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A B S T R A C T

Corresponding to projected global population growth, the world's food production systems must likewise enlarge
substantially if current levels of dietary protein intake are to be maintained. The anticipated growth curve for
global aquaculture, and especially for shrimp farming, which is forecast to double production by 2030, will
inevitably result in shortfalls in currently favored dietary ingredients: fishmeal (FM) and fish oil (FO). Servicing
the projected FM-FO shortfall with marine products would be a formidable task as economic, social, moral,
safety and environmental issues have forced the feed sector to examine the use of alternative, non-marine,
ingredients. Herein, various alternative protein and lipid sources were evaluated as substitutes for FM-FO in
Pacific whiteleg shrimp diets. Growth trials were coupled to challenges with viral and bacterial pathogens to
assess potential benefit or disadvantage of ingredient switching. No differences (P > .05) were observed be-
tween control and test diets regarding growth or survival, Average Daily Gain (g d−1) or Specific Growth Rate
(% d−1) over a 56-day period. Moreover, response to post-feeding trial challenge with EMS/AHPND or WSSV
also did not differ between diets (P > .05). However, there was a difference in size/age responsiveness to
bacterial challenge, with younger animals succumbing to infection more rapidly (P ≤ .035). Similar responses
were observed for shrimp exposed to WSSV over the first 5-days post-challenge (P ≤ .02) after which survival
rates equalized. Overall, the results support the sustained belief that FM-FO constituents of Pacific whiteleg
shrimp diets can be totally replaced by non-marine ingredients that are nutritionally equivalent. Improvement in
responsiveness to substitute proteins and oils might be further gained with more judicious blending of in-
gredients and use of other additives. Such manipulations could also result in less expensive sustainable feeds.

1. Introduction

Since the turn of the century, Pacific whiteleg shrimp, Penaeus
vannamei (Boone, 1931), has dominated the shrimp farming sector
(FAO, 2018a, 2018b). Global annual production of almost 4.5 million
tons in 2017 made P. vannamei the 6th most cultivated of aquatic
species, representing over 80% of all farmed shrimp and more than half
of all cultured crustaceans, with a value exceeding $26 billion (Fig. 1a;
Cai et al., 2019). The preeminent position of whiteleg shrimp, was
gained over that of the previously dominant tiger prawn, P. monodon
(Fabricius, 1798), for a variety of reasons (Kumar and Engle, 2016).
Principally, diseases blighted production and value of the tiger prawn

industry (Thitamadee et al., 2016; Shinn et al., 2018). The sector
counteracted these losses using specific pathogen free (SPF) and similar,
disease-free or resistant (SPR, SPT, USS, HHS; see Alday-Sanz et al.,
2018), whiteleg stocks. From 2000 to 2017 whiteleg shrimp production
expanded over 28.8-fold (Fig. 1a), while that for tiger prawn increased
by 17%, from around 631,000 to 740,000 t (FAO, 2018a). All forecasts
predict that the shrimp aquaculture sector will continue to grow, albeit
at a lower trajectory than seen historically. Even given SPF stocks and
enhanced biosecurity protocols the industry remains vulnerable to
diseases and massive losses have been experienced across Asia (Shinn
et al., 2018) and elsewhere (Karunasagar and Karunasagar, 2018;
Morales-Covarrubias et al., 2018; Salazar et al., 2010), due to Early
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Mortality Syndrome/Acute Hepatopancreatic Necrosis Disease (EMS/
AHPND) and White Spot Syndrome Virus (WSSV). EMS/AHPND is a
result of infection by pathogenic Vibrio parahaemolyticus (VpAHPND+),
and perhaps other strains (Muthukrishnan et al., 2019), that contain
a ~ 70-kb plasmid (pVA1) encoding homologues of the Photorhabdus
insect-related binary toxin (PirABVp). The molecular and pathogenic
characteristics of WSSV, caused by the baculoviral complex of the genus
Whispovirus, family Nimaviridae, and its global dissemination, have
been ably reviewed elsewhere (Escobedo-Bonilla et al., 2008; Li et al.,
2019; Oakey et al., 2019).

Together with the introduction of SPF stocks, uninterrupted ex-
pansion of shrimp aquaculture production has been enabled by tech-
nological developments in feed manufacture and continued growth of
the industry will be contingent upon the feed sector operating more
sustainably and reducing pressure on traditional marine ingredients.
Commercial feed manufacturers are still heavily reliant on fishmeal
(FM) to supply the nutritional requirements of farmed aquatic organ-
isms, and approximately 75% of annual FM (Hulefeld et al., 2018) and
fish oil (FO; Auchterlonie, 2018) production is diverted to the aqua-
culture feed sector. While shrimp represent approximately 5.6% of
global aquaculture output (FAO, 2018a), they account for 31% of the
annual supply of FM (Malcorps et al., 2019); which is compounded into
about 6.2 million tonnes, or 16% of global aquaculture feed production
(Tacon and Metian, 2015). The marine ingredient inequity between

shrimp and other aquacultured organisms' feeds is tolerated mainly due
to shrimp performance, value and demand. Marine ingredients provide
an outstanding balance of essential amino acids (EAA) and fatty acids
(EFA), and are an excellent source of vitamins and minerals, in a highly
palatable package. However, the rising cost of FM/FO-based formula-
tions, stagnant supply of raw materials, sociological, moral and sus-
tainability arguments, together with feed safety issues, have compelled
the aquafeed sector, in general, to examine not only the use of alter-
native feed ingredients, which are more defensible fiscally and en-
vironmentally (Naylor et al., 2009), but also other zootechnical im-
provements that enhance production efficiency and sustainability.
While not a simple undertaking, the substitution of FM-FO, represents
the most urgent issue facing the industry today. This is especially cri-
tical in marine species feeds, particularly in shrimp aquaculture.

Since 2000, there has been a steady and remarkable decay in the
amount of FM employed by shrimp feed manufacturers. Indeed, over
the first fifteen years of this millennium, FM inputs into shrimp feeds
had been halved, while the use of FO fell below 2% inclusion rates
(Salin et al., 2018; Malcorps et al., 2019). These declines are likely to
continue until perhaps a 6% inclusion is achieved for FM and > 0.3%
for FO by 2025 (Salin et al., 2018). Sustainable commodities that are
commonly evaluated as replacements for FM-FO are most often of plant
origin, especially grains, pulses and oilseeds (Gasco et al., 2018).
However, the use of many alternative plant proteins is problematic

Fig. 1. a, b. Production and value of whiteleg shrimp, Litoenaeus vannamei, since it became preeminent as the globe's most cultivated crustacean species in 2000 (data
from FAO, 2018a, 2018b) 20-year fluctuation in price of FM and SBM.
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because they conceal anti-nutritional factors (ANFs) and or express low
biological value due to EAA deficiencies/imbalances, reduced palat-
ability and or poor digestibility (Gatlin et al., 2007). In addition, some
alternatives to FM-FO may have negative consequences to animal
welfare, including changes to gut and hepatic integrity, and reduced
antioxidant and immune status (Lin and Mui, 2017; Sitjà-Bobadilla
et al., 2005). These impediments may increase risks of disease. Various
feed supplements have been shown to increase growth and improve
feed conversion ratios (FCR; Jamal et al., 2019; Toledo et al., 2019) and
it is now well-established that dietary ingredients may also beneficially
influence the gut microbiome, contributing significantly to shrimp
health and welfare (Luis-Villasenor et al., 2013; Dawood et al., 2017;
Hossain et al., 2019). The exchange of FM with alternative proteins
must, therefore, deliver favorable response in terms of growth and
animal health. Ultimately, the provision of elite diets will rely not only
on complete knowledge of dietary requirements, but also on the di-
gestibility and integrity of feed ingredients.

In recent years, novel fermentation and processing methods have
been utilized to make plant-based dietary replacements more nu-
tritionally complete, efficient and palatable. Of the great variety of al-
ternative plant and animal proteins tested for shrimp feeds, soybean
(SB) appears to offer the greatest potential due to its availability and
cost (Fig. 1b), acceptable amino acid profiles (Fig. 7) and handling and
processing characteristics. Moreover, technological advances in SB
processing, such as fermentation, new methods of aqueous extraction
and application of novel buffers and enzymes that influence the ex-
traction process and speed of separations (Campbell, 2010), have re-
sulted in improved product lines that express different characteristics,
such as comminution and amino acid digestibility (Al-Loman et al.,
2018; Mukherjee et al., 2016). These novel make-ups, when presented
as blends with different bean varieties, may offer nutritional and other
advantages to cultured aquatic animals (see Lagos and Stein, 2017).
Based on this, our study aims to eliminate the use of dietary FM-FO
using, in the main, SB and poultry by-product meals. The impact of
alternative dietary proteins on disease resistance was also assessed with
reference to EMS/AHPND and WSSV challenges of two size classes of
shrimp.

2. Materials and methods

2.1. Experimental animals and husbandry

SPF L. vannamei employed in both growth and challenge trials were
purchased from the ShrimpVet Hatchery, Ninh Thuan Province,
Vietnam. Originally derived from Shrimp Improvement Systems,
Kailua-Kona, Hawai'i (Moss et al., 2012), the broodstock and larvae
were evaluated by PCR and confirmed negative (OIE, 2019), for each of
EMS/AHPND, WSSV, Taura Syndrome Virus (TSV), Infectious Myone-
crosis Virus (IMNV) and Enterocytozoon hepatopenaie (EHP; Tang et al.,
2015). Post-larvae (PL) 1 – PL 10 were maintained in 320 L indoor
cylindrical tanks supplied with 250 L brackish (20‰) water at
28.14 ± 0.75 °C, pH 7.87 ± 0.05, and DO2 6.82 ± 0.01 mg L−1,
under strict biosecurity for 30–45 days, until animals attained a pre-
dicted average weight of 0.5–2.5 g. Each holding tank was covered and
equipped with an individual biofilter and aeration system. During this
transitional period animals were kept on a 12 h:12 h light-dark pho-
toperiod using fluorescent lighting and fed a commercial diet (Grobest
Holdings Ltd., Tao-Yuan City, Taiwan), 4 x daily to apparent satiation.

2.2. Diet preparation and feeding

Five isolipidic and isonitrogenous diets were formulated (Table 1)
and prepared in-house. The positive FM control diet (FMC), contained
solvent-extracted menhaden FM (Daybrook Fisheries, New Orleans,
Louisiana, USA) at 27% dry weight. FM was swapped out by poultry
meal (PM, Tyson Foods Inc., River Valley Animal Foods, Texarkana,

Arkansas, USA) in the poultry by-product feed, and by a blend of PM
and fermented SB meal (FS, South Dakota Soy Processors, Volga, SD,
USA) in the FSM and FM-free (F2) diet; the latter feed included 4% dry
weight DHA algae (Corbion Biotech Inc., Preoria, Illinois, USA). A ne-
gative control diet, containing 25% soy protein concentrate (South
Dakota Soy Processors, Volga, SD, USA) and 26.1% SBM, represented
the CSF feed. 2.1% menhaden fish oil (Daybrook Fisheries, New Or-
leans, Louisiana, USA) was used as the marine oil in all experimental
diets. A commercial feed (Grobest Holdings Ltd., Tao-Yuan City,
Taiwan), was also included in the evaluation. Diets were each stored in
air-tight plastic containers and refrigerated until use. The feeding trial
was undertaken using 24 circular blue plastic tanks of 350 L operational
volume. Tanks were part-filled with 250 L 20‰ brackish water and 50
shrimp (78.9 ± 0.9 g total wet wt.) randomly dispersed into each tank.
Tanks were then arbitrarily allotted to one of 6 groups (4 tanks per
treatment group; 200 shrimp per treatment).

Compositional analyses of feeds were undertaken in accordance
with the methods described in AOAC (1994). Amino acid analysis of the
diets was undertaken in accordance with the methodology of the
European Commission (2009); EC152/ 2009. Free amino acids were
extracted with diluted hydrochloric acid. Co-extracted nitrogenous
macromolecules were precipitated with sulfosalicylic acid and removed
by filtration. The filtered solution was adjusted to pH 2.20. The amino
acids were separated by ion exchange chromatography and determined
by reaction with ninhydrin with photometric detection at 570 nm.

2.3. Challenge studies

The experimental set-up was based on the methods described in

Table 1
Composition of fishmeal control (FMC) and experimental diets employed to
evaluate the efficiency of various alternate blended proteins in diets for Pacific
whiteleg shrimp. PBM = poultry by-product meal, FSM = fermented soy meal,
F2 = FM-free, and CSF= negative soy control. Formulation values are g/100 g
diet as fed. In addition to the experimental and FMC diets, a commercial shrimp
feed (CSF), marketed as a functional diet (Grobest™; GRO), and widely em-
ployed by the shrimp farming sector in Vietnam, was incorporated into the trial
as an additional positive control.

Ingredient FMC PBM FSM CSF F2

Menhaden FMa 27.00 – – – –
Poultry mealb – 24.0 13.00 – 13.00
MrFeedc – – 18.00 – 18.00
Soy Protein Conc.d – – – 25.00 –
Soybean meala 26.10 26.10 26.10 26.10 26.10
Wheat gluten meal 5.00 5.00 5.00 5.00 5.00
Wheat flour 34.00 35.57 28.34 30.90 26.44
Fish oila 2.10 2.10 2.10 2.10 2.10
Canola oil 1.30 0.40 – 3.00 –
DHA algaee – – – – 4.00
Dicalcium phosphate 0.80 1.93 2.80 3.20 2.80
Lecithin 2.00 2.00 2.00 2.00 2.00
Vitamin premixf 1.00 1.00 1.00 1.00 1.00
Lysine HCL – 0.65 0.58 0.12 0.58
Methionine – 0.25 0.38 0.21 0.38
Trace min premixf 0.10 0.10 0.10 0.10 0.10
Vitamin Cg 0.50 0.50 0.50 0.50 0.50
Cholesterol 0.10 0.10 0.10 0.10 0.10
Crude protein (%) 37.54 37.56 38.01 37.46 37.52
Crude fat (%) 10.86 9.86 9.33 10.82 9.08
Ash (%) 9.62 8.95 10.11 7.52 10.14
Crude fiber (%) 1.58 1.54 2.4 2.5 2.17

a Daybrook Fisheries, New Orleans, LA.,
b Tyson River Valley Animal Feeds, Texarkana, AR.,
c Menon Renewable Products Inc., Escondido, CA.,
d South Dakota Soy Processors, Volga, SD.,
e Corbion Inc., San Francisco, CA.,
f NutraBlend, Neosho, MO.,
g StayC DSM Nutritional Products, Parsippany, NJ.
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White et al. (2007) and employed 120 L plastic tanks filled with 100 L
20‰ brackish water and serviced by an airlift-based biofilter. The 40-
day trial comprised a 1-day adaptation period, a 28-day feeding period,
1-day EMS/AHPND immersion challenge, and a 10-day post-challenge
mortality study. The trial was a completely randomized design with
treatments being randomly allocated to individual tanks. A stocking
density of 20 shrimp per tank was used (200 shrimp m3) and the ex-
periment comprised 8 groups with 4 replicates. The bacterial isolate
used was collected from EMS/AHPND infected L. vannamei from a
shrimp farm in Loc An, Vung Tau Province, Vietnam by Shrimp VetLab
and given the reference code number is LA37 (Lee et al., 2015; Soto-
Rodriguez et al., 2015). The isolate was confirmed by PCR (Sirikharin
et al., 2015) and bioassay challenge on L. vannamei (Tran et al., 2013).
EMS/AHPND challenges were undertaken on both small
(3.10 ± 0.05 g) and large (8.34 ± 0.74 g) shrimp. There were no
differences in weight between groups in either size range (P > .05).

2.3.1. Inoculum preparation
Tryptic Soy Broth +2% sodium chloride (TSB+) was inoculated

with a consistently virulent strain of V. parahaemolyticus (ShrimpVet
reference strain LA37), incubated for 24 h, and added directly into
tanks (Tran et al., 2013) to achieve a density of 7.5 × 105 CFU/mL
which was expected to kill 90% positive control shrimp (Lethal dose
90%; LD90) within 10-d of challenge as determined by probit analysis
(Finney, 1952). Positive control and treatment tanks were subjected to
an immersion challenge as previously described (Tran, 2013). Non-in-
oculated, negative controls were treated with sterile TSB+ added di-
rectly to the tanks.

The WSSV challenge differed only in that instead of immersion,
animals received per os treatments of 3, rather than immersion for
1 day. The WSSV inoculum used for challenge was collected from in-
fected L. vannamei from Loc An Vung Tau Province, Vietnam by
ShrimpVet and given the reference code number 15002. WSSV was
confirmed by qPCR detection in multiple samples (Durand and
Lightner, 2002). SPF shrimp tissue was used for WSSV negative chal-
lenge inoculum. Shrimp, either positive or negative for WSSV, and
stored at −80 °C, were thawed and their cuticle removed. In separate
procedures for either WSSV positive or negative tissue, tissues were
homogenized (50% wt/v) in sterile PBS (Nilsen et al., 2017). WSSV
challenges were undertaken on both small (2.66 ± 0.05 g) and large
(8.37 ± 0.62 g) shrimp. There were no differences in weight between
groups in either size range (P > .05).

2.3.2. Inocula for positive control and treatments
WSSV-infected shrimp tissue was mixed with the control diet (for

positive control treatment) and test diets at the ratio of 1:3 (weight/
weight) and stored at -80 °C until use. The inoculum had an average
WSSV load of 0.5–1.0 × 109 copies/g and expected LD90, determined
by probit analysis for the positive control of 10 days post-challenge. The
WSSV inoculum was fed to positive control and treatment groups with 4
meals/day at 5% estimated shrimp body weight for 3 days.

2.3.3. Negative controls
SPF shrimp tissue was mixed with control diet (for negative control)

at the ratio of 1:3 (weight/weight) and kept at -80 °C until use. The
mixture was fed to negative control as 4 meals/day at 5% estimated
shrimp body weight for 3 days of challenge (modified by per os chal-
lenge methods described by Han et al., 2017; Di Leonardo et al., 2005;
and Wang et al., 1999).

2.3.4. Histological analyses
During challenge trials, two representative moribund shrimp per

treatment were collected for histological analyses. Collected histo-
pathology samples were injected with AFA Davidson's fixative, pro-
cessed, and stained with hematoxylin and eosin (H&E) using routine
histological methods (Bell and Lightner, 1988; Lightner, 1996).

Histological sections were analyzed by light microscopy to examine for
damage to the hepatopancreas in EMS/AHPND-exposed and control
samples as described previously (Tran et al., 2013; Lightner et al.,
2012), and for WSSV lesions (Lightner, 1996; Chou et al., 1995). WSSV
lesion severity was assessed accordingly to the G-grading system, with
G0 being negative and G4 representing the highest severity of disease
(Lightner, 1996).

Shrimp in both challenges were fed their respective diet to satiation
4 times daily (5–10% body weight) for the duration of the trial. Feed
amount was adjusted based on tank biomass and shrimp feeding be-
havior. Feed consumption, general behavior and survival throughout
the trial was recorded daily at 08.30, 11.00, 14.30 and 20.00 h.

2.4. Calculation and statistical analyses

The parameters used to evaluate the production performance of the
shrimp included final weight, weight gain, feed efficiency ratio (FER),
protein efficiency ratio (PER) and survival. These were calculated as
follows:

Final weight, g: mean weight of individual shrimp.

= ×

Weight gain,%of initial

([final body weight initial body weight]/[initial body weight]) 100.

=FER (final weight initial weight [g]/dry feed consumed [g]).

=PER ([final weight/initial weight]/protein intake [g]).

= ×Survival (final population/initial population) 100.

All data were analyzed using SPSS version 20 (SPSS, Chicago, IL,
USA), using one-way analysis of variance (ANOVA) after homogeneity
and normality tests. Significant differences among group means were
compared using Tukey's multiple range test. P < .05 was considered
statistically significant. Survival curves were assessed using Kaplan-
Meier log-rank χ2 tests.

3. Results and discussion

Throughout the 8-week feeding trial, water quality values did not
differ markedly between tanks and treatments. Moreover, recorded pH,
temperature, dissolved oxygen, TAN, nitrite and alkalinity (Table 2),
were within previously published ranges supporting growth and sur-
vival for L. vannamei (Samocha et al., 2004; Ferreira et al., 2011). No
differences (P > .05) were discerned for survival rates across treat-
ment groups, with percent mortalities varying from 27 to 15.5%

Table 2
Average water quality of experimental groups over the duration of a feed trial
with Pacific white leg shrimp. No differences between treatments were ob-
served.

pH DO2 (mg L−1) Temp, oC

GRO 7.87 ± 0.05 6.82 ± 0.095 28.22 ± 0.79
FMC 7.87 ± 0.05 6.82 ± 0.090 28.21 ± 0.78
PBM 7.86 ± 0.06 6.81 ± 0.095 28.21 ± 0.77
FSM 7.86 ± 0.06 6.82 ± 0.013 28.16 ± 0.74
SBC 7.87 ± 0.06 6.82 ± 0.099 28.14 ± 0.74
F2 7.87 ± 0.05 6.82 ± 0.960 28.15 ± 0.73

TAN Nitrite Alkalinity

GRO 0.44 ± 0.29 1.64 ± 0.095 129.47 ± 17.79
FMC 0.24 ± 0.20 1.72 ± 1.05 130.53 ± 16.82
PBM 0.31 ± 0.18 1.80 ± 1.26 129.47 ± 17.47
FSM 0.37 ± 0.23 1.96 ± 1.06 130.00 ± 19.15
SBC 0.29 ± 0.18 1.67 ± 1.01 128.95 ± 18.53
F2 0.27 ± 0.24 2.01 ± 1.03 130.53 ± 17.15
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(Fig. 2b). Similar rates of survival of L. vannamei, as recorded herein,
have been reported by others where dietary marine protein and oil
resources were partly or fully replaced by SBM-based diets and feeds
(Lim and Dominy, 1990; Forster et al., 2002; Fox et al., 2011; Samocha
et al., 2004; Amaya et al., 2007; Van Nguyen et al., 2018). As well,
alternative ingredients, such as single-celled protein (SCP) derived from
yeast (McLean et al., 2006), and bacteria (Corynebacterium ammonia-
genes; Hamidoghli et al., 2019), and studies with enclosed systems,
wherein the water column was biofloc-enhanced (Kuhn et al., 2007,
2008, 2009), report survival of 93% and above. Apart from the FSM we
also failed to observe differences (P > .05) between dietary treatments
regarding growth performance, including final weights (Fig. 2a), spe-
cific growth rate (Fig. 2c), and average daily gain (Fig. 2d). Early stu-
dies that substituted marine proteins with terrestrial plant and animal
protein in Pacific whiteleg shrimp diets provided variable responses to
such exchanges, resulting in differences between trials. However, an
increasing number of investigations suggest that these variances may
reflect differences in experimental execution, variety of SB employed,
quality of technological applications used during downstream proces-
sing, and other variables, since 50% and more replacement of FM by
SB-based protein appears commonplace (op cit.).

Notwithstanding the possible positive or negative influence of cli-
mate change on FM-FO production (Barange et al., 2018), projections
suggest that the proportion of fish used for reduction to FM and FO will
remain unchanged through 2030 (World Bank, 2013). While overall
FM-FO tonnage might be improved marginally, with augmented use of
fish processing left-overs (discards, trimmings and offal; Shepherd and
Jackson, 2013), and greater utilization of fishery discards (< 6.8 mil-
lion tonnes per annum; Kelleher, 2005; Zeller et al., 2017; Pérez Roda
et al., 2019), the anticipated growth curve for global aquaculture, and

especially for shrimp farming, which is projected to double production
by 2030 (Kobayashi et al., 2015), will inevitably result in a FM-FO
shortfall, leading to a change in real prices of 90% and 70% for FM and
FO respectively, by 2030 (Kobayashi et al., 2015). Sustainable growth
of the aquaculture sector will depend on the feed and associated in-
dustries identifying appropriate alternatives to marine proteins and oils
(Sánchez-Muros et al., 2018; Gasco et al., 2018; Glencross et al., 2019).
Here, the current study indicates the potential that various processing
by-products have as alternative feedstuffs. The trial illustrates little
difference in responsiveness of Pacific whiteleg shrimp to the diets over
the timeframe of observation used and under conditions of experi-
mentation.

The reaction of whiteleg shrimp, fed in-house and commercial diets
for 8+ weeks, to EMS/AHPND immersion challenge, is summarized in
Figs. 3 a,b. EMS/AHPND, which was first reported from China, now
occurs throughout shrimp-farming areas of the world (op cit.). It can
cause 100% mortality of exposed animals within 35-d (Hong et al.,
2016) and, in the present experiment, mortality rates of up to 80% were
recorded 10-d post-challenge (Fig. 3a). Shrimp groups presented with
non-inoculated commercial (control) feed (GRO-) did express fatalities
in 2 of the 4 groups also but, in each case, this was a single animal
collected at day 2 or just after positive challenges were administered.
Poorest rates of survival in inoculated shrimp were observed in F2 fed
animals (20.0 ± 22.4%) which differed (P < .05) only to inoculated
(GRO+) commercial feed groups. All other challenge groupings re-
turned identical rates of survival (Fig. 3 a,b). The speed at which ani-
mals succumbed to challenge was more rapid and ravaging in younger/
smaller shrimp (cf. Fig. 3 a and b; Fig. 5) which experienced over 70%
mortality, for all feed types, 4-days post-inoculation. Gross signs and
histopathology of EMS/AHPND included a pale-to-white

Fig. 2. a-d. Final weight (a), percent survival (b), specific growth rates (SGR; c) and d) average daily gain (ADG) of different groups of whiteleg shrimp maintained on
various diets over a 56-day timeframe. No differences were observed between groups for any measured parameter. See Table 1 for dietary ingredients by designated
feed.
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hepatopancreas (HP), significant atrophy of the HP, soft shells, guts
with discontinuous, or no contents, and black spots or streaks visible
within the HP (due to melanized tubules). In addition, the HP did not
squash easily between the thumb and forefinger; likely due to increased
presence of fibrous connective tissue and hemocytes (see OIE, 2019).
Associated with EMS/AHPND challenge, in both small and large
shrimp, was severe HP tubule atrophy and detachment due to tissue
degeneration and necrosis (Fig. 6 A, B). Others have reported similar
observations, with the suggestion that damage to the stomach is caused
by Photorhabdus insect-related binary toxin (PirABVp), which causes
epithelial cell detachment and pore formation in the digestive tract,
allowing the spread of toxin and bacteria to the HP (Lai et al., 2015).
The PirABVp may itself be able to induce signs of morbidity and

mortality in infected shrimp.
Over 90 species of crustacea have been reported as carriers of WSSV

(Sánchez-Paz, 2010), and its transmission is known to be influenced by
a variety of environmental factors, including pH, temperature and
salinity. The response of whiteleg shrimp, fed different diets for 8+
weeks, to WSSV delivered per os, over a 3-d period, is summarized in
Fig. 4 a,b. Mortality rates of larger shrimp over the 10 d-post-inocula-
tion period varied between a low of 1.7% for negative control groups
(non-inoculated commercial feed) to 100% in the positive controls
(inoculated commercial feed). Mortalities in the negative control in-
oculated diet (CSF) were lowest with 76.7% fatalities (Fig. 4a); overall,
however, no differences (P > .05) in survival were recorded between
inoculated groups. Similar mortality rates for inoculated animals have

Fig. 3. a, b. Response of (a) 8.34 ± 0.74 g and (b) 3.10 ± 0.05 g Pacific whiteleg shrimp, fed different feed types to artificial challenge by EMS/AHPND by
immersion. Although control groups did express fatalities these were likely due to natural mortality and cannibalism. Differences (P < .05) discerned between
dietary treatments for each challenge are identified by different superscripts n = 20 per group in quadruplicate for each diet (i.e. 80 animals per treatment).
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been reported by others (Pérez et al., 2005) although contradictory
cases exist, wherein per os inoculation was without effect, even over
longer exposure periods (Hasson et al., 2006). The reasons for this
disparity are obscure but geographically discrete isolates of WSSV are
known to express different levels of virulence, ranging from mild to
highly infectious, over variable timeframes of infectivity (Wang et al.,
1999). As well, different families of whiteleg shrimp express variance in
susceptibility to WSSV (Huang et al., 2011). As with the EMS/AHPND
challenge, younger/smaller shrimp were more susceptible to WSSV
over the first half of the challenge than larger animals, with the small
size range experiencing 100% mortality between 8- and 10-days post-

inoculation (Fig. 4 b). It is noteworthy that others (e.g., Pérez et al.,
2005), have reported higher vulnerability of older animals. These dif-
ferent reports may reflect divergent strains of shrimp employed, var-
iations in pathogenicity of the disease agents, dysbiosis caused by dif-
ferent diets, experimental execution, water quality and otherwise. Gross
signs of WSSV revealed that lethargy accompanied cessation of feeding
which led to empty guts and stomachs associated with a pale HP. White
spots embedded within the exoskeleton represented the most com-
monly observed clinical sign and, as reported previously (Tran et al.,
2013), in small and large shrimp, these spots ranged from barely visible
to 3 mm in diameter, sometimes coalescing into larger plates (Fig. 6 C).

Fig. 4. a, b. Response of (a) 8.37 ± 0.62 g and (b) 2.66 ± 0.05 g Pacific whiteleg shrimp, fed different feed types to per os challenge with WSSV. Although control
groups did express fatalities these were likely due to natural mortality and cannibalism. Differences (P < .05) discerned between dietary treatments for each
challenge at trial end are identified by different superscripts; n = 20 per group in quadruplicate (i.e. 80 animals per treatment). Smaller shrimp (b) experienced
mortality during the three-day inoculation period.
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Another prominent pathological sign was reddish-to-pink discoloration
of the body. Histological assessment of the stomach and hepatopancreas
(Fig. 6 D, E) illustrated classical signs of WSSV infections including the
presence of intranuclear inclusion bodies in the stomach region and
hepatopancreatic tissue. During both EMS/AHPND and WVVS chal-
lenges with large and small shrimp, measured water quality parameters
did not differ (P > .05; Table 3).

In this trial, substitution of FM with terrestrial proteins had limited
impact on Pacific whiteleg shrimp survival following challenge with
two prominent pathogens (Figs. 3 and 4) - no immunologically dis-
cernable benefit was derived from investigated diets versus the FM
control. In fact, while variable results have been reported, several stu-
dies have determined that inclusion of SB-based meals induce high
oxidative stress and reduce non-specific immunity in whiteleg shrimp
compared to FM-based feeds (Lin and Mui, 2017; Xie et al., 2019).
Variability in challenge response may result due to fluctuations in meal
composition and quality, the presence of ANFs, feed processing, im-
balances in EAA, fatty acids and/or palatability issues. ANFs and im-
perfect dietary formulation during FM replacement may cause physio-
logical stress in shrimp with negative consequences to the immune

system. For example, it is now well-established that an optimal balance
of circulating amino acids (AA) is required for the maintenance of
homeostasis, and that certain AAs are essential for the regulation of
immune function (Wu, 2009). These so-called functional AAs are both
essential and non-essential and are involved in the normal operation of
phagocytic cells, gene expression, and the production of cytotoxic
substances, such as superoxide dismutase and various peroxidases (Li
et al., 2007). Imbalances in immunonutrients due to poor dietary for-
mulation, therefore, can cause dysregulation in immune function which
may, nonetheless, take some time to become manifest. Indeed, fol-
lowing an 8-week feeding trial in which 25% of dietary FM was re-
placed by SBM and SB protein concentrate, Xie et al. (2016) reported
significantly lower catalase and nitric oxide activity in Pacific whiteleg
shrimp hemolymph, suggesting a decreased antioxidant capacity and
hence ability to defend against invasive microorganisms. In efforts to
reduce such negative effects it has been suggested, numerous times,
that dietary constituents used as alternatives to FM should be diverse
and selection based upon complimentarity (Davis and Sookying, 2009;
see Fig. 7). Alternatively, and/or in addition to FM replacement, stra-
tegies for reducing, substituting, or enhancing the nutritive value of
alternative proteins include the use of pre-, pro-, and synbiotics (Craig
and McLean, 2005; McLean et al., 2006; Chotikachinda et al., 2008; Li
et al., 2018; Craig and McLean, 2007), feed attracta nts and stimulants
(Nunes et al., 2006), enzymes (McLean et al., 2002), application of
novel processing/treatment techniques (Perkins, 1995), and, among
others, fatty acid and amino acid supplementations (Chi et al., 2011;
Fox et al., 2011; Molina-Poveda et al., 2015; Xie et al., 2017; Moreno-
Arias et al., 2018). Regarding the latter, Table 4 summarizes the profile
of some essential and non-EAA from test diets. Higher LYS was evident
in fermented SB (FSM) feed whereas poultry by-product-based feed
(PBM) was lowest in PHE and MET. CSF expressed highest CYS, SER,
GLU and PHE and lowest GLY and ALA. Noteworthy was that the
commercial diet was highest in dietary concentrations of ALA, VAL,
ISO, LEU, HIS and ARG but lowest in MET, GLU and LYS (Table 4).
Percentage comparison of some EAA in alternative proteins against
fishmeal are presented visually in Fig. 7. When taken together, sub-
stitute proteins exceed the levels of all EAA when contrasted against
fishmeal, with some proteins exhibiting a 20–40% higher level of spe-
cific EAA. Closest EAA profile match was seen in the FSM which cor-
responded to or exceeded the FMC EAA profile for 6 of 9 EAA and was
≥5% the level of the remainder (Fig. 7; Table 4).

Table 3
Water quality of experimental groups throughout EMS/AHPND and WSSV challenge studies. No differences in water quality were observed within treatments. The
different temperatures employed were optimal based on shrimp susceptibility to EMS/AHPND and WSSV infection.

pH DO2 (mg L−1) Temp, oC

EMS/AHPND WSSV EMS/AHPND WSSV EMS/AHPND WSSV

GRO- 8.18 ± 0.14 8.21 ± 0.16 6.04 ± 0.24 6.40 ± 0.09 28.61 ± 0.55 26.90 ± 0.85
FMC 8.18 ± 0.13 8.20 ± 0.16 5.97 ± 0.19 6.40 ± 0.08 28.58 ± 0.51 26.92 ± 0.81
PBM 8.17 ± 0.13 8.20 ± 0.17 6.04 ± 0.18 6.39 ± 0.08 28.56 ± 0.50 26.88 ± 0.75
FSM 8.20 ± 0.13 8.19 ± 0.17 6.00 ± 0.17 6.39 ± 0.08 28.54 ± 0.54 26.89 ± 0.79
SBC 8.22 ± 0.11 8.20 ± 0.16 6.05 ± 0.19 6.39 ± 0.08 28.57 ± 0.52 26.91 ± 0.79
F2 8.19 ± 0.13 8.19 ± 0.17 6.04 ± 0.21 6.39 ± 0.08 28.54 ± 0.52 26.89 ± 0.79
GRO+ 8.17 ± 0.14 8.21 ± 0.16 6.02 ± 0.18 6.39 ± 0.08 28.58 ± 0.51 26.94 ± 0.85

TAN Nitrite Alkalinity

EMS/AHPND WSSV EMS/AHPND WSSV EMS/AHPND WSSV

GRO- 0.22 ± 0.15 0.11 ± 0.12 2.48 ± 2.11 3.61 ± 2.28 166 ± 11.28 154 ± 5.14
FMC 0.26 ± 0.17 0.13 ± 0.12 2.77 ± 2.06 3.61 ± 2.28 172 ± 13.75 154 ± 5.14
PBM 0.31 ± 0.25 0.11 ± 0.12 2.73 ± 2.02 3.61 ± 2.28 170 ± 15.70 154 ± 5.14
FSM 0.35 ± 0.27 0.11 ± 0.12 2.81 ± 2.05 3.61 ± 2.28 169 ± 11.82 153 ± 4.69
SBC 0.32 ± 0.30 0.13 ± 0.12 2.69 ± 1.97 3.61 ± 2.28 170 ± 13.89 154 ± 5.14
F2 0.29 ± 0.26 0.11 ± 0.12 2.35 ± 1.98 3.61 ± 2.28 173 ± 11.28 152 ± 4.69
GRO+ 0.28 ± 0.25 0.11 ± 0.12 2.63 ± 2.06 3.61 ± 2.28 168 ± 13.75 154 ± 5.14

Fig. 5. Survival of large (left columns) versus small shrimp over a 10-day post-
challenge period, following EMS/AHPND immersion. Results from all chal-
lenged shrimp, fed non-commercial diets, were pooled. Asterisks indicate sig-
nificant difference, at the P ≤ .035 level, between large and small animals.
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It is notable that studies have shown that different processing
methods can influence amino acid profiles in SBM (Parsons et al., 1992;
Jannathulla et al., 2017), but the dietary profile of amino acids in feeds
used here had no measurable impact on shrimp growth (Fig. 3). These
experiments, therefore, provide justification for the contention that at
least the FM component of L. vannamei diets may be further reduced or
even eliminated. However, a precautionary approach should be taken
since dietary modification can change the attendant microbial

population of a cultured species, impacting growth and survival
through competitive exclusion of pathogens, production of micro-
nutrients and or the secretion of digestive enzymes. Huang et al. (2014),
reported adjustments in the bacterial community of the gut of whiteleg
shrimp during different stages of development and suggested that the
observed variations were likely driven by changes in diet. As identified
previously in humans and other animals (Turnbaugh et al., 2009),
however, a core gut microbiome, comprising specific bacterial groups
(in the case of 2-month old whiteleg shrimp, Proteobacteria, Flavo-
bacteriaceae and Rhodobacteraceae), emerge to predominate all
growth stages, irrespective of rearing environment. Cornejo-Granados
et al. (2017), further determined that differences in the microbiome of
whiteleg shrimp were reflective of previous exposure to disease, but,
unlike Huang et al. (2014), they discovered greater microbial diversity

Fig. 6. Representative histological sections, from both small and large shrimp, illustrating (A) normal hepatopancreas with healthy tubules (x10), (B) G2 stage
hepatopancreatic infection (x10), displaying severe tubule atrophy and detachment due to degeneration and necrosis following EMS/AHPND infection; L = lumen,
B]B cells. (C) carapace from a juvenile P. vannamei following challenge with WSSV for 8 days illustrating white spots on the underside of the shell formed from
calcareous deposits. (D, E) Representative histological features, seen in both small and large shrimp, of intranuclear inclusion bodies (red arrows) fromWSSV infected
connective tissue and epithelium of the stomach region (D) and hepatopancreatic tissue (E). Black arrows indicate normal nuclei. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Radar showing relative differences in essential amino acid profiles of
varying dietary ingredients used in shrimp feeds. Fishmeal is used as the 100%
must point.

Table 4
Profile of various measured essential and non-essential amino acids (g/100 g
feed) in tested diets.

GRO FMC PBM FSM CSF F2

CYS 0.46 0.45 0.47 0.49 0.54 0.5
MET 0.64 1.01 0.79 1.11 0.92 1.04
THR 1.45 1.38 1.47 1.76 1.73 1.99
SER 1.82 1.71 1.69 1.83 1.95 1.82
GLU 7.52 7.71 7.68 7.95 8.51 7.79
GLY 2.06 2.13 2.44 2.14 1.61 2.02
ALA 1.97 1.92 1.89 1.86 1.6 1.79
VAL 1.77 1.63 1.56 1.63 1.6 1.4
ISO 1.64 1.53 1.46 1.51 1.53 1.28
LEU 2.84 2.67 2.62 2.69 2.73 2.52
PHE 1.62 1.42 1.36 1.57 1.64 1.45
HIS 0.9 0.83 0.78 0.88 0.88 0.8
LYS 2.25 2.63 2.38 3.24 2.78 3.07
ARG 2.41 2.21 2.21 2.28 2.26 2.19
AA profile 29.4 29.2 28.8 30.9 30.3 29.7
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in the gut of wild versus healthy farmed shrimp and distinctions in
apparent core gut communities between farmed and wild animals. This
observation led Cornejo-Granados and colleagues to suggest that
whiteleg shrimp domestication might somehow alter gut bacterial
loading which could potentially lead to higher risk for disease; cor-
rections to the intestinal microbiome might be made, for example, using
probiotic-laced feeds. They offered support for such a contention by
pointing out that only wild shrimp from their samples harbored anti-
fungal and antibiotic-producing bacteria and referenced several suc-
cessful probiotic studies with P. monodon, L. vannamei juveniles and
giant freshwater prawn, Macrobrachium rosenbergii (De Man, 1879)
larvae. Other work has determined that the gut microbiome of L. van-
namei may include strains, corresponding to Pseudoalteromonas and
Vibrio genera, able to produce amylases, lipases/esterases and chit-
inases which might credibly contribute to nutrient digestion (Tzuc
et al., 2014). Whether the different diets used in the present trial acted
as locomotives of change for the gut microbiome of experimental
shrimp remains unknown but nevertheless represents a credible possi-
bility and may partially explain the spread of survival recorded between
diets (Figs. 3 and 4). Zhang et al. (2014) report that lipids of varying
fatty acid composition led to potentially beneficial shifts in the in-
testinal bacterial profile and further studies are needed in this area,
incorporating a wider range of feed choices. The suggested use of an
array of feedstuffs would not only serve to achieve the nutritional and
immune requirements of L. vannamei but also likely influence end
product quality and processability. The different feedstuffs used herein
each supported reasonable growth (Fig. 2a) and the results add to the
growing body of evidence that suggests that whiteleg shrimp may be
produced with limited need for marine resource inputs.
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