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Dietary protein requirements of
whiteleg shrimp (Penaeus
vannamei) post-larvae
during nursery phase in
clear-water recirculating
aquaculture systems

André Barreto1,2,3*, Andreia Silva4, Diogo Peixoto2,3,
Carlos Fajardo2,5, Wilson Pinto4, Rui J. M. Rocha1,
Luı́s E. C. Conceição4 and Benjamı́n Costas2,3

1Riasearch Lda, Murtosa, Portugal, 2Saúde Animal e Aquacultura (A2S), Centro Interdisciplinar de
Investigação Marinha e Ambiental (CIIMAR), Matosinhos, Portugal, 3Instituto de Ciências Biomédicas
Abel Salazar (ICBAS-UP), Universidade do Porto, Porto, Portugal, 4Sparos Lda, Olhão, Portugal,
5Instituto Universitario de Investigación Marina (INMAR), Department of Biology, Faculty of Marine
and Environmental Sciences, University of Cadiz, Puerto Real, Spain
Whiteleg shrimp Penaeus vannamei farming in clear water recirculating

aquaculture systems (RAS) is relatively recent, and consequently, knowledge

on the shrimp dietary demands is still insufficient, particularly in the initial

developmental stages. This study aimed at assessing the dietary protein

requirement of whiteleg shrimp post-larvae (PL) in a clear-water recirculating

aquaculture system (RAS). Six microdiets were formulated to contain 34%, 44%,

49%, 54%, 58%, and 63% crude protein (P34, P44, P49, P54, P58 and P63,

respectively) and were evaluated in triplicates. Whiteleg shrimp PL (3.2 mg wet

weight) were reared for 21 days in a clear-water RAS at Riasearch Lda. At the end

of the feeding period, the optimal protein requirement was estimated at 47.1%,

46.4%, 47.2%, and 44.0% for weight gain, relative growth rate (RGR), feed

conversion ratio (FCR), and survival, respectively. PL fed the P54, P58, and P63

diets achieved significantly higher final body weights than those fed P34. PL fed

P34 showed significantly lower RGR and survival and significantly higher FCR

values than those fed the remaining diets, suggesting that low protein diets may

not be adequate to be used in this stage of shrimp development and/or for the

clear-water RAS husbandry conditions. Moreover, diet P34 seemingly reduced

the overall antioxidant status of the PL when compared to P44, P49, and P54.

However, the P34 diet seems to have stimulated the PL immune mechanisms

when compared to P44, P49, and P54, possibly due to increased levels of fish and

algae oil. Similarly, despite the good growth performances, a diet containing 63%

of protein also seemed to have compromised the overall shrimp PL antioxidant

status and stimulate their immune system. Shrimp fed diet P54 showed an

apparent overall superior antioxidant status when compared to the remaining
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diets, evidencing that using protein inclusion levels up to 54% in aquafeeds not

only potentiates growth performances and survival but also can potentially be

beneficial to the health status of P. vannamei PL grown in a clear-water RAS.

Hence, results from this study suggest that a minimum of approximately 47% of

protein should be considered when tailoring microdiets for whiteleg shrimp PL

grown in a clear-water RAS, but inclusion levels up to 54% can be used with

benefits to the PL antioxidant status.
KEYWORDS

Penaeus vannamei, whiteleg shrimp, post-larvae, protein requirements, inert
microdiets, clear water recirculating aquaculture system
1 Introduction

The whiteleg shrimp (Penaeus vannamei Boone, 1931)

production has increased steadily over the last decade, and in

2020, a total of 5.8 million tonnes were reached, making it the

most-produced animal species in aquaculture (FAO, 2022a). In fact,

the culture of P. vannamei generates profits of over 33 billion USD/

year worldwide (FAO, 2022b). Major producers are Asian and

South American countries, and in 2019, imports of Penaeus shrimp

to Europe reached 284.270 tonnes with a total value of 1.98 billion

EUR (EUMOFA, 2020). Nonetheless, there has been an increase

in overall consumer awareness of the potential negative

socioecological impacts of traditional shrimp farming, and

therefore, there is a growing preference for certified sustainable

production. Accordingly, recent pilot projects in the USA and

Europe have been focusing on growing P. vannamei in

recirculating aquaculture system (RAS) using specific pathogen-

free (SPF) or specific pathogen-resistant (SPR) individuals. These

allow shrimp production to be biosecure and closer to consumption

areas, reducing its ecological footprint while also contributing to the

expansion and diversification of the aquaculture market in these

geographical areas (Browdy et al., 2006; EUMOFA, 2020).

Traditionally, a semi-intensive strategy is practiced in shrimp

farms, where fertilizers are frequently employed to stimulate the

natural productivity of ponds, serving as a supplementary feed

source for the shrimp. Additionally, the detrital matter that builds

up in the bottom of the ponds is also a significant source of

nutrients to the shrimp, supplying important amounts of protein

from the associated bacterial communities (Nunes et al., 1997;

Gamboa-Delgado et al., 2003). Inert feeds typically only constitute

up to 20% of the stomachal contents of the shrimp but have a high

relative contribution to growth in terms of carbon and nitrogen

(Gamboa-Delgado, 2014). There is evidence that protein levels in

inert diets can be as low as approximately 25% in semi-intensive

systems without compromising the whiteleg shrimp growth

performance, survival, feed conversion ratio, and pond

productivity (kg of shrimp per pond m3) (Martinez-Cordova

et al., 2002; Jatobá et al., 2014). Moreover, there has been an

increase in intensive systems utilizing biofloc technology. This
02
production method is characterized by purposely stimulating the

growth of heterotrophic bacteria in the system to avoid the buildup

of nitrogenous compounds in the water while also serving as a

supplemental feed source for the shrimp (Crab et al., 2012; Bossier

and Ekasari, 2017). Initial reports have shown that, like in semi-

intensive systems, dietary protein level can be reduced to 25% in

biofloc systems, without affecting P. vannamei growth, survival,

feed conversion ratio, or the status of the immune response and

antioxidant defense (Xu et al., 2012; Xu and Pan, 2014a; Xu and

Pan, 2014b). However, several authors have recently suggested an

optimal dietary protein level of approximately 35% when farming P.

vannamei in bioflocs (Jatobá et al., 2014; Yun et al., 2016; Olier et al.,

2020; Pinho and Emerenciano, 2021).

Shrimp farming in clear-water RAS is relatively distinct from

the previously mentioned production methods, particularly

regarding nutrition, since all the protein requirements of the

shrimp need to be fulfilled by the protein content of inert feeds.

This type of production method is relatively recent, and

consequently, knowledge of the shrimp dietary demands is still

insufficient, particularly in the initial stages of development.

Despite the availability of several commercial diets for the

whiteleg shrimp larval/post-larval phases, there is room for

improvements in formulations, as these are often not tailored

specifically for product type and can result in an under/

overestimation of the dietary requirements of the animals.

Therefore, determining the optimal protein levels to incorporate

in diets for the whiteleg shrimp post-larvae (PL) produced in

clear-water RAS is of extreme importance since it is the most

essential nutrient for growth and also the costliest, greatly

influencing the overall production expenditures. Doing so may

strengthen knowledge in shrimp farming in clear-water RAS by

improving feeding efficiency and reducing the overall feed-

associated costs, reducing environmental impacts while

potentially enhancing shrimp growth performances and health

status. Hence, this study aimed at assessing the dietary protein

requirement of P. vannamei PL in clear-water RAS by evaluating

their growth performance, survival, and health status when fed

diets containing graded crude protein levels ranging from 34%

to 63%.
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2 Materials and methods

2.1 Experimental microdiets

Six microdiets were formulated to contain 34%, 44%, 49%,

54%, 58%, and 63% crude protein (P34, P44, P49, P54, P58, and

P63, respectively) and were evaluated in triplicates. Inclusion

levels of the following ingredients were the same across all diets:

fish meal, fish protein hydrolysate, wheat gluten, vitamin and

mineral premix, and cholesterol. Different levels of squid meal,

wheat meal, and fish oil were incorporated to have isolipidic

diets. Feed formulation of the experimental diets and their

proximate analysis are presented in Tables 1, 2, respectively.

The proximate composition of the experimental diets was

analyzed following the Association of Official Analytical

Chemists procedures (AOAC, 2000). Briefly, feed samples were

dried at 105°C to determine dry matter, crude protein

(N  �   6:25) by the Kjeldahl method after acid digestion using

a Kjeltec digestion and distillation unit, crude fat by petroleum

ether extraction (Soxtec HT System), ashes by incineration at

450°C for 16 h in a muffle furnace, and gross energy by direct

combustion in an adiabatic bomb calorimeter (PARR

Instruments, Moline, IL, USA; PARR model 1261). Diets were

produced at Sparos Lda (Olhão, Portugal) using extrusion at low

temperatures, as described by Barreto et al. (2023). These were

then crumbled (Neuero Farm, Germany) and sieved to achieve

400–600- and 600–800-μm feed particles.
Frontiers in Marine Science 03
2.2 Feeding trial and samplings

Whiteleg shrimp post-larvae (PL18), obtained from Sea Product

Development—Division of Global Blue Technologies (Texas, USA),

were reared for 21 days at Riasearch Lda (Murtosa, Portugal). Trial

duration was chosen considering that whiteleg shrimp PL of this size

can increase their body weight by more than 10-fold in this timeframe

(Barreto et al., 2023), which is sufficient to detect any differences

between dietary treatments if they occur. A total of 4,500 PL were

randomly allocated to 18 tanks with 50 L, which were part of a clear-

water RAS. Each tank was equally stocked with 250 individuals (shrimp

density of 5,000 m3) averaging 3.2 mg of wet weight. These were reared

following the procedures described by Barreto et al. (2023).

Environmental conditions maintained were as follows: temperature,

28.3°C ± 0.6°C; dissolved oxygen concentration, 7.23 ± 0.2 mg L−1;

salinity, 21.5 ± 0.8 g L−1; pH, 8.05 ± 0.1; NH3, 0.02 ± 0.03 mg L−1; and

NO2, 0.05 ± 0.05 mg L−1. The feed size given was 400–600 μm for the

first 7 days and 600–800 μm from the eighth day onward.

At the end of the experiment, all shrimp from each tank were

counted to determine survival. Additionally, 90 PL were randomly

selected and weighed in groups of 10 larvae to determine final body

weight, relative growth rate (RGR), and for analysis of feed

conversion ratio (FCR). Afterward, 40 PL from each tank were

randomly selected for oxidative and immune status analyses, 10 for

gene expression analysis, and 30 for whole-body protein content

analysis. PL were fasted for 12 h prior to samplings to avoid any

potential interference of eaten feeds in the analyses.
TABLE 1 Feed formulation of the experimental microdiets with graded crude protein levels from 34% to 63% used to culture whiteleg shrimp
(Penaeus vannamei) PL in clear-water RAS for 21 days.

Ingredients (g kg−1) P34 P44 P49 P54 P58 P63

Fishmeal LT70 a 10.0 10.0 10.0 10.0 10.0 10.0

Fish protein hydrolysate a 3.0 3.0 3.0 3.0 3.0 3.0

Squid meal a 7.5 21.8 29.0 36.2 43.3 50.5

Wheat gluten b 5.0 5.0 5.0 5.0 5.0 5.0

Wheat meal c 48.3 35.4 28.9 22.3 15.8 9.3

Fish oil a 5.8 5.4 5.2 5.0 4.8 4.6

Algal oil d 0.6 0.4 0.3 0.2 0.1 0.0

Soy lecithin e 6.2 5.8 5.6 5.4 5.2 5.0

Binder and Vit and Min Premix f 9.4 9.4 9.4 9.4 9.4 9.4

Cholesterol g 0.2 0.2 0.2 0.2 0.2 0.2

Antioxidant h 0.2 0.2 0.2 0.2 0.2 0.2

Monocalcium phosphate i 3.9 3.5 3.3 3.2 3.0 2.8
PL, post-larvae; RAS, recirculating aquaculture system.
aSopropêche, France.
bRoquette Freres Lestrem, France.
cMolisur, Molinos Harineros del Sur SA.
dVeramaris, Netherlands.
eLECICO GmbH, Germany.
fSparos Lda, Portugal.
gTermofisher, UK.
hKemin Nutrisurance, Italy.
iAlltech Coppens, Germany.
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2.3 Protein content

A total of 10 whiteleg shrimp PL per tank sampled at the end of

the trial were freeze-dried, and their total nitrogen (N), hydrogen

(H), and carbon (C) contents were determined using an elemental

analyzer (Elementar Vario EL III, Hanau, Germany). Protein

contents were then calculated as N  �   6:25.
2.4 Oxidative stress and immunity-
related biomarkers

Sample preparation and analyses of oxidative stress and

immune parameters were performed following the procedures

described by Barreto et al. (2023). Briefly, whole whiteleg shrimp

PL from each tank were homogenized in sets of 10 individuals.

Catalase (CAT; expressed as U mg protein−1), superoxide dismutase

(SOD; expressed as U mg protein−1), total glutathione (tGSH;

expressed as nmol mg protein−1), lipid peroxidation (LPO;

expressed as nmol g weight−1), lysozyme (expressed as μg mg

protein−1), and pro-phenoloxidase (expressed as U ml−1) activity

levels were then determined in the homogenized samples.
2.5 Gene expression analysis

PL sampled for gene expression analysis were individually

homogenized in NZYol (NZYTech, w/v proportion according to

the manufacturer’s instructions) using a Precellys 24 tissue

homogenizer (Bertin Instruments, Montigny-le-Bretonneux,

France). RNA extraction, analyses of its concentration and purity,

attainment of cDNA strands, reverse transcription, and RT-PCR

were performed for each sample as described by Barreto et al.

(2023). The genes examined were chosen due to their association

with antioxidant or immunity mechanisms (Table 3). The relative

expression of target genes was determined according to the Pfaffl

method (Pfaffl, 2001), using bactn and rpl-8 as housekeeping genes.
2.6 Data analysis

RGR (% weight day−1) was calculated as follows: RGR =

  (eg   –   1)� 100, where e = exponential, g =   ( lnWf   −   lnWi)�
Frontiers in Marine Science 04
t−1, Wf = final weight, and Wi = initial weight. The FCR was

calculated as FCR = (Fg ÷Wg), where Fg = feed given and Wg =

weight gain. Survival (%) was calculated as S = (nf ÷ ni)� 100,

where nf = final number of PL and ni = initial number of PL. To

assess statistically significant dissimilarities in growth

performance, FCR, survival, oxidative stress, immune condition,

gene expression, and PL protein contents between dietary

treatments, one-way ANOVAs followed by Tukey’s honestly

significant difference (HSD) multiple comparison tests were

performed. The estimation of the optimal dietary protein level

was performed using broken-line models on linear regression

analyses of the PL weight gain, RGR, FCR, and survival data.

Based on the linear regression models for these parameters, new

regression models were estimated as having broken-line

relationships with protein levels in the diets, using the

“segmented” package for R software (Muggeo, 2003). These

produce a straight line with a positive or negative slope that

joins the linear model line at a changepoint in the response

variable, interpreted as the protein requirement above which

there is no significant change. Multivariate linear discriminant

analyses (LDAs) were performed for the antioxidant and immune

status parameters and gene expression to evaluate how these

contributed to the dissociation of the diets in the discriminant

functions generated. A MANOVA was performed to assess

discriminatory significance using Wilk’s l test, after checking

data compliance to the statistics assumptions. The distance

between group centroids was measured by Mahalanobis

distance, and its significance was inferred by one-way ANOVA

statistics. Results are presented as mean ± standard deviation

(SD). An arcsine transformation was carried out before any

statistical test when results were expressed as percentages: T =

ASIN(
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

value ÷ 100)
p

. All statistical analyses were performed using

the software R version 4.2.2, considering a significance level of

p< 0.05.
3 Results

3.1 Protein content

Increasing levels of protein in the diets did not result in an

increasing linear trend in the whole-body protein contents of
TABLE 2 Proximal composition of the experimental microdiets with graded crude protein levels from 34% to 63% used to culture whiteleg shrimp
(Penaeus vannamei) PL in clear-water RAS for 21 days.

Diet P34 P44 P49 P54 P58 P63

Dry matter (DM, %) 93.5 ± 0.0 94.1 ± 0.0 93.7 ± 0.0 93.4 ± 0.0 93.2 ± 0.0 93.7 ± 0.0

Crude protein (% DM) 33.8 ± 0.1 44.2 ± 0.0 48.7 ± 0.0 53.6 ± 0.1 58.3 ± 0.2 63.4 ± 0.1

Crude fat (% DM) 14.0 ± 0.0 14.0 ± 0.1 13.7 ± 0.0 13.5 ± 0.2 13.0 ± 0.1 13.1 ± 0.0

Ashes (% DM) 9.6 ± 0.0 9.7 ± 0.0 9.9 ± 0.0 9.8 ± 0.0 9.9 ± 0.0 10.0 ± 0.0

Energy (MJ kg−1 DM) 18.3 ± 0.1 19.0 ± 0.0 19.3 ± 0.0 19.5 ± 0.0 19.7 ± 0.0 20.1 ± 0.0
Results are expressed as mean ± standard deviation (n = 2).
PL, post-larvae; RAS, recirculating aquaculture system.
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shrimp PL. No significant differences between treatments were

found (Table 4).
3.2 Growth performance

Shrimp PL fed the P54, P58, and P63 diets achieved a

significantly higher final body weight than those fed the P34 diet.

The P34 dietary treatment resulted in significantly lower shrimp
Frontiers in Marine Science 05
RGR and survival and significantly higher FCR values than all the

remaining experimental diets (Table 5).
3.3 Dietary protein requirement

The optimal protein requirement was estimated at 47.1%,

46.4%, 47.2%, and 44.0% for weight gain, RGR, FCR, and

survival, respectively, according to broken-line models on linear

regression analysis (Figures 1–4).
3.4 Oxidative stress and immune status-
related biomarkers and gene expression

CAT and LPO levels were similar across all treatments; tGSH

levels were significantly higher in the P54 diet than in the P34 and

P63 diets, with no significant differences between the remaining

treatments; SOD levels were significantly higher in the P54 diet than

in the P63 diet, with no significant differences among the remaining

treatments. As for the immune parameters, no significant

differences between treatments were observed (Table 6). The

relative expression of hmc gene was significantly higher in the

P34 and P63 dietary treatments than in P44 and P58; transcripts of

gpx gene were significantly higher in whiteleg shrimp PL fed the P58
TABLE 3 Selected genes and specific primers used to evaluate the immune status of whiteleg shrimp (Penaeus vannamei) PL at the end of the
experimental period.

Gene Acronym Efficiency
(%)

Annealing temperature
(°C)

Accession
no.

Amplicon
length (bp) Primer sequence (5′–3′)

Cytoplasmic-
type actin 4

bactn 83.2 62 MF627841.1 260

F:
CACGAGACCACCTACAACTCCATC

R:
TCCTGCTTGCTGATCCACATCTG

Ribosomal
protein L8

rpl-8 90 62 DQ316258.1 219
F: AGCCAAGCAAGATGGGTCG

R:
TGTAACGATAAGGGTCACGGAAG

Penaeidin-3a pen-3 86.1 62 Y14926.1 137
F: ATACCCAGGCCACCACCCTT
R: TGACAGCAACGCCCTAACC

Hemocyanin hmc 92 62 KY695246.1 124
F:

GTCTTAGTGGTTCTTGGGCTTGTC
R: GGTCTCCGTCCTGAATGTCTCC

Lysozyme C-like lys 73 62 XM_027352857 82
F: CGGGAAAGGCTATTCTGCCT
R: CCAGCACTCTGCCATGTACT

C-type lectin 2-
like

lect 83 62 DQ858899.2 138
F: GCTTCTGTTGGTGCTGTTGGC
R: GTTCCCTTCCCGTATGTGGC

Thioredoxin 1 trd 85.3 62 EU499301.1 116
F: TTAACGAGGCTGGAAACA
R: AACGACATCGCTCATAGA

Glutathione
transferase

gst 99 62 AY573381 146
F: AAGATAACGCAGAGCAAGG
R: TCGTAGGTGACGGTAAAGA

Glutathione
peroxidase

gpx 86.6 62 XM_027372127.1 117
F: AGGGACTTCCACCAGATG
R: CAACAACTCCCCTTCGGTA

Caspase 3 casp-3 93.6 62 KC660103.1 182
F: ACATTTCTGGGCGGAACACC
R: GTGACACCCGTGCTTGTACA
PL, post-larvae.
TABLE 4 Whole-body protein content of whiteleg shrimp (Penaeus
vannamei) PL at the end of the experimental period.

Diet Whole-body contents
protein (% Dry weight)

P34 60.0 ± 0.6

P44 56.7 ± 3.0

P49 61.8 ± 0.6

P54 55.9 ± 4.8

P58 56.3 ± 0.9

P63 58.1 ± 4.6
Results expressed as mean ± standard deviation (n = 2 experimental units).
PL, post-larvae; WBC, Whole-body contents; DW, Dry weight.
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diet than in those fed the P44, P49, and P54; and no significant

differences were found between treatments in the relative

expression of the remaining genes (Table 7).

The LDA of the antioxidant biomarkers (CAT, SOD, tGSH, and

LPO) and transcripts of genes associated with the antioxidant defense
Frontiers in Marine Science 06
(trd, gst, and gpx) resulted in five discriminant functions, with the first

two accounting for 84.80% of the data variability (Wilks l = 0.266, p<

0.001). In the first discriminant function (LDA1; score of 68.95%)

(Figure 5), the analysis revealed a significant group separation

between diets P34, P58, and P63 and the remaining diets and
FIGURE 1

Relationship between dietary protein levels (%) and mean weight gain (mg) of whiteleg shrimp post-larvae. The optimal protein requirement
estimated according to the broken-line model, which is given by the abscissa value at the breakpoint, was 47.1%.
TABLE 5 Initial and final weight, relative growth rate (RGR), feed conversation ratio (FCR), and survival of whiteleg shrimp (Penaeus vannamei) PL
during the experimental period.

Diet P34 P44 P49 P54 P58 P63 p-Value

Initial weight (mg) 3.2 ± 0.0 —

Final weight (mg) 27.5 ± 0.8a 45.2 ± 2.6ab 52.3 ± 6.2ab 60.0 ± 3.0b 56.5 ± 10.7b 67.5 ± 20.1b 0.005

Weight gain (mg) 24.3 ± 0.8a 42.1 ± 2.6ab 49.1 ± 6.2ab 56.9 ± 3.0b 53.3 ± 8.8b 64.3 ± 20.1b 0.005

RGR (% day−1) 10.8 ± 0.2a 13.5 ± 0.3b 14.2 ± 0.6b 15.0 ± 0.3b 14.6 ± 1.1b 15.5 ± 1.5b <0.001

FCR 2.2 ± 0.1a 1.5 ± 0.2b 1.2 ± 0.2b 1.3 ± 0.1b 1.1 ± 0.2b 1.1 ± 0.3b <0.001

Survival (%) 75.3 ± 5.4a 83.1 ± 4.0ab 81.1 ± 3.3ab 84.1 ± 2.3ab 86.8 ± 3.8b 86.7 ± 1.0b 0.022
Results are expressed as mean ± standard deviation. For initial weight, n = 60 observational units; for final weight, weight gain, RGR, FCR, and survival n = 3 experimental units. Represented are
also the p-values for a one-way ANOVA. Different superscript letters indicate statistical differences (p< 0.05) between treatments in a post-hoc Tukey’s multiple comparison test.
PL, post-larvae.
FIGURE 2

Relationship between dietary protein levels (%) and RGR (% body weight day−1) of whiteleg shrimp post-larvae. The optimal protein requirement
estimated according to the broken-line model, which is given by the abscissa value at the breakpoint, was 46.4%. RGR, relative growth rate.
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between diets P44 and P49 and diet P54. Group discrimination was

mainly positively loaded by gpx and negatively by CAT and tGSH. In

the second discriminant function (LDA2; score of 13.51%), a

significant separation of diet P58 from diets P44, P49, and P63 is
Frontiers in Marine Science 07
also shown (Figure 5). This discrimination was mainly positively

loaded by gpx and negatively by LPO.

The LDA of the immune parameters (lysozyme and pro-

phenoloxidase) and transcripts of genes associated with the
FIGURE 3

Relationship between dietary protein levels (%) and FCR of whiteleg shrimp post-larvae. The optimal protein requirement estimated according to the
broken-line model, which is given by the abscissa value at the breakpoint, was 47.2%. FCR, feed conversion ratio.
FIGURE 4

Relationship between dietary protein levels (%) and survival (%) of whiteleg shrimp post-larvae. The optimal protein requirement estimated according
to the broken-line model, which is given by the abscissa value at the breakpoint, was 44%.
TABLE 6 Catalase (CAT), superoxidase dismutase (SOD), total glutathione (tGSH), lipid peroxidation (LPO), lysozyme, and pro-phenoloxidase levels in
whiteleg shrimp (Penaeus vannamei) PL at the end of the experimental period.

Diet P34 P44 P49 P54 P58 P63 p-Value

CAT (mg ml−1) 5.1 ± 1.0 6.6 ± 1.7 7.2 ± 2.0 8.0 ± 2.4 6.2 ± 1.0 6.8 ± 3.4 0.054

SOD (U mg protein−1) 2.2 ± 1.9ab 2.0 ± 1.1ab 2.8 ± 1.5ab 4.1 ± 1.8b 1.7 ± 0.5ab 1.8 ± 1.8a 0.006

tGSH (nmol mg protein−1) 5.1 ± 2.3a 8.9 ± 2.4ab 8.00 ± 2.8ab 11.4 ± 4.7b 8.7 ± 4.1ab 5.5 ± 3.0a <0.001

LPO (nmol g wt−1) 8.9 ± 1.7 10.2 ± 2.1 10.2 ± 3.9 8.4 ± 2.1 9.5 ± 3.3 9.9 ± 1.2 0.301

Lysozyme (μg mg protein−1) 1.6 ± 0.4 1.4 ± 0.5 1.4 ± 0.3 1.4 ± 0.2 1.8 ± 0.6 1.3 ± 0.1 0.387

Pro-phenoloxidase (x 10−3 U ml−1) 34.8 ± 9.3 30.4 ± 8.4 29.5 ± 13.0 24.7 ± 10.0 28.1 ± 10.0 31.7 ± 8.3 0.389
Results are expressed as mean ± standard deviation (n = 3 experimental units). Represented are also the p-values for a One-Way ANOVA. Different superscript letters indicate statistical
differences (p< 0.05) between treatments in a post-hoc Tukey’s multiple comparison test.
PL, post-larvae.
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shrimp innate immune system (casp-3, pen-3, hmc, lys, and lect)

resulted in five discriminant functions, with the first two accounting

for 81.20% of the data variability (Wilks l = 0.532, p< 0.001). In the

first discriminant function (LDA1; score of 43.87%) (Figure 6), the

discriminant analysis revealed a significant group separation

between P34 and diets P44, P49, and P54 and between P58 and

P54. Group discrimination was mainly positively loaded by

lysozyme and pro-phenoloxidase. In the second discriminant

function (LDA2; score of 37.33%), a significant separation of diet

P58 from diets P34 and P63 is also shown (Figure 5). This
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discrimination was mainly positively loaded by lysozyme and

negatively by pro-phenoloxidase and hmc.
4 Discussion

Few studies have focused on the effects of dietary protein

requirements of P. vannamei PL during the nursery stage of

production in clear-water systems devoid of natural productivity,

and studies available have divergent results. Some authors suggest
TABLE 7 Relative expression to housekeeping (bactn and rpl-8) of target immune-related genes of whiteleg shrimp (Penaeus vannamei) PL fed the
experimental diets.

Gene Acronym
Relative expression

p-Value
P34 P44 P49 P54 P58 P63

Penaeidin-3a pen-3 0.9 ± 0.3 1.8 ± 1.0 1.3 ± 0.6 1.4 ± 0.8 1.3 ± 0.7 1.9 ± 1.1 0.115

Hemocyanin hmc 0.9 ± 0.4b 0.3 ± 0.4a 0.3 ± 0.1ab 0.8 ± 0.8ab 0.3 ± 0.3a 1.4 ± 2.3b 0.034

Lysozyme C-like lys 1.1 ± 0.5 0.7 ± 0.3 0.8 ± 0.4 1.2 ± 1.4 1.5 ± 1.8 2.2 ± 3.1 0.411

C-type lectin 2-like lect 1.1 ± 0.7 0.9 ± 1.0 0.6 ± 0.5 0.8 ± 0.7 1.7 ± 3.3 0.8 ± 0.8 0.712

Thioredoxin 1 trd 0.8 ± 0.2 1.4 ± 0.8 1.0 ± 0.2 1.1 ± 0.4 1.4 ± 0.7 1.1 ± 0.5 0.304

Glutathione transferase gst 1.4 ± 1.2 0.6 ± 0.3 1.1 ± 1.3 1.5 ± 0.9 0.7 ± 0.5 0.9 ± 0.8 0.119

Glutathione peroxidase gpx 0.9 ± 0.3ab 0.7 ± 0.2a 0.6 ± 0.1a 0.7 ± 0.2a 1.3 ± 0.6b 0.9 ± 0.3ab <0.001

Caspase 3 casp-3 0.9 ± 0.4 1.4 ± 1.4 0.7 ± 0.5 1.2 ± 1.2 1.3 ± 1.7 1.5 ± 1.6 0.953
fron
Results are expressed as mean ± standard deviation (n = 3 experimental units). Represented are also the p-values for a one-way ANOVA. Different superscript letters indicate statistical differences
(p< 0.05) between treatments in post-hoc Tukey’s multiple comparison test.
PL, post-larvae.
FIGURE 5

Linear discriminant analysis (LDA) of antioxidant biomarkers (CAT,
SOD, tGSH, and LPO) and relative expression of genes associated
with the antioxidant defense (trd, gst, and gpx) of whiteleg shrimp
post-larvae fed the different experimental diets. Percentages
indicate the main function (LDA1 and LDA2) discriminant score.
Small circles represent diet data distribution, while big circles
represent diet centroids. Variable loads for both discriminant
functions are represented by red arrows. Wilk’s lambda test was
significant (p< 0.001). In LDA1, P34, P58, and P63 diets were
discriminated from the remaining diets, and diets P44 and P49 from
diet P54, mainly due to lower levels of CAT and tGSH and higher
transcripts of gpx. In LDA2, P58 was discriminated from P44, P49,
and P63 mainly due to lower levels of LPO. CAT, catalase; SOD,
superoxide dismutase; tGSH, total glutathione; LPO, lipid
peroxidation.
FIGURE 6

Linear discriminant analysis (LDA) of immune parameters (lysozyme
and pro-phenoloxidase) and relative expression of genes associated
with the shrimp innate immune system (casp-3, pen-3, hmc, lys,
and lect) of whiteleg shrimp post-larvae fed the different
experimental diets. Percentages indicate the main function (LDA1
and LDA2) discriminant score. Small circles represent diet data
distribution, while big circles represent diet centroids. Variable loads
for both discriminant functions are represented by red arrows. Wilk’s
lambda test was significant (p< 0.001). In LDA1, P34 was
discriminated from diets P44, P49, and P54 and diet P58 from P54,
mainly due to higher levels of lysozyme and pro-phenoloxidase. In
LDA2, P58 was discriminated from P34 and P63 mainly due to lower
levels of lysozyme, pro-phenoloxidase, and transcripts of hmc.
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optimal dietary protein levels for whiteleg shrimp PL in clear-water

RAS to be as low as between 21.4% and 24.5% (Velasco et al., 2000)

or 34% (Hu et al., 2008). However, Otoshi et al. (2001) described

increases in whiteleg shrimp PL weight gain when fed a diet with

52% protein over a 45% protein diet during the nursery phase.

Moreover, Xie et al. (2020) evaluated several diets with gradient

levels of protein (46%, 47%, 49%, 50%, and 51%) and estimated

45.6% and 50.0% to be optimal, based on the shrimp PL weight gain

and survival, respectively. In the current study, six experimental

diets were formulated to contain 34%, 44%, 49%, 54%, 58%, and

63% of crude protein, covering a wide range of inclusion levels to

contemplate several scenarios. The optimal protein level estimated

was 47.1%, 46.4%, 47.2%, and 44.0% for weight gain, RGR, FCR,

and survival, respectively. These results suggest that when tailoring

microdiets for whiteleg shrimp PL grown in clear-water RAS, a

minimum of approximately 47% of protein should be considered

for optimal growth performances and survival. There have been

reports of detrimental effects on whiteleg shrimp growth when

levels of dietary protein were higher than 48% (Kureshy and Davis,

2002), which was not verified in the present study. Although not

statistically significant, shrimp PL fed diets containing over the

previously stated protein level tended to have higher mean weight

gain and RGR values. Moreover, the multivariate analysis

performed showed an apparent overall superior antioxidant

status of shrimp PL fed the P54 diet compared to the remaining

diets, evidencing that using protein inclusion levels up to 54%

in aquafeeds not only potentiate growth performances and

survival but also can potentially be beneficial to the health

status of P. vannamei PL grown in clear-water RAS devoid of

natural productivity.

A diet containing 34% protein showed detrimental effects,

leading to a decrease in the PL growth performances and survival,

when compared with diets with higher protein contents (P54, P58,

and P63), suggesting that low protein diets may not be adequate to

be used in this stage of shrimp development and/or for the clear-

water RAS husbandry conditions. Furthermore, tGSH levels were

lower in shrimp fed the P34 diet compared with those fed the P54

dietary treatment, indicating a potential decline in their protection

against oxidative damage, as tGSH plays a key role in the

antioxidant defense of the shrimp. These neutralize hydroxyl

radicals (OH) against which there is no enzymatic protection

(Cardona et al., 2016). In fact, according to the multivariate

analysis performed, the P34 diet seemingly reduced the overall

antioxidant status of the whiteleg shrimp PL when compared to the

P44, P49, and P54 dietary treatments due to not only lower levels of

tGSH but also CAT activity, an antioxidant enzyme that converts

H2O2 into molecular oxygen and water (Rodrigues et al., 2017).

However, shrimp PL fed P34 showed higher transcripts of the gene

gpx, responsible for the encoding of glutathione peroxidase, which

has an important role in antioxidant protection by removing lipids

and hydrogen peroxides formed during immune and physiological

processes (Liu et al., 2007). Although shrimp were reared under

standard rearing conditions that should not promote oxidative

stress, the accelerated development P. vannamei undergo in the

larval/PL stages may result in oxidative damage, as fast growth is

likely to produce excess ROS, damaging key physiological structures
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(Monaghan et al., 2009). Despite having similar LPO levels to the

remaining treatments, the apparently compromised antioxidant

mechanisms of shrimp fed the P34 dietary treatment may have

contributed to the lower survival observed when compared to diets

with higher protein contents. However, the multivariate analysis

performed showed that the P34 diet seems to have stimulated the

shrimp PL immune system when compared to the P44, P49, and

P54 dietary treatments. PL fed P34 showed higher activity levels of

lysozyme, an important hemocyte-specific protein with

antibacterial properties (de-la-Re-Vega et al., 2006), and pro-

phenoloxidase, an enzyme involved in the innate immune system

of invertebrates (Kim et al., 2014). These results may be related to

the increased proportions of wheat meal in the P34 diet when

compared to the higher protein diets. Although wheat is often not

the most problematic plant ingredient, it contains anti-nutritional

factors that can have adverse impacts on the overall health status of

the cultured animals (Francis et al., 2001), and the increased levels

of this ingredient may have caused an innate immune response in

shrimp PL. Parallelly, the increment of fish and algae oil quantities

in diet P34 may have positively influenced the shrimp PL immune

mechanisms, as both ingredients have been shown to enhance the

health condition of whiteleg shrimp PL (Nonwachai et al., 2010; Xie

et al., 2019). The gene expression analysis also showed an increase

in transcripts of hmc in the P34 dietary treatment when compared

to the P44 and P58 diets. It should be noted that hemocyanin is a

multifunctional protein associated with various important

physiological processes apart from innate immunity like oxygen

transportation, protein storage, osmoregulation, molt cycle, and

exoskeleton formation. Therefore, higher expressions of this gene

may not be exclusively related to changes in the whiteleg shrimp PL

immune status (Zhang et al., 2009; Zheng et al., 2016).

Similarly, a diet containing 63% of protein also seemed to

compromise the overall shrimp PL antioxidant status. The

multivariate analysis performed showed a significant separation of

P63 from P44, P48, and P54, mainly due to lower levels of CAT and

tGSH and higher transcripts of gpx gene. These results suggest a

lower dependency on these antioxidant molecules to sustain good

growth performances. Nevertheless, reduced activity levels of the

latter can indicate a decreased antioxidant capacity, particularly

important in more challenging husbandry conditions than those

maintained in this study. Still, contrary to what was observed in the

P34 dietary treatment, growth performance and survival were not

compromised in P63. Additionally, just like P34, P63 was

significantly segregated from P58 due to higher activity levels of

lysozyme and pro-phenoloxidase and higher transcripts of the hmc

gene, suggesting that protein levels as high as 63% may have

originated an innate immune response in the shrimp PL.

However, it is unclear what may have caused this response.

Hence, additional research should be conducted to clarify the

potential detrimental and beneficial effects of microdiets with the

highest protein levels tested in the current study since increases in

protein inclusion quantities represent increments in diet prices.

These are of extreme importance in large-scale industrial settings, as

feeds have a high preponderance on the overall production

expenditures, and higher-cost diets could compromise the

economic feasibility of shrimp farms.
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In summary, results from this study confirm the importance of

using a high-protein aquafeed in the nursery phase if P. vannamei

PL are grown in clear-water RAS devoid of natural productivity

since inert diets are the exclusive source of nutrients in this type of

production system. They also suggest that feeds that work well in

semi-intensive or biofloc systems may not fulfill the shrimp PL

protein requirements in clear-water farming. A minimum of

approximately 47% of the protein was estimated as optimal for

weight gain and survival and is recommended when tailoring

microdiets for the nursery phase of whiteleg shrimp PL grown in

clear-water RAS. Moreover, results indicate that protein inclusion

levels up to 54% can also seemingly improve the overall antioxidant

status of whiteleg shrimp PL. A diet containing only 34% protein

impaired PL growth performances and survival when compared to

higher protein diets. Meanwhile, results also demonstrate that both

extreme levels of dietary protein inclusion (34% and 63%) impaired

the antioxidant mechanisms of PL but stimulated the production of

immunity-related molecules. Despite the excellent shrimp PL

growth performances obtained, using a diet with protein levels as

high as 63% should be considered cautiously, as the current study

suggests some putative negative effects on shrimp health, along with

predictable higher nitrogen discharges into the environment and

higher feed costs.
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