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The efficacy of a single cell protein (SCP) methanotroph (Methylococcus capsulatus,
Bath) bacteria meal (FeedKind R©, Calysta, Menlo Park, CA, United States), in Pacific
white shrimp (Penaeus vannamei) diets was studied to determine growth performance,
survival rate and disease resistance against Vibrio parahaemolyticus causing Acute
Hepatopancreatic Necrosis Disease (AHPND). The growth trial was assigned in a
completely randomized design (CRD) with four treatments and 5 replicates of each,
T1: a fishmeal-based control containing 15% fish meal and 3 diets with graded levels
of methanotroph bacteria meal, namely T2: 5% methanotroph bacteria meal, T3: 10%
methanotroph bacteria meal, and T4: 15% methanotroph bacteria meal. Shrimp were
fed ad libitum for 6 weeks on trial diets to assess growth. Subsequent to the growth
trial, three replicates of the same groups were exposed to V. parahaemolyticus by
a single bath challenge and held for a further 15 days on the same diets as the
growth study to assess survival and resistance. No significant differences (p > 0.05)
in survival or in growth performance, including final weight, weight gain, specific growth
rate, feed consumption or feed conversion ratio of white shrimp fed feeds containing
methanotroph bacteria meal or control diets for 6 weeks. Immune markers such as
hemocyte counts, phenoloxidase, superoxide dismutase and lysozyme activity were
similar across all groups after the 6-week feeding trial. In a V. parahaemolyticus
challenge, methanotroph bacteria meal in the diet significantly promoted the survival
rate, and the reduction of Vibrio sp. in the hepatopancreas of white shrimp. Hemocyte
count and phenoloxidase activity showed no significant differences (p > 0.05) between
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diet treatment groups, but hemolymph protein was significantly higher (p < 0.05) in
shrimp fed diets containing 15% methanotroph bacteria meal after challenge. The Vibrio
colony counts from hepatopancreas in the treatment groups were all significantly lower
than the control (p < 0.05). The findings show that methanotroph bacteria meal can
entirely replace fishmeal in white shrimp diets and the 15% inclusion of methanotroph
bacteria meal in shrimp diet shows no adverse effects on growth performance, feed
utilization and survival rate. In addition, shrimp fed methanotroph bacteria meal diets
exhibited improved survival rates to an AHPND challenge.

Keywords: single cell protein (SCP), Penaeus vannamei, Vibrio parahaemolyticus (AHPND), FeedKind, functional
feeds

INTRODUCTION

The increase in aquaculture in recent years has led to a
concomitant increase in demand for fishmeal with approximately
75% of the global production of fishmeal in 2018 utilized in
aquaculture (FAO, 2018). Fishmeal is used in aquaculture feeds
because it has all the nutritional requirements aquatic animals
need (Swick et al., 1995; Samocha et al., 2004; Tacon et al.,
2009). However, it can be an expensive ingredient because of high
demand and inelastic supply (Samocha et al., 2004) and thus one
option for feed mills is to substitute fishmeal with alternative
proteins, but these frequently do not match the nutritional
requirements of shrimp and can have variable or unbalanced
nutritional profiles (Malcorps et al., 2019).

Animal sources of protein such as meat and bone meal,
and poultry by-product meal, are used to replace fishmeal; but
growth may be lower because of low lipid quality and differing
nutritional profiles (Tan et al., 2005; Gamboa-Delgado et al.,
2014). Swine meat meal has been used to replace 35% of the
protein contribution of fishmeal but, at higher levels, caused
nutritional imbalances in Penaeus vannamei (Hernández et al.,
2008). Alternative proteins such as yeast, fungi, microalgae, and
bacteria can serve as single cell protein sources for animals and
several studies have investigated the utility of these proteins in
a variety of animal feeds (Qui and Davis, 2017a,b; Qui et al.,
2017; Linder, 2019; Glencross et al., 2020; Jones et al., 2020);
their use in aquaculture species have been recently reviewed by
Glencross et al. (2020).

Methanotrophs are gram-negative bacteria that use methane
as their sole source of carbon and energy and have been identified
for their potential use as a protein source in feeds for a variety
aquaculture species (Berge et al., 2005; Øverland et al., 2006;
Aas et al., 2007; Øverland et al., 2011; Biswas et al., 2020; Chen
et al., 2021). Whilst studies have investigated the use of bacterial
derived single cell protein feed additives from Corynebacterium
ammoniagenes (Hamidoghli et al., 2019) and purple non-sulfur
bacteria Rhodobacter sphaeroides and Afifella marina (Chumpol
et al., 2018) in shrimp diets, to date only one published study has
evaluated the use of Methylococcus capsulatus as an alternative
protein source for shrimp feed formulations with up to 45% of
the fish meal replaced with FeedKind R© followed by exposure to
Vibrio parahaemolyticus by injection (Chen et al., 2021). The
current study builds on the results obtained by Chen et al.

(2021) by replacing up to 100% of the fish meal in the diet with
M. capsulatus-derived protein and by exposing shrimp to the
AHPND bacterium through a more natural, bath route.

FeedKind R© (Calysta, Menlo Park, CA, United States) is a
bacterial biomass composed primarily of M. capsulatus produced
via a continuous aerobic fermentation. Other bacterial strains
present in the culture population that support the growth of
M. capsulatus include Ralstonia sp. (DB3), Aneurinibacillus sp.
(DB4), and Brevibacillus agri (DB5). The harvested biomass
is centrifuged, heat inactivated, and spray dried. The nutrient
content and amino acid profile of methanotroph bacteria meal,
FeedKind R©, is comparable to traditional proteins used in animal
feeds such as fishmeal (Biswas et al., 2020) and has been shown
to be a viable protein source for popular species of aquaculture
fish including rainbow trout (Oncorhynchus mykiss), Atlantic
salmon (Salmo salar) and yellowtail (Seriola quinqueradiata)
(Berge et al., 2005; Øverland et al., 2006; Biswas et al., 2020).
An additional benefit of producing methanotroph bacteria meal,
is that it utilizes less than 0.01% of the land and around 10%
of blue water compared with that used to produce soy protein,
enhancing its sustainability credentials. Recently, Chen et al.
(2021) reported that replacement of fishmeal with methanotroph
bacteria meal did not negatively impact the growth or feed
conversation rates of shrimp. Chen et al. (2021) also found
that at higher dietary levels of methanotroph bacteria meal,
shrimp increased oxidation levels in the hepatopancreas and
increased the height of the mucosal folds in the gut, improved
gut microbiota, and increased resistance to a V. parahaemolyticus
challenge via intraperitoneal injection.

Several problematic bacterial diseases of shrimp have been
reported, some of which have become globally widespread via
the rapid expansion of shrimp farming (Thitamadee et al., 2016).
Whilst Vibrio species are common in the normal microbiota of
shrimp ponds, many are pathogenic to shrimp (Yang et al., 2014;
Anandaraja et al., 2017), including V. parahaemolyticus, Vibrio
harveyi, Vibrio owensii, Vibrio campbellii, and Vibrio alginolyticus
(Soto-Rodriguez et al., 2012, 2015; Kondo et al., 2015; Liu et al.,
2015; Dong et al., 2017; Wu et al., 2019).

Acute Hepatopancreatic Necrosis Disease (AHPND), also
known as Early Mortality Syndrome (EMS), is a major
concern for shrimp production caused by the bacterium
V. parahaemolyticus with outbreaks occurring routinely in
Southeast Asia shrimp farms in which mortality rates exceed 70%
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and global annual losses are estimated at more than US$1 billion
(Zorriehzahra and Banaederakhshan, 2015). V. parahaemolyticus
is transmitted orally and infects the digestive organs and
hepatopancreas of shrimp (Lightner et al., 2012). China detected
the first outbreak of EMS in 2009 with the disease subsequently
identified in Vietnam and Malaysia in 2010 and 2011, respectively
(Tran et al., 2013). Following the first outbreak recorded in
Thailand in 2011, the country has continued to be impacted by
outbreaks since (Chucherd, 2013; Putth and Polchana, 2016). In
the past antibiotics were commonly used to treat EMS and other
Vibrio diseases, but these have been widely prohibited (Liu et al.,
2017). To enhance shrimp health, many farmers “top-dress” feeds
at the farm with additives to improve health outcomes, but this
practice is of limited efficacy and is problematic (FAO, 2019). On
the other hand, methanotroph bacteria meal is blended in the feed
during manufacture at the feed mill, providing a potentially more
efficient method for delivering an immune stimulant.

This study was designed to determine the effects of
methanotroph bacteria meal (FeedKind R©) on growth
performance, survival rate and resistance to V. parahaemolyticus
challenge of Pacific white shrimp, P. vannamei. As an inactivated
gram-negative bacterial biomass, it was theorized that FeedKind R©

may impart an immune response in shrimp.

MATERIALS AND METHODS

All research was conducted at the Nutrition and Aquafeed
Laboratory, Department of Aquaculture, Faculty of Fisheries,
Kasetsart University, Bangkok, Thailand.

Experimental Diets
Shrimp feed ingredients were ground to 150–250 µm, mixed,
and then water was added at 25% before passing through a
Hobart mincer to form feed pellets. Pellets were then placed
in a hot air oven at 60◦C for 8–10 h to dry. The proximate
compositions of trial feed such as moisture, protein, lipid,
fiber, ash, energy, calcium, and phosphorus were analyzed as
described by Association of Official Analytical Chemists (AOAC)
(2000). All diets were sieved to suitable particle sizes of 1.5–
2 mm for use in the trial. Samples of every batch of feed were
kept at room temperature to be used later for verifications if
needed. The formulations for each treatment diet are shown
in Table 1. Soybean and poultry meal levels were adjusted
accordingly to ensure crude protein levels were equivalent
across all treatments.

Experimental Design
Growth Trials
Shrimp were obtained from a private farm in the Samutsongkarm
province, Thailand, acclimated under trial conditions for 10 days,
and fed three times daily with a commercial feed containing
35% CP followed by a further 7–8 days feeding with the trial
diet prior to the start of the study. Five hundred individual
shrimp were randomly allocated in batches of 25 to one of
twenty 500 L tanks containing 300 L of brackish water (15–
20 PSU). Twenty percent of the water in the static tanks was

replaced every 2 days to maintain water quality in the range
pH 7–8, DO > 5.0 mg/L, temperature 27–31◦C, salinity 15–20
PSU, alkalinity >100 mg/L, and ammonia <1.0 mg/L. Shrimp
were fed to satiation three times daily; 2 h after feeding, any
uneaten feed was siphoned out of the tank, collected using a
plankton net, dried at 65◦C for 24 h before being weighed to
calculate feed intake. Shrimp were fed with experimental diet as
described above containing either 15% fishmeal (T1: Control) or
methanotroph bacteria meal (FeedKind R©) to replace fishmeal at
33% (T2: 5% FeedKind R©), 66% (T3: 10% FeedKind R©), or 100%
(T4: 15% FeedKind R©) with five replicates for each treatment.
The diets were blinded to the technicians and randomly assigned
to individual tanks. The amounts fed to each treatment tank
were recorded. Shrimp were fed test diets for 6 weeks. At the
end of the 6-week trial, material was collected for histological
analysis, for immune measurements and for Vibrio spp. counts
as described below.

Vibrio parahaemolyticus Challenge
After 6 weeks of the experimental feeding trial, thirty shrimp
from each treatment in the growth trial were moved to 100L
challenge test aquariums to form three replicates, each containing
10 shrimp for each diet to give a total of 120 shrimp used in
the challenge trial. The V. parahaemolyticus (AHPND) virulent
strain from Faculty of Veterinary Medicine, Kasetsart University,
Kamphaeng Saen, Nakhon Pathom, Thailand was cultured on
tryptic soy agar (Difco) supplemented with 1.5% NaCl (w/v)
for 24 h at 35◦C. After 24 h of growth, bacterial colonies
were transferred to tryptic soy broth (Difco) supplemented
with 1.5% NaCl and incubated for 24 h at 35◦C. Next, the
bacterial culture was centrifuged at 1,000 rpm for 15 min
at room temperature. The supernatant was removed, and the
bacterial pellet was resuspended in saline solution and then
added to the tanks on Day 0 to reach a concentration of
5.8 × 104 CFU/ml in the water column of each challenge
test aquarium. The concentration used was based on prior
results obtained in our laboratory for this strain. A negative
control (unchallenged) group was included in the study.
Challenged shrimp were immersed in the Vibrio solution and
continued to be fed test diets for 15 days before termination
when haemolymph was taken for immune measurements and
hepatopancreas taken for V. parahaemolyticus assessment as
described below.

Data Collection
Growth Measurements
Measurements of performance parameters during the
experimental period were recorded. To determine growth
performance factors, the live weight of shrimp was taken to
determine average shrimp weight at day 0 and at days 14, 28, and
42, to determine overall weight gain in the growth trials. Specific
growth rate (SGR) for each replicate was determined using the
formula:

(Ln W6wk) −
(
Ln W0wk

)
days of treatment period

× 100
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TABLE 1 | Compositions of treatment diets expressed as percentages (where CP = crude protein).

Ingredients T1: Control T2: FeedKind 5% T3: FeedKind 10% T4: FeedKind 15%

Fishmeal, SE Asia, 64% CP 15.0 10.0 5.0 0.0

Methanotroph bacteria meal (FeedKind), 71% CP 0.0 5.0 10.0 15.0

Krill meal, 54% CP 2.0 2.0 2.0 2.0

Squid liver meal, 43% CP 5.0 5.0 5.0 5.0

Poultry meal, 63% CP 5.0 5.0 5.0 4.4

Soybean meal United States, 48% CP 28.2 28.2 29.0 29.3

Soybean meal fermented, 53% CP 6.0 6.0 5.0 4.7

Wheat gluten meal, 78% CP 1.0 0.4 0.0 0.0

Wheat flour 26.3 27.0 27.7 28.5

Fish oil 1.2 1.2 1.2 1.3

Soybean oil 1.0 1.0 1.0 1.0

Soy lecithin 1.7 1.5 1.4 1.2

Vitamin premix1 2.0 2.0 2.0 2.0

DL-Methionine 0.2 0.2 0.2 0.2

Mineral premix2 2.5 2.5 2.5 2.5

Mono calcium phosphate, MCP 0.5 0.5 0.5 0.5

Tuna Hydrolysate 2.0 2.0 2.0 2.0

Polymethylcarbamide 0.5 0.5 0.5 0.5

Total (%) 100 100 100 100

Proximate composition by AOAC (2000)

Moisture (%) 3.77 3.77 3.36 3.60

Ash (%) 9.60 8.94 8.78 8.32

Crude protein (%) 38.35 38.64 38.70 38.77

Lipid (%) 7.60 7.31 6.97 6.63

Calcium (%) 1.66 1.48 1.28 1.10

Phosphorus (%) 1.12 1.08 1.06 0.98

Fiber (%) 5.54 5.73 6.20 6.38

Energy (MJ/Kg) 19.08 19.49 19.06 19.47

1Containing 3,500,000 IU Vitamin A, 1,500,000 IU Vitamin D3, 75 g Vitamin E, 15 g Vitamin K3, 12.5 g Vitamin B1, 10 g Vitamin B2, 12.5 g Vitamin B6, 0.01 g Vitamin
B12, 50 g Niacin, 40 g Pantothenic acid, 0.5 g Biotin, 5 g Folic acid, and 100 g Vitamin C per kg.
2Contains 12.5 g copper, 15 g iron, 15 g manganese, 0.5 g iodine, 0.1 g cobalt, 50 g zinc, 0.175 g selenium per kg.

where W6wk is the average weight of the shrimp at week
6 and W0wk is the initial average weight of shrimp in
each group. Feed conversion ratio (FCR) was determined
by dividing total feed consumption by total weight gain for
each treatment. Survival rate for each treatment group was
also calculated.

Immune Parameters
The hemolymph of fifty shrimp per experimental treatment
(ten shrimp per replicate) randomly selected at the end
of the growth trial and all shrimp per treatment at the
end of the V. parahaemolyticus trial were collected using
10 percent (w/v) sodium citrate as an anticoagulant. The
hemolymph were taken from the pericardial cavity using
a 1-mL syringe, pooled, and stored at −20 until analysis.
Measurements including total hemocyte count, hemolymph
protein level, and phenol oxidase activity were determined
according to the method of Encarnacion et al. (2012), lysozyme
activity by turbidity method as described by Shugar (1952),
superoxide dismutase enzyme activity and total glutathione
using Sigma-Aldrich Assay Kits (19160-1KT-F and CS0260-
1KT, respectively).

Histology
Histological examinations of hepatopancreas health were
conducted using five shrimp from each tank (replicate) in the
growth trial. Shrimp were randomly collected and immersed
in ice water for stunning before removal of small portions of
hepatopancreas tissue, injected with Davidson’s fixative and
then transferred to 70% ethanol before being processed to wax
blocks, then sectioned using a microtome, with sections being
stained with hematoxylin and eosin (H&E) according to Bell and
Lightner (1988). The number of B-cells, R-cells, and other cell
types were counted from up to 10 tubules per slide.

Bacterial Methods
Vibrio bacteria counts from hepatopancreas of shrimp after
42 days of the growth trial and 15 days after V. parahaemolyticus
challenge were conducted. Two shrimp from each replicate
of each treatment were randomly sampled and then surface
body sterilized with 70% ethanol, scarified to collect the
hepatopancreas which was then homogenized in 0.85 saline
water. The solution was spread on the TCBS Agar (Difco) with
1.5% NaCl (w/v) for 24 h at 35◦C. After 24 h of growth, bacterial
colonies were counted and recorded.
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Statistical Analysis
This study was conducted in completely randomized design
(CRD). All data were analyzed by one-way analysis of variance
(ANOVA). If an ANOVA resulting from the analyses was
significant then least square means were used to test pairwise
differences among treatment. The Duncan’s Multiple Range Test
was used to determine the significant difference test. Statistical
tests were considered significant at an alpha = 0.05 and the
alphabetical notation was used to mark the differences at these
significance levels. Residuals were checked for normality using
quantile to quantile plots and Bartlett tests were used to assess
the homogeneity of variances. The data in percentage of mortality
among methanotroph bacterial meal replaced for fishmeal in the
growth trial and challenge assays were transformed following the
method of Sokal and Rohlf (1995) and then subjected to ANOVA.
Differences were considered statistically significant if p < 0.05.

RESULTS

Growth Trial
Growth Parameters
The initial average weight of pacific white shrimp was
1.17 ± 0.09 g. The growth performance of white shrimp fed
different levels of methanotroph bacteria meal for 6 weeks
showed no significant differences (p > 0.05) in terms of final
weight, weight gain, specific growth rate, feed consumption, and
feed conversion ratio when compared to the control diet (see
Table 2). Survival rate was not significantly different (p > 0.05)
among treatments.

Growth Trial – Immune Parameters
The immune parameters of white shrimp fed different levels of
methanotroph bacteria meal or control diet are presented in
Table 3. No significant differences (p > 0.05) were noted in
hemocyte counts, hemolymph protein, phenoloxidase activity,
lysozyme activity, superoxide dismutase activity, and amount of
total glutathione between treatments. However, Vibrio sp. counts
in the hemolymph and in the hepatopancreas following plate
cultures were significantly reduced in shrimp fed methanotroph
bacteria meal compared with control diet prior to challenge with
V. parahaemolyticus (Table 3).

Growth Trial - Histology
Histological sections of hepatopancreases of shrimp fed diets
containing different concentrations of methanotroph bacteria
meal, showed that blister-like cells (B-cell) percentage was highest
in shrimp fed diet T2 (5% FeedKind) but lowest in those fed the
control diet. Resorptive-cells (R-cell) percentages were highest
in shrimp fed the control diet and in shrimp fed diet T4 (15%
FeedKind) (Table 4).

B-cell size was largest in the control group compared to other
groups. Degeneration and change of lumen structure (note the
star-like shaped seen is normal) were found in groups fed diets
T2 and T3 in which 33 and 66%, respectively, of the fishmeal
was replaced with methanotroph bacteria meal. Representative
histological images are shown in Figure 1.

Vibrio parahaemolyticus Challenge Trial
Vibrio parahaemolyticus Challenge – Survival
The survival rate of shrimp immersed in V. parahaemolyticus
EMS 5.8 × 104 CFU/ml for 15 days after being fed feeds
containing different levels of single cell protein for 6 weeks are
presented in Table 5. Mortalities were noted in the control diet
group at day 9 post-infection. The results showed that on day
9 to day 15 after immersion, shrimp fed methanotroph bacteria
meal at 10 and 15% in diets T3 and T4 had a significantly higher
survival rate (p < 0.05) than diets T2 and T1 control, respectively.
No mortalities were noted in shrimp fed diets containing 15%
methanotroph bacteria meal.

Vibrio parahaemolyticus Challenge – Immune
Parameters
The measured immune parameters of white shrimp collected
after the 15-day challenge with V. parahaemolyticus are
presented in Table 6. Hemocyte count and phenoloxidase activity
showed no significant differences (p > 0.05) between diet
treatment groups, but hemolymph protein was significantly
higher (p < 0.05) in shrimp fed diet T4 containing 15%
methanotroph bacteria meal. The Vibrio colony counts from
hepatopancreas in the treatment groups were all significantly
lower than the control (p < 0.05), and the colony counts from
the group fed diet T4 were further reduced and significantly
different from diet T2.

TABLE 2 | Growth performance of white shrimp (n = 25 for each replicate and each time period) fed different level of methanotroph bacteria meal for 6 weeks.

Periods T1: Control T2: FeedKind 5% T3: FeedKind 10% T4: FeedKind 15% P-Value

Production (g/tank) 0 weeks 29.82 ± 1.81 29.02 ± 1.81 29.32 ± 2.60 28.34 ± 2.82 0.783

6 weeks 106.31 ± 8.43 110.35 ± 4.79 111.80 ± 9.0 115.30 ± 7.84 0.351

Average weight (g/ind.) 0 week 1.19 ± 0.07 1.16 ± 0.07 1.17 ± 0.10 1.13 ± 0.11 0.783

6 weeks 4.98 ± 0.35 4.93 ± 0.23 4.99 ± 0.07 5.15 ± 0.25 0.54

Weight gain (g/ind.) 6 weeks 3.78 ± 0.37 3.77 ± 0.28 3.81 ± 0.10 4.01 ± 0.29 0.498

Specific growth rate (%BW/d) 6 weeks 3.40 ± 0.25 3.44 ± 0.24 3.45 ± 0.20 3.61 ± 0.28 0.562

Feed consumed (g/ind.) 6 weeks 4.77 ± 0.36 4.54 ± 0.27 4.63 ± 0.10 4.56 ± 0.30 0.565

Feed conversion ratio 6 weeks 1.26 ± 0.09 1.21 ± 0.13 1.21 ± 0.05 1.15 ± 0.15 0.438

Survival Rate (%) 6 weeks 85.60 ± 6.07 89.60 ± 2.19 89.60 ± 6.07 89.60 ± 3.58 0.474

Mean values in row show no significant differences (p > 0.05) between treatments.
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TABLE 3 | Immune parameters (n = 10 per replicate) and Vibrio counts (n = 2 per replicate) of white shrimp fed different level of methanotroph bacteria meal for 6 weeks
under pre-challenge conditions.

T1: Control T2: FeedKind 5% T3: FeedKind 10% T4: FeedKind 15% P-Value

Hemocyte count (×105 cell/ml) 25.40 ± 2.97 24.80 ± 2.77 26.40 ± 3.05 25.60 ± 3.36 0.87

Hemolymph protein (mg/dl) 4.64 ± 0.95 5.32 ± 0.59 5.36 ± 0.82 5.72 ± 1.39 0.395

Phenoloxidase activity (unit/min/mg Protein) 56.24 ± 14.68 40.41 ± 7.93 50.89 ± 20.91 51.73 ± 14.62 0.435

Lysozyme activity (unit/ml) 403.33 ± 25.17 370.00 ± 72.11 370.00 ± 10.00 383.33 ± 40.41 0.761

Superoxide dismutase activity (unit/ml) 26.13 ± 3.13 25.95 ± 2.38 26.37 ± 3.78 23.92 ± 3.00 0.753

Glutathione (nM/ml) 37.83 ± 4.20 35.03 ± 1.80 36.90 ± 1.40 41.57 ± 6.07 0.284

Vibrio bacterial counts from hepatopancreas (Log CFU/ml) 2.61 ± 0.31a 2.39 ± 0.32a 1.16 ± 0.28b 1.38 ± 0.66b 0.001

Values with different superscript letters in row indicate significant differences (p < 0.05) between treatments.

TABLE 4 | Number and percentage of B-cell and R-cell from hepatopancreas of
shrimp fed different levels of methanotroph bacteria meal for 6 weeks under
pre-challenge conditions.

Group Number of cells Percentage

B-cell R-cell B-cell R-cell

T1: Control diet 6.17 3.83 56.13 33.79

T2: FeedKind 5% 5.75 1.50 69.94 17.81

T3: FeedKind 10% 6.40 2.40 63.72 24.20

T4: FeedKind 15% 6.17 3.17 60.61 30.88

DISCUSSION

This study has successfully shown that Pacific white shrimp
fed diets where fishmeal is replaced with the single cell protein
methanotroph bacteria meal, FeedKind, for 6 weeks shows
comparable levels of growth and survival to shrimp fed standard
feeds containing 15% fishmeal (T1). Specifically, feed conversion
ratios, specific growth rates and overall increases in weight
are greater in shrimp fed FeedKind compared with those fed
standard diets. Importantly, methanotroph bacteria meal reduces
Vibrio spp. loads in the hepatopancreas and improves the survival
rate when shrimp are exposed to a V. parahaemolyticus challenge.
In agreement with Chen et al. (2021), this study has shown
the substitution of fishmeal with methanotroph bacteria meal
did not affect uptake of feed nor have any other detrimental
effects such as antinutritional properties or impacts on a range
of immune measures.

These results are in broad agreement with studies showing
dietary supplementation of fishmeal with single cell protein
shows no significant differences in growth and feed efficiency
in fish species such as Atlantic salmon (Berge et al., 2005),
Atlantic halibut (Aas et al., 2007), and Japanese yellowtail
(Biswas et al., 2020). Other research on single cell protein
as replacement of fishmeal in shrimp diets has shown they
can be used to replace fishmeal, partially or fully, e.g., purple
non-sulfur bacteria (Chumpol et al., 2018), C. ammoniagenes
(Hamidoghli et al., 2019), and KnipBio Meal (Tlusty et al., 2017).
Previous studies have found that disease resistance parameters
can be promoted in shrimp by using nutrition supplements
such as biofloc feed (Ekasari et al., 2014) and organic acids and
essential oils (He et al., 2017). The positive effect on the immune

capacity, disease resistance and gut microbiota of P. vannamei
have also been shown to be improved by using single cell
protein (Chumpol et al., 2018; Chen et al., 2021). Furthermore,
shrimp fed methanotroph bacteria meal have been shown to
have increased oxidation levels in the hepatopancreas, increased
mucosal fold height in the gut, improved gut microbiota, and
an overall improvement in general disease resistance factors
(Chen et al., 2021).

The digestive gland or hepatopancreas of crustaceans is used
for monitoring cultured shrimp health and serves as a sensitive
indicator for metabolism, ecdysis phase, nutritional status, and
disease state in various shrimp species. The hepatopancreas
is the site of digestion, nutrient absorption, reserve nutrient
storage, and synthesis and secretion of digestive enzymes and
is composed of numerous blinded tubules, with each tubule
consisting of different epithelial cell types, i.e., E-cell (embryonic),
R-cell (resorptive), F-cell (fibrillary), and B-cell (blister like).
Histological analysis of the hepatopancreas has been used as a
practical means for assessing the nutritional condition in the
shrimp culture (Díaz et al., 2010; Vogt, 2020). In the current
study, B-cell types are more numerous and smaller in shrimp
fed FeedKind compared with those fed control diets suggesting
B-cell types may be produced in greater numbers in shrimp fed
FeedKind R© diets. The increased number of these secretory cells
that function as primary producers of digestive enzymes and
antioxidants, suggests that FeedKind R©-fed shrimp are better able
to accumulate nutrients from the diet and to transport digested
material compared with those fed control diets. Conversely,
R-cells which function as the main site for lipid and glycogen
storage, do not show a clear pattern of size distribution between
treatments suggesting that diet has little impact on these cells.

In the current study, improved survival rates of shrimp
fed diets with total or partial replacement of fishmeal
with methanotroph bacteria meal for 6 weeks followed by
a V. parahaemolyticus bath challenge was demonstrated.
Specifically, no mortality was observed in the diet with 15%
FeedKind (replacement of 100% of fishmeal) while only 76%
of shrimp challenged with V. parahaemolyticus and fed the
control fishmeal-based diet survived. In comparison, only 50% of
Pacific shrimp fed a diet containing up to 10.5% FeedKind R© and
13.75% fishmeal survived a challenge with V. parahaemolyticus
by injection compared to 25% survival when fed control diets
without bacterial meal (Chen et al., 2021). The differences
observed in shrimp survival between the current study and that

Frontiers in Marine Science | www.frontiersin.org 6 November 2021 | Volume 8 | Article 764042

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-764042 November 2, 2021 Time: 10:53 # 7

Jintasataporn et al. SCP Improves EMS Survival

FIGURE 1 | Light micrograph of hepatopancreas of shrimp fed different concentration of methanotroph bacteria meal for 6 weeks under pre-challenge conditions
(T1: Control diet, T2: FeedKind 5%, T3: FeedKind 10%, T4: FeedKind 15%; green arrow = B-cell, red arrow = R-cell; scale bar = 10 µm, ×400).

TABLE 5 | Survival rate of white shrimp following immersion challenge by V. parahaemolyticus (AHPND) at 5.8 × 104 CFU/ml for 15 days after being fed different levels
of methanotroph bacteria meal diets for 6 weeks.

Days after challenge T1: Control T2: FeedKind 5% T3: FeedKind 10% T4: FeedKind 15% P-Value

Day 0 100.0 ± 0.0 100.0 ± 0.0 100.0 ± 0.0 100.0 ± 0.0 . . .. . .

Day 3 100.0 ± 0.0 100.0 ± 0.0 100.0 ± 0.0 100.0 ± 0.0 . . .. . .

Day 6 100.0 ± 0.0 100.0 ± 0.0 100.0 ± 0.0 100.0 ± 0.0 . . .. . .

Day 9 86.7 ± 5.77b 93.3 ± 5.77ab 100.0 ± 0.0a 100.0 ± 0.0a 0.011

Day 12 83.3 ± 5.77b 90.0 ± 10.00ab 100.0 ± 0.0a 100.0 ± 0.0a 0.019

Day 15 76.7 ± 5.77c 86.7 ± 5.77b 96.7 ± 5.77a 100.0 ± 0.0a 0.002

Values with different superscript letters in row indicate significant differences (p < 0.05) between treatments.

TABLE 6 | Immune parameters in white shrimp fed different levels of methanotroph bacteria meal after 15 days of immersion by Vibrio parahaemolyticus.

T1: Control T2: FeedKind 5% T3: FeedKind 10% T4: FeedKind 15% P-Value

Hemocyte count ( ×105 cell/ml) 12.67 ± 1.53a 11.67 ± 2.08a 13.00 ± 3.00a 16.33 ± 3.79a 0.256

Hemolymph protein (mg/dl) 4.00 ± 1.21b 4.13 ± 0.55b 4.15 ± 0.44b 6.76 ± 0.37a 0.004

Phenoloxidase activity (unit/min/mg Protein) 23.14 ± 10.10a 24.42 ± 3.14a 24.72 ± 6.04a 20.84 ± 0.83a 0.859

Vibrio bacterial counts from hepatopancreas (Log CFU/ml) 3.70 ± 0.02a 2.65 ± 0.17b 2.13 ± 0.18bc 1.47 ± 0.82c 0.001

Values with different superscript letters in a row indicate significant differences (p < 0.05) between treatments.

of Chen et al. (2021) can be partly explained by the challenge
method (IP vs. bath) and by the challenge dose. Using the bath
challenge method in the current study is a more natural route
of exposure and is more comparable to infection processes
on the farm. Comparison between doses used in different
studies and by different exposure routes is rarely considered.
However, Joshi et al. (2014) exposed P. vannamei to 108 CFU/ml
V. parahaemolyticus by the bath route or to 103 CFU per shrimp
by injection with mortality outcomes being similar, although

characteristic disease was not induced in shrimp exposed via
the IP route. Unlike Chen et al. (2021), typical clinical signs of
AHPND were noted in shrimp exposed to V. parahaemolyticus
in the current study, supporting the view that a bath exposure
route is preferable to demonstrate the impact of AHPND on the
host. In addition, the control diets used by Chen et al. (2021)
differed significantly from those in the present study. Whereas
the prior work included peanut meal as a source of protein,
this ingredient is not commonly used in shrimp feeds outside
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of China, and therefore was not included in the current study.
Similarly, the prior study included brewer’s yeast, which, as a
single cell product containing beta glucans and nucleic acids, may
have also influenced the shrimp immune response alongside the
methanotroph bacteria meal (Chen et al., 2021).

It is recognized that feeding shrimp with diets containing
different levels of methanotroph bacteria meal for 6 weeks
prior to a V. parahaemolyticus challenge led to a substantial
reduction in Vibrio spp. numbers in the hepatopancreas as
well as lower numbers of V. parahaemolyticus post-challenge
leading to improved survival. Reduced Vibrio spp. levels and
increased expression of anti-lipopolysaccharide factor (ALF)
have been identified in the intestine of shrimp fed diets
containing bacterial protein meal (Chen et al., 2021). The
authors speculate that bacterial protein meal may stimulate
toll-like receptors (TLRs) present in the shrimp digestive tract,
which then activate an innate immune response and up-
regulate the production of antimicrobial peptides or other
enzymes increasing the ability of white shrimp to resist
a bacterial pathogen. ALFs are known to bind to gram-
negative bacterial cell walls and disrupt cellular function
causing cell death and lysis (Zhan et al., 2015) and thus
may play an important role in reducing the impact of
V. parahaemolyticus in shrimp fed diets containing FeedKind.
Further study is necessary to validate this hypothesis and
possibly to identify the specific pathway and antimicrobial
function stimulated by methanotroph bacteria meal protein.
In the current study, although Vibrio sp. counts in the
hemolymph and in the hepatopancreas were significantly
reduced in shrimp fed methanotroph bacteria meal compared
with control diet, no significant differences were noted in
hemocyte counts, hemolymph protein, phenoloxidase activity,
lysozyme activity, superoxide dismutase activity or amount
of total glutathione between treatments suggesting that these
measures are not sufficiently sensitive in detecting differences
in immune responses prior to a disease challenge. However, in
shrimp challenged with V. parahaemolyticus and fed a diet where
100% of the fish meal was replaced with FeedKind, haemolymph
protein was significantly higher compared with other groups.
Although the current study did not attempt determine which
haemolymph proteins were amplified, it is known that a wide
range of these antimicrobial peptides, which perform a number
of functions on host defense, have been reported in crustaceans
(Fredrick and Ravichandran, 2012). It is likely that the decrease
in V. parahaemolyticus and improved survival rates in animals

fed FeedKind R© is a direct result of the noted increase in
haemolymph proteins.

The current study has shown that fish meal can be entirely
replaced in shrimp diets with limited impact on growth and
survival of shrimp; additional studies should validate the results
of the current study under field conditions to confirm that
complete replacement of fishmeal with methanotroph bacteria
meal protein, followed by a natural V. parahaemolyticus challenge
leads to improved survival.

CONCLUSION

The efficacy of single cell protein, methanotroph bacteria meal
protein in Pacific white shrimp diets was studied to determine
growth performance, survival rate and disease resistance against
V. parahaemolyticus. Trials of this novel protein source for
replacing fishmeal in shrimp diets have shown that the protein
does not affect the growth feed efficiency, or survival of shrimp
reared under experimental conditions. Additionally, shrimp in
this study demonstrated an increased tolerance to disease when
challenged with V. parahaemolyticus, the causative agent of Early
Mortality Syndrome (EMS), indicating methanotroph bacteria
meal protein, FeedKind R© protein, may help promote a robust
immune response.
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