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ABSTRACT

This study assessed the impact of dietary citral supplementation on growth performance, intestinal
parameters, and digestive enzyme activity in Brazilian sardine Sardinella brasiliensis. The experiment
involved 240 juvenile S. brasiliensis distributed in a recirculating aquaculture system with 12 tanks.
Fish were fed diets with varying levels of citral (0.5, 1, and 2 mL-kg feed™) for 20 days. Results showed
improved survival with citral supplementation, increased lipase and amylase activity at 2 mL.kg feed,
and enhanced intestinal morphology. However, growth parameters were negatively affected at lower citral
levels. Overall, the study recommends a citral inclusion level of around 1.25-1.3 mL.kg feed™ for optimal
results in S. brasiliensis aquaculture.
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Avaliac¢ao funcional da suplementacao dietética de citral sobre o desempenho
zootécnico, parametros intestinais e atividade especifica das enzimas digestivas de
Sardinella brasiliensis cultivada em sistema de recirculacao para aquicultura

RESUMO

Este estudo avaliou o impacto da suplementacdo dietética de citral no desempenho do crescimento,
pardmetros intestinais e atividade de enzimas digestivas na sardinha brasileira Sardinella brasiliensis.
O experimento envolveu 240 juvenis de S. brasiliensis distribuidos em um sistema de aquicultura de
recirculacdo com 12 tanques. Os peixes foram alimentados com dietas com niveis variados de citral
(0,5, 1 e 2 mL-kg feed™) por 20 dias. Os resultados mostraram melhor sobrevivéncia com suplementacao
de citral, aumento da atividade de lipase e amilase em 2 mL-kg feed e morfologia intestinal aprimorada.
No entanto, os parametros de crescimento foram afetados negativamente em niveis mais baixos de citral.
No geral, o estudo recomenda um nivel de inclusdo de citral de cerca de 1,25-1,3 mL-kg feed para resultados
6timos no cultivo de S. brasiliensis.
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Functional assessment of citral dietary supplementation on growth performance, intestinal parameters, and specific activity of the digestive enzymes of
Sardinella brasiliensis reared in recirculating aquaculture system

INTRODUCTION

The Brazilian sardine Sardinella brasiliensis is one of the
most important species for the fishery in the Southwest Atlantic
Ocean and Southern Brazil (SAP, 2021; Schroeder et al., 2022),
has good characteristics for aquaculture, such as short life cycle,
high fertility, fast growth, well-established consumer market,
and is low-trophic level species (Cottrell et al., 2021; Perin &
Vaz-dos-Santos, 2014).

In recent years, S. brasiliensis has gained prominence in
Brazilian marine fish farming. Several studies have been carried
out aiming at the development of technologies for S. brasiliensis
farming (Baloi et al., 2016; Baloi et al., 2017b; Cerqueira et al.,
2020), nutritional improvements (Sterzelecki et al., 2017, 2018,
2021a, 2021b), pathology investigations (Owatari et al., 2020),
and physiological aspects under different cultivation situations
(Angelo et al., 2021; Baloi et al., 2017a; Owatari et al., 2023),
indicating that the species presents advantageous aspects when
compared to other marine fish species, mainly accelerated growth
even with low feeding rates (Baloi et al., 2016), and spontaneous
spawning in captivity (Magnotti et al., 2020).

For the sustainable development of marine fish farming, it is
necessary to implement new environmental-friendly strategies
(Lieke et al., 2020). The use of feed additives or functional diets
can be sustainable alternatives, as they can increase the nutritional
status and prevent diseases, increasing fish resistance to parasites
and bacteria, in addition to reducing the use of antibiotics and the
spread of antimicrobial resistance in aquaculture environments
(Brum et al., 2017; Jesus et al., 2021). In this way, nutritional
strategies become valuable tools that can help condition fish for
the sustainable growth of marine fish farming worldwide.

Studies have shown that dietary supplementation with
essential oils improves fish growth and disease resistance
(Souza et al., 2019; Sutili et al., 2019). Essential oils from lemon
verbena Aloysia citriodora (syn. A. triphylla) and cochin grass
Cymbopogon flexuosus improved growth and oxidative status
(Zeppenfeld et al., 2016, 2017), protein deposition and carcass
yield when added to the diet of silver catfish Rhamdia quelen
(Rampelotto et al., 2018), and growth in Nile tilapia Oreochromis
niloticus (Souza et al., 2020a, 2020b). Furthermore, it was also
proven that citral (3,7-dimethyl-2,6-octadienal) is the major
compound of these essential oils, whose compound demonstrates
antimicrobial, antifungal and antiparasitic characteristics,
making citral a natural food additive (Berk, 2016; Maarse, 1991;
Saddiq & Khayyat, 2010; Zheng et al., 2015).

This study evaluated the effectiveness of citral as a dietary
supplement for Brazilian sardine S. brasiliensis, examining its

impact on growth performance, intestinal histomorphometry,
and specific activity of digestive enzymes.

MATERIAL AND METHODS

Fish and rearing conditions

Second generation (F2) of juvenile S. brasiliensis (total
length 9.7 £ 0.04 cm and weight 8.6 + 0.04 g) were obtained
by spontaneous spawning of a broodstock from Marine Fish
Culture Laboratory of the Universidade Federal de Santa
Catarina. The broodstock was kept in an outdoor 8,000-L black
circular tank with constant acration and water renewal of 350%
per day (19-20 L-min™"). The water was continuously supplied
by direct pumping from the ocean, collected at Mozambique
beach, Florianopolis (SC), Brazil (27°34'02"'S, 48°25'44"W), as
indicated by Magnotti et al. (2020). Larviculture and juvenile
growth were performed as described by Cerqueira et al. (2020).

Two hundred and forty juvenile S. brasiliensis were randomly
distributed in arecirculating aquaculture system (RAS) composed
of 12 circular tanks of 150 L (n= 20 per tank). The RAS was filled
with ocean water from Mozambique beach. Mechanical (50 pm)
and biological filters, an ultraviolet sterilizer (60 W) and a foam
fractionator were used for water purification. The photoperiod
was mimicked using 20 W fluorescent lamps and controlled
by an automatic timer, making a cycle of 12-h light/12-h dark
(light start at 8 a.m.). During the 20-day experimental period, the
water quality variables remained at a salinity of 33.15 + 0.25 ppt,
temperature of 27.11 £ 0.11°C, dissolved oxygen at 6.13 =+
0.05mg-L"!, pH at 8.24 + 0.01, total ammonia 0.2 + 0.01 mg-L"!,
nitrite 0.27 + 0.03 mg-L"', and alkalinity > 150 mg CaCO,-L".

The sardines received a basal diet without any feed additives
during four days before the beginning of the experimental period.
The remains of food and feces were removed by siphoning,
and the loss of water by evaporation was replaced daily.
Temperature, dissolved oxygen, and pH were checked daily, and
ammonia and nitrite were measured every week, as described
by Michelotti et al. (2018).

Citral and experimental diets

Citral (a-citral = 60.15%, B-citral = 39.85%) was purchased
from Sigma-Aldrich (St. Louis, United States of America). The
quantification of the isomers was executed in an Agilent 6890A
gas chromatography coupled with a 5,973-mass selective detector
using a HPCHIRAL capillary column (30 m % 0.25 mm i.d. X
0.25 um film thickness) and electron ionization mode at 70eV.
Helium was used as carrier gas in a flow rate of 1 mL.min™,
injector temperature was set at 250°C and detector at 280°C. Oven
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temperature was kept at 40°C for 4 min and raised to 240°C at a
rate of 4°C.min’l. Sample solutions of 1 puL (2:1,000 in hexane,
v/v) were injected in a splitless mode. Kovats retention indices
were calculated using a homologous series of C8-C40 n-alkanes
injected under the same conditions of the samples. The isomers
were identified by mass spectra and Kovats retention index
comparison with data from the National Institute of Standards and
Technology Mass Spectral Library. Compounds relative percent
was estimated by under peak area integration obtained from the
chromatogram according to Michelotti et al. (2020).

The basal experimental diet was produced according to the
formulation described by Sterzelecki et al. (2017). Afterwards,
citral was added to the diet together with fish oil (before cold
drying at 16°C and 2-mm pelletizing) at different inclusion
levels, making four treatments (0-control, 0.5, 1, and 2 mL kg
feed™") with three replications each (Table 1). The sardines were
fed four times a day (9 a.m., 1 p.m., 3 p.m., and 6 p.m.) up to
apparent satiation for 20 days. The fish fasted 24 hours before
the final sampling.

Table 1. The basal experimental diet formulation and analyzed
proximate average composition*.

Ingredients g kg!
Dextrin 309.3
Casein 206.3
Fish meal 200
Cellulose 110.3
Fish oil 66.1
Gelatin 40
Vitamins and minerals (premix) 40
Dibasic calcium phosphate 20
Sunflower oil 8
Composition (%)
Dry matter content 88.14
Protein 34.69
Lipids 8.79
Mineral matter 5.51
Carbohydrate 30
CHO: L 0.34
Energy (J-kg") 1491

*Vitamin and mineral mixture (security levels per kilogram of product) — folic
acid: 250 mg, pantothenic acid: 5,000 mg, antioxidant: 0.60 g, biotin: 125 mg,
cobalt: 25 mg, copper: 2,000 mg, iron: 820 mg, iodine: 100 mg, manganese:
3750 mg, niacin: 5,000 mg, selenium: 75 mg, vitamin A: 1,000,000 UI, vitamin
B1: 1,250 mg, vitamin B12: 3,750 mcg, vitamin B2: 2,500 mg, vitamin B6:
2,485 mg, vitamin C: 28,000 mg, vitamin D3: 500,000 UI, vitamin E: 20,000 UI,
vitamin K: 500 mg, zinc: 17,500 mg.

Growth performance

All fish were sampled at the beginning and the end of the
experiment, anesthetized (50 mg L' benzocaine), measured, and
weighed. Survival (S), weight gain (WQ), specific growth rate,
and feed conversion rate (FC) were calculated as described by
Michelotti et al. (2018). The condition factor (K) was calculated
with Eq. 1:

K =W/L} x 100 (1)

Where: W the final weight; L: the final length.

Feed intake (FI) was measured by weighing the feed at the
beginning and end of the day after feeding the sardines, and
the difference between the two values divided by the number
of animals in the tank was considered the feed intake per
animal per day.

Digestive enzymes

At the end of the experiment, nine fish per treatment (three
from each tank) were anesthetized (50 mg-L! of benzocaine for
3 min) and euthanized by sectioning the spinal cord. Stomach
and midgut portions were collected and frozen in liquid nitrogen
and then stored at -20°C for digestive enzyme analysis.

Preparation of extracts from the stomach and intestine
was performed as described by Michelotti et al. (2020). The
experimental protocol for analysis of amylase activity in the
intestine followed Benfold (1955), and starch hydrolysis was
determined according to Park and Johnson (1949). One unit of
the enzyme was defined as 1 mmol of glycosyl-glucose released
from starch per minute per milligram of protein. The activity
of intestinal lipase was determined as stated in Gawlicka et al.
(2000), and pepsin activity in the stomach according to Hidalgo
etal. (1999). The activity of the enzymes was calculated as stated
in Almeida et al. (2018).

Intestinal histology and histomorphometry

For histological analysis, at the end of the experiment, nine
fish per treatment (three from each tank) were anesthetized
(50 mg-L! of benzocaine for 3 min) and euthanized by sectioning
the spinal cord. Midgut portions were collected, and the samples
were fixed in 10% formaldehyde and cleaved, dehydrated in
increasing alcohol (70-100%), diaphanized in xylol (xylene),
and embedded in paraffin. The blocks were cut into 6-pum cross
sections (PAT-MR10 microtome) that were stained with Harris
Haematoxylin-Eosin (HHE) to posterior mounting in Entellan
medium to be analyzed in a Axio Imager A.2. The number of
villi was counted, and the intestine diameter, villus height, crypt
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depth, and muscularis layer width (estimated in 10 villi) were
measured according to Le Roux et al. (2016). Morphometry
measurements were performed using ImageJ software.

Statistical analysis

Data are expressed as the mean + standard error of the mean.
The homogeneity of variances was evaluated with Levene’s
test. The relationships between the studied parameters and
dietary citral supplementation were analyzed with the software
SigmaPlot 11.0 (SYSTAT Software, Inc.). In the situations in
which there was no significant relationship, as variances were
homoscedastic, comparisons between treatments were performed
by one-way analysis of variance followed by Tukey’s test with
Statistica Software 7.0 (Stat Soft, Tulsa, OK, United States of
America). Differences were considered significant at p < 0.05.

RESULTS

There was a significant relationship between dietary citral
levelsandall growth performance parameters analyzed. According
to the equation, the highest survival value corresponded to
1.25-1.3 mL citral-kg feed'. The citral treatments had a survival
around 80%, while in the control it was 40%. The lowest values
of weight gain, specific growth rate, and condition factor, as well
as the worst feed conversion rate, corresponded to 0.96—1.2 mL
citral-kg feed! (Fig. 1), according to regression analyses.

The activity of the digestive enzymes amylase and lipase
increased in 2 mL of citral-kg feed™', while pepsin was increased
in 2 and 0.5 mL of citral-kg feed! (Fig. 2).

There were no changes in the height of villi and muscularis
layer width in the intestine of the fish fed different dietary citral
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Figure 1. Growth performance indexes of the Brazilian sardine Sardinella brasiliensis after 20 days of feeding with citral dietary

supplementation in concentrations at 0.5, 1, and 2 mL-kg feed!, or not supplemented (control). (a) Survival, (b) weight gain, (c)

specific growth rate, (d) feed conversion ratio, (e) condition factor.
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Figure 2. Specific activity of the digestive enzymes in the
Brazilian sardine Sardinella brasiliensis after 20 days of feeding
with citral dietary supplementation in concentrations at 0.5, 1,
and 2 mL-kg feed™!, or not supplemented (control). (a) Amylase,

(b) lipase, (c) pepsin.

levels (p > 0.05). However, the intestinal diameter was larger
with 0.5 mL of citral-kg' feed compared to the fish from control
group. The number of villi and crypt depth increased with
increasing dietary citral levels (Table 2).

DISCUSSION

The current research examined the effects of adding citral to
the diet of Brazilian sardine S. brasiliensis. Results that showed
supplementing the diet with citral led to increased survival rates,
with the highest rates observed in the citral-treated groups. One
possible reason for this finding could be that citral helped to
reduce the stress induced by the experimental conditions in the
fish. Thus, stress worsened in the control group, causing more
deaths. This would be an unprecedented case of altered behavior
in these experimental units, given that on other occasions in the
same experimental units and with other marine species such as
common snook Centropomus undecimalis (Michelotti et al.,
2020) and Lebranche mullet Mugil liza (Silva et al., 2020) this
phenomenon did not occur. Another factor to be considered
is that citral has sedative and anesthetic effects (Santos et al.,
2022), and this may have contributed to keeping the fish in the
treated groups under less stressful conditions.

Sardines, even juveniles, form a dense school and react very
quickly to any potential threat. Reports of abnormal behavior,
deformity, and mortality, when they are kept in small tanks and
high density, have already been made (Cerqueira et al., 2020).
As we did not measure stress parameters, it was not possible
to prove whether stress was reduced in citral treatments, which
would explain the higher survival in these groups.

The addition of citral (0.3 mL-kg feed') to the diet of
Atlantic salmon (Salmo salar) did not affect growth after 30 days
(Jensen et al., 2015), whereas 0.5 mL-kg feed' impaired growth
performance parameter of common snook (Michelottietal.,2020),

Table 2. Histomorphometric changes in the midgut of Brazilian sardine Sardinella brasiliensis after 20 days of dietary supplementation

with citral*.

Citral inclusion (mL-kg feed ")

Intestinal parameter 0.0 (control)

0.5 1.0 2.0

Villi height (um) 228.29 +11.04° 237.72 £21.81° 209.90 £+ 10.05* 255.13 £26.81°
Number of villi** 49.33 £4.80 50.66 +2.90 54.00 +5.03 62.00 £ 1.15

Intestine diameter (um) 1,355.54 £ 36° 1,623.03 + 542 1,438.33 £ 69 1,540.36 £ 72%

Crypt depth (um)** 147.14 £ 8.31 153.34 £ 8.63 168.31 £8.24 184.81 +£10.88
Muscularis layer width (um) 27.72 +0.882 28.18 + 1.69° 30.18 £ 1.08° 27.49 +0.89°

*Data expressed as mean + standard error. Different letters indicate significant difference between the treatments using one-way analysis of variance and Tukey’s
test (p < 0.05); **significant relationships with dietary citral supplementation levels. The relationships are given by the equations y = 48.3 + 6.5x (1> = 0.9693) and

y = 146.3 + 19.5x (r? = 0.9828), where y: number of villi and crypt depth (um), respectively, and x: citral supplementation (mL-kg of feed™).
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as observed here in Brazilian sardine fed the same dietary
levels of citral. Essential oils and/or their major compounds
can act as prooxidant inducers and affect cell structures such
as mitochondria, causing cytotoxic effects depending on the
dosage. Thus, it is important to understand that compounds such
as citral are not just feed additives, but complex substances in
their chemical composition that can cause diverse and adverse
effects to animals (Bakkali et al., 2008).

Citral also caused oxidative damage in the liver and
gills of common snook (Mori et al., 2019). However,
dietary supplementation with essential oils obtained from
ginger Zingiber officinale and containing citral as the main
compound did not affect (at 5 or 10 mL-kg feed!) or reduced
(15 mL-kg feed') the weight of the Nile tilapia O. niloticus
compared to control fish (Brum et al., 2017). The addition of
A. citriodora essential oil (2 mL-kg feed ') to the diet did not
interfere with the growth of zebrafish Danio rerio (Zago et al.,
2018), while the same level of inclusion of essential oil from
C. flexuosus improved the growth of catfish (Zeppenfeld
et al., 2016) and Nile tilapia (Souza et al., 2020a). These
results indicate that the effects of dietary supplementation
with citral or essential oils containing citral as the major
compound may adversely influence fish growth, depending
on the species and the synergy of other compounds present
in the essential oils. In addition, citral may have its chemical
instability increased in acidic environments (Chat et al.,
2019), making the stomach a favorable environment for its
degradation and absorption.

The digestion process in fish is widely investigated as it is
less known than in mammals. Elevated activity of digestive
enzymes may indicate some sign of inflammation or disease in
the pancreas, and when the concentration is low it may indicate
pancreatic insufficiency or serious liver disease. However, they
have been also proposed as indicators of the nutritional status
and functioning of the digestive organs in fish (Hidalgo et al.,
1999; Sugita et al., 1997).

A possible mechanism of action of essential oils to improve
feed digestion could be the stimulation of digestive enzyme
activities (Mitsch et al., 2004). According to Hidalgo et al.
(1999), omnivorous species showed greater amylase activity
than carnivorous ones, and the activity of digestive enzymes may
decrease with a decrease in incubation temperature, depending
on the fish species and tissue analyzed.

Depending on the dose, dietary citral supplementation
proportionally increased the activity of the enzymes’ amylase,

lipase, and protease, as well as the number of villi and

crypt depth in Brazilian sardines, which would indicate an
increase in intestinal area for nutrient absorption. Similarly,
dietary supplementation with the essential oil of 4. citriodora
(4. triphylla) ncreased the length of intestinal folds in silver
catfish (Zeppenfeld et al., 2016), corroborating the histological
results of the current study with Brazilian sardines.

CONCLUSION

The results of the experiment suggested that the addition
of citral as an additive in the diet of S. brasiliensis improved
the survival of fish reared in RAS. Based on the findings of the
current study, it is advised to supplement the diet with citral at
inclusion levels around 1.25-1.3 mL citral-kg feed'.
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