upcoming meal (Stephan, 2002; Vera et al., 2007).

First, in the L group, all four digestive enzymes showed significant

rhythms under both photoperiods (except for amylase in the L-LD

group), and in the L-LL group, the peak of all four digestive

enzyme activities was concentrated around the feeding point

(ZT0), while in the L-LD group, the peak of the three digestive

enzymes was moved to around ZT4. This result indicated that

scheduled diurnal feeding under LL could fully synchronize the

rhythm of digestive enzyme activity; however, under LD,

photoperiod affected the rhythm of digestive enzyme activity

(Lazado et al., 2017), delaying the peak of digestive enzyme

activity. In the D group, although only rhythms in amylase and

chymotrypsin activities were observed under LL, the trend for both

was consistent with the L group, with both rising before the feeding

point and peaking at ZT4. This result suggested that scheduled

nocturnal feeding can partially synchronize the rhythm of digestive

enzyme activity in rainbow trout in the absence of a photoperiod.

Noteworthy, significant rhythms were also observed for

amylase, lipase, and chymotrypsin in the R group. However,

these peaks in enzyme activity were not clustered but rather

scattered at different points in the day. In permit (Trachinotus

falcatus), Lazado et al. (2017) also found a rhythm in digestive

enzyme activity and diversity of peaks between different

digestive enzymes. This result indicated that there is a rhythm
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of digestive enzyme activity in the digestive tract of rainbow

trout, but random feeding could not synchronize the rhythm of

digestive enzymes. In other words, rainbow trout could not

anticipate the feeding point under random feeding and failed to

increase the digestive enzyme activity before the feeding point to

improve the digestion and utilization of feed. Similar results have

been widely reported in different fish species. Regardless of the

photoperiod, scheduled feeding induced a significant increase in

digestive enzyme activity before the feeding point, but this

phenomenon disappeared under random feeding (Vera et al.,

2007; Montoya et al., 2010; Lazado et al., 2017).
Serum metabolites and hormone rhythms

Further analysis of serum metabolite levels revealed

significant rhythms in serum GLU, TG, and T-CHO in the

scheduled feeding groups (D and L groups). First, the L group

serum GLU showed a rapid increase and peak before the feeding

point and a decrease after feeding under both photoperiods, a

trend consistent with locomotion. GLU is a substrate for energy

metabolism (Haman et al., 1997), which showed that an elevated

energy requirement accompanies FAA before the feeding point.

The D group observed a similar serum GLU rhythm under LD,

but the peak was advanced. In the R group, significant rhythms

in GLU were also present, but the peaks occurred at the feeding

point (LL group) and after feeding (LD group), respectively,

which may reflect a passive rise in GLU caused by feeding rather

than anticipation of food.

Wagner and Congleton (2004) suggested that serum TG and

T-CHO levels in salmonids represent lipid metabolism and

nutritional status, respectively. Overall, TG and T-CHO levels

were significantly lower in the R group than in the scheduled

feeding groups (D and L groups), reflecting a poor metabolic and

nutritional status. On the other hand, under LL, a TG peak was

observed around ZT4 for all three feeding strategies, which is

consistent with an increase in lipid metabolism levels after

feeding, and the same rhythmic trend was observed in the R

group, implying that the last meal also induced a rhythm in lipid

metabolism. Similarly, Feliciano et al. (2011) found in goldfish

that the biological clock gene expression rhythm of the liver, a

central metabolic organ, was synchronized by the last meal.

Daily metabolic oscillations were also driven by the last meal in

the randomly fed rat (Escobar et al., 2007). As a nutritional

indicator, the rhythm of serum T-CHO was only found in the

scheduled feeding group. The serum T-CHO levels peaked at

ZT4 (D group) and ZT8 (L group). This result revealed the

differential effect of feeding time on the rhythm of lipid

metabolism in rainbow trout.

Insulin is a peptide hormone that widely exists in vertebrates

and plays a fundamental role in growth, development, and

metabolic regulation (Hernández-Sánchez et al., 2006). The

best-known function of insulin is to regulate blood GLU levels
frontiersin.org

https://doi.org/10.3389/fmars.2022.1029483
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Xu et al. 10.3389/fmars.2022.1029483
(Caruso and Sheridan, 2011). In general, serum insulin levels rise

after a meal to suppress the rise in blood glucose and then

quickly return to normal levels. Carnivorous fish are considered

non-insulin-dependent diabetes mellitus (Salgado et al., 2004),

and insulin and blood glucose levels take longer to recover after

meals (Navarro et al., 1993). In the present study, serum insulin

levels were significantly higher in the R and D groups compared

to the L group, reflecting the increased insulin resistance in

rainbow trout. Further analysis of insulin rhythms showed that

serum insulin levels increased and peaked before feeding and

decreased after feeding for all three feeding regimes. The

rainbow trout were starved for 24 h before sampling. They

were also starved during the sampling period, so the rise in

serum insulin levels in this study was not a passive rise caused by

feeding. The results of this study may suggest that rainbow trout

can release insulin into serum earlier to maintain blood GLU

homeostasis based on the timing of the last meal.

In fish, cortisol can increase the rate of energy metabolism in

response to the high energy demands of stress (Mommsen et al.,

1999). In the present study, high cortisol levels were detected in

the serum of the R group. Random feeding as a stressor has been

found to cause increased serum cortisol levels in other teleosts,

such as gilthead seabream (Sánchez et al., 2009) and goldfish

(Saiz et al., 2021). A recent study found that long-term treatment

with high cortisol resulted in atrophy of the digestive tissues of

rainbow trout, hindering nutrient assimilation and energy

absorption while increasing routine energy expenditure,

ultimately impeding growth (Pfalzgraff et al., 2021). Therefore,

the significantly poor growth performance and feed utilization of

the R group in this study were strongly associated with high

cortisol levels. On the other hand, LL appears to be an acceptable

light environment for rainbow trout and does not cause serum

cortisol rises. Similar results have been reported in juvenile red

sea bream (Biswas et al., 2006). Consistent with the results of this

study, Saiz et al. (2021) found that random feeding resulted in

higher cortisol levels compared to the absence of photoperiod in

goldfish, suggesting that food is a more critical zeitgeber for

fish welfare.

Melatonin is an important mediator for organisms to receive

environmental time cues (Mondal et al., 2022). In fish, the pineal

gland receives external light signals and converts time cues into

biological signals via melatonin, which regulates endogenous

biological clock rhythms (Yasmin et al., 2021). In the present

study, melatonin levels were significantly lower in the LL group

than in the LD group. The inhibition of melatonin synthesis and

secretion by light has been widely reported in fish (Masuda et al.,

2003; Ziv et al., 2007). The feeding regime also affected serum

melatonin levels. In the present study, serum melatonin levels

were found to show R>D>L. Studies in recent years have found

that many peripheral tissues are also critical sources of serum

melatonin, such as the intestine (Mukherjee and Maitra, 2015).

Moreover, melatonin production was found to be regulated by

feeding independent of photoperiod in the intestine of rainbow
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trout (Lepage et al., 2005), carp (Catla catla) (Mukherjee et al.,

2014a; Mukherjee et al., 2014b), and zebrafish (Mondal et al.,

2022). Surprisingly, no circadian rhythm of serum melatonin

levels was observed under LD in the present study, and it is

speculated that serum melatonin comes from different tissues,

including the pineal gland and intestine, regulated by light and

food, respectively, so that these two zeitgebers may mask the

rhythm of serum melatonin. In addition, no serum melatonin

rhythms were also observed in the R-LL group, and similar

results have been reported in Atlantic salmon (Salmo salar),

where Huang et al. (2010) suggested that LL treatment may mask

serum melatonin fluctuations.

Serotonin, also known as 5-hydroxytryptamine (5-HT), is an

essential neurotransmitter and a precursor of melatonin

distributed in the nervous system and many other peripheral

tissues (Lillesaar, 2011). Many physiological functions and

behaviors of animals are affected by 5-HT, including

locomotion, sleep, appetite, and reproduction (Lucki, 1998). In

zebrafish, 5-HT levels in the brainstem and spinal cord correlate

with locomotion, and 5-HT increased swimming in early

juvenile stages (Brustein et al., 2003). Similarly, the present

study observed higher locomotion and serum 5-HT levels

under LL. In vertebrates, tryptophan is synthesized into

serotonin by tryptophan hydroxylase-1 (Tph1) and

decarboxylation (Borjigin et al., 1999; Mondal et al., 2022). In

zebrafish, tph1 gene expression was guided by the feeding time,

independent of photoperiod, with the highest expression at the

point of feeding (Mondal et al., 2022). An increase in intestinal

5-HT levels after feeding was also found in Atlantic salmon

(Mardones et al., 2022). 5-HT promotes intestinal peristalsis and

secretion and thus regulates the digestive process (Kindt and

Tack, 2007; Hasler, 2009). In the present study, serum 5-HT

levels in the L group increased rapidly and peaked before

feeding, suggesting that rainbow trout in the L group were

able to prepare for the upcoming meal to improve digestibility.

Similar rhythms were also found in the R-LD group, suggesting

that the last meal can also synchronize the rhythm of serum 5-

HT. Surprisingly, no rhythm of serum 5-HT was observed in the

D group, implying that scheduled nocturnal feeding could not

synchronize the serum 5-HT rhythm of rainbow trout.
Appetite rhythms

The circadian system plays an important role in the

temporal regulation of metabolic processes and food intake to

ensure energy efficiency (Page et al., 2020). Many areas of the

brain are involved in the regulation of food intake, with the

hypothalamus being the central area (Page et al., 2020). The

arcuate nucleus (ARC) in the hypothalamus contains two

distinct opposing populations of nuclei (Delgado et al., 2017;

Page et al., 2020): neuropeptide Y (NPY) and agouti-related

peptide (AgRP) (Broberger et al., 1998) neurones are orexigenic
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with their activation increasing food intake, while the pro-opio

melanocortin (POMC) (Joseph et al., 1985) and cocaine- and

amphetamine-related transcript (CART) (Kristensen et al.,

1998) neurones are considered anorexigenic with their

activation reducing food intake. NPY/AgRP can be stimulated

by ghrelin (ghrl) and inhibited by leptin (Hahn et al., 1998). In

contrast, POMC/CART can be stimulated by leptin and

inhibited by ghrl (Broberger, 2005). Therefore, we further

analyzed the effects of light and food on appetite-related gene

expression rhythms.

The rhythmic expression of ghrl and leptin genes was

observed in the L group under both photoperiods. The ghrl

gene expression peaked about 2 h later than leptin, and LD

delayed the peak expression of both genes by about 2 h,

suggesting that photoperiod affected the rhythm of appetite-

related hormones. Further, in the L-LL group, the expression of

both pomc and cart genes rose after feeding and reached a trough

around the next feeding point, consistent with the observation of

FAA. Similarly, previous studies have also observed an increase

in rainbow trout pomc gene expression after feeding (Gong and

Björnsson, 2014; Naderi et al., 2018). A significant increase in

cart gene expression was also observed in Siberian sturgeon

(Acipenser baerii) after 3 h of feeding (Zhang et al., 2018). In the

present study, significant rhythms were observed in the

expression of both npy and agrp genes in L-LL, and the trends

were consistent with pomc and cart genes. Further, npy gene

expression in the L-LL group peaked at ZT14 (10 h before

feeding) and reached a trough at ZT2 (2 h after feeding).

Similarly, a previous study on rainbow trout found that the

npy gene peaked at ZT16 (8 h before feeding) and reached a

trough at ZT4 (4 h after feeding) (Naderi et al., 2018). However,

the cart gene expression rhythm showed an opposite trend under

L-LD, peaking at the feeding point (ZT0). The same results were

reported in rainbow trout under LD photoperiod (Naderi et al.,

2018), and Mercer et al. (2003) also found that this gene

expression was regulated by photoperiod.

Although no typical FAA was observed in the D group under

both photoperiods in this study, some appetite-related genes

showed significant rhythms. Under LL, leptin and orexin gene

expression was observed to be rhythmic. The expression trend of

the leptin gene was similar to that of the L group, which may

indicate that leptin gene expression was synchronized by

scheduled feeding when lacking a photoperiod. Interestingly, in

the D group, the rhythms of leptin gene expression were reversed

between the LD and LL photoperiods, reflecting the complex effect

of shifting feeding on fish feeding rhythms, and further studies are

needed to explain this phenomenon. Significant cart, ghrl, and npy

gene expression rhythms were also observed under LD. The gene

expression trend of the ghrl gene was similar to that of the L group,

while the peak of cart and npy gene expression was before and

after feeding, respectively. As mentioned above, CART suppresses

appetite, and NPY enhances appetite in fish (Delgado et al., 2017),

and the disruption of the peak expression of both genes may
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suggest that shifting feeding disrupts the normal feeding rhythm

of rainbow trout.

In addition, rhythms in the expression of some appetite-

related genes were also observed in the R group. All genes

measured under LL exhibited significant rhythms, indicating

that feeding rhythms in rainbow trout can be elicited by just one

meal when lacking light zeitgeber. Similarly, last meal induced

metabolic rhythms has been reported in other species (Escobar

et al., 2007; Feliciano et al., 2011).

Orexin is also a feeding regulatory neuropeptide secreted by

the hypothalamus (Matsuda et al., 2012) but is not involved in

the integrative core described above (Delgado et al., 2017). Some

studies in mice have speculated that orexin could be involved in

regulating FAA (Page et al., 2020). However, different results

have been reported in some studies, Kaur et al. (2008) and Clark

et al. (2009) observed a decrease in FAA in orexin-deficient mice;

in contrast, Gunapala et al. (2011) found no change in FAA in

orexin knockout mice. In the present study, the rhythm of orexin

gene expression was observed only in R-LL and D-LL groups.

Therefore, the results of this study suggest that the expression of

the orexin gene in rainbow trout does not seem to be directly

associated with FAA.
Conclusion

In this study, growth and feed utilization of juvenile rainbow

trout were enhanced by scheduled feeding (D and L groups) and

were independent of photoperiod. Typically FAA was observed

in the L group, where locomotion rose before the feeding point,

accompanied by rhythmic synchronization of digestive enzyme

activity, serum metabolites and hormones, and appetite-related

gene expression. Although typical FAA behavior was not

observed in the D group, an increase in digestive enzyme

activity and serum GLU levels before feeding was detected,

suggesting the presence of food anticipation. Notably, although

FAA was not present in the R group, rhythms were observed in

digestive enzyme activity, serum metabolite and hormone levels,

and appetite-related gene expression. Overall, this study found

that only mid-light stage feeding induced typical FAA in

rainbow trout independent of photoperiod.
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López-Patiño, M. A. (2018). Involvement of cortisol and sirtuin1 during the
response to stress of hypothalamic circadian system and food intake-related
peptides in rainbow trout, Oncorhynchus mykiss. Chronobiology. Int. 35 (8),
1122–1141. doi: 10.1080/07420528.2018.1461110

Navarro, I., Carneiro, M. N., Párrizas, M., Maestro, J. L., Planas, J., and
Gutiérrez, J. (1993). Post-feeding levels of insulin and glucagon in trout (Salmo
trutta fario). Comp. Biochem. Physiol. Part A.: Physiol. 104 (2), 389–393.
doi: 10.1016/0300-9629(93)90335-2

Nemova, N. N., Nefedova, Z. A., Pekkoeva, S. N., Voronin, V. P., Shulgina, N. S.,
Churova, M. V., et al. (2020). The effect of the photoperiod on the fatty acid profile
and weight in hatchery-reared underyearlings and yearlings of Atlantic salmon
Salmo salar l. Biomolecules 10 (6), 845. doi: 10.3390/biom10060845

Nisembaum, L. G., de Pedro, N., Delgado, M. J., and Isorna, E. (2014a).
Crosstalking between the "gut-brain" hormone ghrelin and the circadian system
in the goldfish. effects on clock gene expression and food anticipatory activity. Gen.
Comp. Endocrinol. 205, 287–295. doi: 10.1016/j.ygcen.2014.03.016

Nisembaum, L. G., de Pedro, N., Delgado, M. J., Sanchez-Bretano, A., and
Isorna, E. (2014b). Orexin as an input of circadian system in goldfish: Effects on
clock gene expression and locomotor activity rhythms. Peptides 52, 29–37.
doi: 10.1016/j.peptides.2013.11.014

Nisembaum, L. G., Velarde, E., Tinoco, A. B., Azpeleta, C., de Pedro, N., Alonso-
Gomez, A. L., et al. (2012). Light-dark cycle and feeding time differentially entrains
the gut molecular clock of the goldfish (Carassius auratus). Chronobiology. Int. 29
(6), 665–673. doi: 10.3109/07420528.2012.686947

Noeske-Hallin, T. A., Spieler, R. E., Parker, N. C., and Suttle, M. A. (1985).
Feeding time differentially affects fattening and growth of channel catfish. J. Nutr.
115 (9), 1228–1232. doi: 10.1093/jn/115.9.1228

Oishi, K., and Hashimoto, C. (2018). Short-term time-restricted feeding during
the resting phase is sufficient to induce leptin resistance that contributes to
development of obesity and metabolic disorders in mice. Chronobiology. Int. 35
(11), 1576–1594. doi: 10.1080/07420528.2018.1496927

Opperhuizen, A. L., Wang, D. W., Foppen, E., Jansen, R., Boudzovitch-
Surovtseva, O., de Vries, J., et al. (2016). Feeding during the resting phase causes
profound changes in physiology and desynchronization between liver and muscle
rhythms of rats. Eur. J. Neurosci. 44 (10), 2795–2806. doi: 10.1111/ejn.13377

Öz, M. (2018). Effects of garlic (Allium sativum) supplemented fish diet on
sensory, chemical and microbiological properties of rainbow trout during storage at
-18 °C. LWT. - Food Sci. Technol. 92, 155–160. doi: 10.1016/j.lwt.2018.02.030

Page, A. J., Christie, S., Symonds, E., and Li, H. (2020). Circadian regulation of
appetite and time restricted feeding. Physiol. Behav. 220, 112873. doi: 10.1016/
j.physbeh.2020.112873

Paredes, J. F., López-Olmeda, J. F., Martıńez, F. J., and Sánchez-Vázquez, F. J.
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