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The threat of disease in the aquaculture industry, coupled with greater restrictions or ban on antibiotic use, has
increased interest in evaluating antibiotic alternatives. A promising alternative is organic acids, which have
been used for decades in the livestock feed industry as an antimicrobial and growth promoter. However, very
limited information exists on their applications to the shrimp aquaculture industry. The aim of the current
study was to examine the potential beneficial effects of a novel microencapsulated organic acid blend (OAB) to
the production of tiger shrimp, Penaeus monodon, in earthen ponds at a commercial farm when fed commercial
feedswithout (Diet A) orwith (Diet B) organic acid supplementation at 2% OAB throughout the grow-out period.
Farm-raised shrimpwere randomly sampled and transferred to the laboratory to examine any effects on nutrient
utilization, resistance of shrimp to Vibrio harveyi and associated hepatopancreatic histopathology and
phenoloxidase (PO) activity. Results showed that after 22 weeks of culture in ponds, shrimp growth was similar
between treatments. Lower nitrite-N and nitrate-N concentrations in the pond water indicated potential im-
proved protein utilization from shrimp fed Diet B. Thiswas supported by data from the digestibility trial, demon-
strating crude protein, but also drymatter, ash andphosphorous utilizationwas significantly enhanced (Pb 0.05).
Total viable bacteria andpresumptiveVibrio spp. countswere lower at the end of the grow-out period in thepond
water of shrimp fed Diet B. Shrimp fed Diet B showed significantly higher survival to V. harveyi challenge, likely
due to enhanced PO activity and less hepatopancreatic damage. Total viable bacterial and Vibrio counts in the
hepatopancreas of shrimp fed Diet B were significantly lower compared to Diet A. This study provides the first
reported data on the use of dietary organic acids in a commercial shrimp farm setting. The enhancement to
nutrient utilization may reduce feeding costs and improve water quality while the higher resistance of shrimp
to pathogenic bacteria such as Vibrio spp. may provide shrimp farmers with an effective method to mitigate
disease outbreaks in the global shrimp aquaculture industry.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Diseases in the aquaculture industry are a significant limitation to
productivity, and shrimp are certainly no exception with substantial
losses due to various bacterial, fungal, parasitic and viral diseases
(Flegel et al., 2008). The most recent disease to hit the global shrimp
industry is the acute hepatopancreatic necrosis disease (AHPND) or
more commonly known as early mortality syndrome (EMS) where
shrimp mortalities can be 100% with certain strains of Vibrio
parahaemolyticus being identified as the causative agents (Tran et al.,
2013). In response, this has led to the abuse and overuse of antibiotics
in the aquaculture industry. The uncontrolled use of antibiotics can neg-
atively affect the host species, the environment as well as the health of
x: +60 4 6565125.
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human consumers which has led to greater restrictions or ban of such
practices in many countries (Marshall and Levy, 2011). Moreover,
even in areas where antibiotics are used, this can potentially depress
crustacean growth (Bray et al., 2006) as well as lead to the emergence
of antibiotic resistant bacteria, including Vibrio harveyi, and therefore
reducing subsequent antibiotic efficacy (Karunasagar et al., 1994).

For these reasons, it is becoming increasingly imperative to identify
suitable antibiotic alternatives. While various feed additives have been
investigated for use in aquaculture feeds, organic acids are receiving in-
creasing attention due to their strong antimicrobial and prophylactic
properties against various pathogenic bacteria (da Silva et al., 2013;
Defoirdt et al., 2006; Ng and Koh, 2011). Organic acids are “Generally
Regarded as Safe” compounds often containing one or more carboxyl
groups (–COOH) with antimicrobial properties (Defoirdt et al., 2009).
Some of themost common are those with short chains (C1–C6) includ-
ing, formic, lactic, propionic and citric acids and their salts. Many of
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Analyzed proximate composition (g 100 g−1 dry weight) and pH of Gold Coin® classic-
type commercial marine shrimp feedsa.

Commercial feed
type (feed size,
mm)b

Moisture Ash Protein Lipid pH

Diet A
901 (0.5–1.1) 10.1 ± 0.1 13.8 ± 0.1 44.9 ± 0.7 10.3 ± 0.0 6.1 ± 0.0
902 (1.2–1.8) 10.8 ± 0.0 13.8 ± 0.1 45.0 ± 0.3 10.3 ± 0.0 6.1 ± 0.0
903S (Ø1.2 ×
2.0–3.5)

10.9 ± 0.1 14.0 ± 0.0 44.2 ± 0.2 10.2 ± 0.1 6.2 ± 0.0

903P (Ø1.5 ×
2.0–3.5)

10.3 ± 0.1 13.4 ± 0.0 44.3 ± 0.2 10.2 ± 0.0 6.2 ± 0.0

904 (Ø1.8 × 2.0–3.5) 10.5 ± 0.0 12.9 ± 0.0 45.0 ± 0.1 9.6 ± 0.1 6.2 ± 0.0

Diet B
901 (0.5–1.1) 9.6 ± 0.1 13.1 ± 0.0 44.1 ± 0.2 10.4 ± 0.1 6.2 ± 0.0
902 (1.2–1.8) 10.1 ± 0.1 13.4 ± 0.1 44.4 ± 0.2 10.0 ± 0.0 6.2 ± 0.0
903S (Ø1.2 ×
2.0–3.5)

10.9 ± 0.0 13.2 ± 0.0 43.6 ± 0.3 10.6 ± 0.1 6.2 ± 0.0

903P (Ø1.5 ×
2.0–3.5)

10.1 ± 0.1 13.5 ± 0.1 44.0 ± 0.1 10.2 ± 0.1 6.2 ± 0.0

904 (Ø1.8 × 2.0–3.5) 9.6 ± 0.0 13.2 ± 0.0 46.0 ± 0.1 9.6 ± 0.1 5.8 ± 0.0

a Values are mean ± standard error (n = 3).
b Diet A=without organic acid supplementation; Diet B=with added 2% Orgacids™-

AQUA. Usage period of feed type #901, up to PL30; #902 from PL30 to 2.5 g; #903S, 2 to 7
g; #903P, 6 to 11 g; #904, N11 g average shrimp body weight.
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these are known to inhibit various Vibrio strains in vitro, but are highly
dependent on the type and level (da Silva et al., 2013; Defoirdt et al.,
2006; Ng and Koh, 2011) when tested in vivo with various aquatic ani-
mal species. It is believed that theprimary antimicrobial action of organ-
ic acids is by altering the cell cytoplasmpHof bacteria and those that are
sensitive to such changes are inhibited, thus reducing harmful bacteria
within the gastrointestinal tract of the host animal (reviewed by
Booth and Stratford, 2003). Therefore a reduction to gastrointestinal
bacteria, that often includes pathogenic species, may improve growth
and disease resistance in the host animal. Meanwhile, organic acids
can also lower dietary and gastrointestinal pH, which may chelate or
solubilize minerals to make these more available for absorption, as
well as break up antinutritional compounds (Hossain et al., 2007). The
inclusion of organic acids in the diets of red drum, Sciaenops ocellatus,
has been reported to increase the activity of several digestive enzymes
(Castillo et al., 2014).

Generally, reports on organic acids improving growth performance
and nutrient utilization in aquacultured animals have been positive,
but appear to be dependent on the type of organic acids used and host
species (reviewed by Ng and Koh, 2011). For example, Arctic charr,
Salvelinus alpinus, fed sodium-propionate supplemented diets sup-
pressed growth, while dietary sodium-lactate acted as a growth pro-
moter (Ringø, 1991). Meanwhile, among different organic acid salts of
acetate, propionate and butyrate in the diets of thewhite Pacific shrimp,
Litopenaeus vannamei, sodium-propionate significantly increased
apparent gross energy and phosphorus (P) digestibility, while sodium-
acetate tended to lower P availability (da Silva et al., 2013). In a subse-
quent study, Da Silva et al. (in press) reported that white shrimp fed di-
etary sodium butyrate or proprionate showed a modified intestinal
microbiota and improved growth performance. We recently showed
in a series of laboratory-based feeding trials that a novel dietary micro-
encapsulated organic acid blend (OAB) was able to enhance growth,
nutrient utilization, immune response, hepatopancreatic integrity and
resistance against V. harveyi in L. vannamei (Romano et al., 2015). Due
to these encouraging laboratory results, field evaluation of the OAB
product was deemed as an essential next step.

To the best of our knowledge, no information currently exists
regarding the application of dietary organic acids in commercial shrimp
feeds in a commercial farm. To investigate the practical applications of
organic acids, a unique hybrid experimental design consisting of related
experiments in commercial earthen shrimp ponds and in controlled
replicated laboratory-based tankswas conducted. Tiger shrimp, Penaeus
monodon, were cultured in commercial ponds and fed diets with or
without supplementations of a novel microencapsulated organic acid
blend. Over 22 weeks, shrimp growth and variouswater quality param-
eters of the pondsweremeasured. At various intervals during the grow-
out period, these farm-raised shrimpwere transferred to the laboratory
and two separate experiments were performed to determine nutrient
utilization efficiencies and subsequent resistance to V. harveyi. With
the incorporation of more controlled laboratory-based experiments
using farm-raised shrimp, this helped provide a broader complement
of data to the pond trial and a unique opportunity to assess the potential
of dietary organic acids to the shrimp aquaculture industry.

2. Materials and methods

2.1. Commercial farm site and pond

Two earthen ponds in a semi-intensive commercial tiger shrimp
(P. monodon) farm located at Penang, Malaysia (5° 23′ 44″ N, 100° 11′
46″ E) were used in the present study. The ponds were about 0.6 ha in
size with a depth of approximately 1.2–1.5 m. Each pondwas equipped
with a properly screenedwater inlet connected to a reservoir, andwater
exchanges were performed via a central drain. Up to nine paddle-wheel
aerators (1 hp) were provided in each pond to maintain strong water
currents and continuous aeration.
2.2. Pond preparation

Prior to stocking, the ponds were completely drained and pond
bottom cleaned through pressure washing to flush out wastes, de-
bris and undesirable aquatic species followed bymanually removing
any leftover waste in the ponds. The ponds were left to dry in the
sun for 7–14 days or until the soil cracked. After drying, calcium car-
bonate (CaCO3) was spread uniformly on the pond bottom. The
ponds were then filled with filtered seawater and tea seed powder
(20–30 mg L−1) was added to eliminate any foreign species in the
pond. The filled pond was left for seven days before the shrimp
post-larvae were stocked.

2.3. Source of tiger shrimp post-larvae and pond stocking

Tiger shrimp, P. monodon (specific pathogen free; SPF) post-larvae
(PL-12) were purchased from a hatchery at Penang, Malaysia. Shrimp
post-larvae were transported in plastic bags and upon arrival at the
farm, slowly acclimated to the pond conditions for 1 h. After acclima-
tion, the PL were released directly into the pond at a density of
160,000 per pond giving a stocking density of 26 PLm−2. This was esti-
mated by individually counting the PL from three randomly selected
bags. Duplicate groups of 30 PL were individually measured and batch
weighed for initial total length and average body weight, respectively.

2.4. Feeds and feeding

The proprietary OAB (Orgacids™-AQUA) was developed and pro-
duced in collaboration with Sunzen Feedtech Pte Ltd (Malaysia) and
consisted of a blend of four different types of organic acids (formic, lac-
tic, malic and citric acids) microencapsulated within a specialized lipid
coating by high speed centrifugal spray chilling. The resultant spherical
microcapsules were less than 250 μm in size and came in the form of a
free-flowing white powder which can be easily incorporated into com-
mercial shrimp feeds.

A series of five commercial tiger shrimp feed types (from crumble,
0.5–1.1 mm to pellet sizes of Ø1.8 × 2.0–3.5 mm) containing no added
OAB (control, Diet A) or 2% OAB (Diet B), respectively, were produced
and purchased fromGold Coin Specialities Ltd. (Malaysia) for use at var-
ious stages of the grow-out cycle (Table 1). The dietary OAB level of 2%
was selected based on the optimal results obtained with this dietary
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inclusion level in laboratory-based feeding trials (Romano et al., 2015).
All shrimp feed bags were clearly marked as A or B and neither the
farmers nor the field researchers were informed of the dietary treat-
ments until all the datawere collected and processed to prevent any po-
tential personal biases. The feeds were stored in a well-ventilated shed
and used within three months from manufacturing date.

After stocking, shrimp were fed either Diet A or B in one of the two
ponds. All feeds were manually dispersed to both groups five times
daily at 0700, 1100, 1500, 1900 and 2230 h throughout the culture
cycle. The feeding rate was adjusted daily through visual observations
of the feeding trays 2 h after each feeding. The amount of feeds used
in each pond was recorded throughout the grow-out period.

2.5. Water quality management and measurements

After 40 days of stocking, a 10–15%water exchange of the total pond
volume was conducted once every three days and CaCO3 was added
when required. Every fortnight, water quality parameters, including
pH, temperature, conductivity, dissolved oxygen, salinity and water
transparency of both ponds were measured on site at 1300 h using a
portable multi-probe CyberScan PCD 650 water quality meter (EuTech
Instruments) at three different locations (~20 cm depth from the
water surface). The salinity was determined using a hand held refrac-
tometer, while water transparency was measured using a Secchi disk.
Meanwhile, the surface water samples from three locations in each
pond were collected in 500 mL clean plastic bottles, wrapped with
heavy-duty aluminum, kept on ice and transported to Universiti Sains
Malaysia for further analysis.

Total suspended solids (TSS), nitrite-N, ammonium-N and chloro-
phyll a concentrations of pondwater samplesweremeasured following
the Standard Methods for the Examination of Water and Wastewater
(APHA, 1998), while orthophosphate of the filtered water samples
was measured by ascorbic acid method (Boyd and Tucker, 1980).
Nitrate-N was measured using commercial test kits (JBL GmbH & Co.
KG, Neuhofen, Germany).

In the laboratory, the water samples were left to stand at room tem-
perature. Half of the sample (250mL)wasfiltered through a 1.2 μmpre-
weighedWhatmanTM glass microfiber filter paper (GF/C, 47mm) using
a vacuum-pump (Fisher Scientific, FB 70155), the paper was folded and
then dried at 103 °C for 24 h or to a constant weight to determine the
TSS. The filtered water was then used for measuring ammonia-N,
nitrite-N and orthophosphate-P. The other half of the water sample
(250 mL) was used to determine the chlorophyll a concentration. Brief-
ly, the water sample was filtered through a WhatmanTM glass microfi-
ber filter paper to concentrate the algae cells. The filter paper was
then folded and steeped in 3 mL of 90% aqueous acetone solution at
4 °C overnight in the dark. After 24 h, the sample was macerated me-
chanically at 500 rpm with a TFE tissue grinder, adjusted to 10 mL
with 90% aqueous acetone solution, and clarified by centrifuging for
20min at 500 g. The optical density (absorbance) of the clarified extract
was analyzed with a spectrophotometer at 750, 664, 647 and 630 nm.
The resulting absorbancemeasurements were then applied to the stan-
dard trichromatic equation, as follows,

Chlorophyll a μg l−1
� �

¼ Ca � Að Þ=B

where, A is the total volume of the extract supernatant after centrifug-
ing, B is the volume of the sample filtered, and Ca = 11.85(OD664nm) −
1.54(OD647nm)− 0.08(OD630nm).

2.6. Growth assessment

After six weeks of cultivation, shrimp from both ponds were ran-
domly sampled fortnightly early in the morning at three to four differ-
ent locations by using a feeding tray (week 6 to week 10), or a cast
net (week 12 toweek 22) tomonitor growth performance. The sampled
shrimpwere then quickly weighed on a digital scale and the shrimp put
back into their respective pond.

2.7. Bacterial enumeration of pond water samples

Every four weeks, water samples from three locations of each earth-
en pondwere collected in sterile universal bottles at 1100 h and serially
diluted (10 folds). Aliquots (0.1mL)were spread plated onto thiosulfate
citrate bile sucrose (TCBS) agar (Merck, Darmstadt, Germany) or tryptic
soy agar (TSA, Merck, Darmstadt, Germany) to determine presumptive
Vibrio spp. and total cultivable bacterial counts, respectively, after being
incubated at room temperature for 24 h.

2.8. Partial harvest

It was the normal practice for this commercial farm to partially har-
vest the shrimp for sale to local retail markets and restaurants. In order
to ensure similar biomass throughout the grow-out period, partial har-
vest was done alternately from the two ponds. This began by week 11,
only from shrimp with an average body weight of 20–25 g, and at
each partial harvest, their total harvest weights and average body
weights were recorded.

2.9. Bacterial strain and inoculum preparation

V. harveyi, originally isolated from diseased Talorchestia sp. (ATCC
14126), was used in the disease challenge trial. The strain was main-
tained as a frozen stock in tryptic soy broth with 1.5% (w/v) sodium
chloride (NaCl) (TSB+) containing 20% (v/v) glycerol (Qrec, New
Zealand) and stored at−80 °C until needed.

For the challenge trial, frozen stock cultures were resuscitated in
50 mL of TSB+ within a 250 mL conical flask and incubated at 30 °C
with orbital shaking at 200 rpm for 18–24 h. The bacterial broth was
then streak plated onto tryptic soy agar with 1.5% NaCl (TSA+) plates
for 18 h at 30 °C and this was followed by inoculating two loops full of
pure bacterial colonies in 50 mL of TSB+ for 18 h at 30 °C and
200 rpm to achieve an optical density of approximately 0.6 at 545 nm
(~5 × 108 CFU mL−1). A bacterial pellet from 10 mL of bacterial broth
was then harvested by centrifugation at 10,000 rpm for 10 min, follow-
ed by twowashes of sterile normal saline solution (0.85% NaCl), and re-
suspended in 10 mL of sterile normal saline solution. This bacterial sus-
pension was used as the inoculum for the challenge trial. The bacterial
concentration was determined by standard plate count method using
TSA plates.

2.10. V. harveyi challenge trial

After 16 weeks of cultivation, adult tiger shrimp (approximately
19–21 g) were collected from both ponds and acclimatized for 15 days
in a static system consisting of 10 glass aquaria [68.5 (L) × 29.0
(W) × 45.1 (H) cm] housed within a temperature controlled room.
Each aquarium was filled with 60 L of sterilized artificial seawater
(InstantOcean®) at a salinity of 20 ± 1‰ and continuous gentle aera-
tion was provided via an individual air-stone. Each treatment was per-
formed in five replicates with each aquarium containing six shrimp.
Over the acclimatization period, all shrimp were hand-fed three times
daily at 2.5% body weight with their respective diets at 1000, 1400
and 1800 h. Each aquarium received two daily 70% water exchanges
(morning and evening) and the pH, dissolved oxygen, temperature,
and ammonia-N levels were 7.30 ± 0.05, 5.78 ± 0.06 mg L−1, 27.9 ±
0.1 °C and 1.03 ± 0.07 mg L−1, respectively.

The disease challenge test was carried out by intramuscular injec-
tion, with a LD50 of 20 μl (4.94 × 105 CFU g−1 shrimp) (Liu et al.,
1996) of live bacterial suspension (4.95 × 108 CFU mL−1), into the
shrimp between the third and fourth abdominal segments. Mortalities
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were recorded for eight days and any dead shrimp were removed. Dur-
ing the challenge trial, the shrimpwere fed three times daily, received a
50% water exchange in the morning and evening, respectively and the
ammonia-N levels were at or below 1.07 ± 0.03 mg L−1.

2.11. Hemolymph collection and phenoloxidase activity assay

Phenoloxidase activity (PO) was measured from shrimp after the
bacterial challenge test according to Liu and Chen (2004) with slight
modifications. To obtain the hemolymph, syringes were coated with
anticoagulant (30 mM trisodium citrate, 0.34 M NaCl, pH 7.55 and glu-
cose was added until 30‰ was reached), inserted in the ventral sinus
and then 40 μl hemolymph was added to 360 μl of the anticoagulant.
This was then centrifuged at 700 × g for 20 min., the supernatant was
removed and the pellet was gently re-suspended with 200 μl
cacodylate-citrate buffer, centrifuged a second time and re-suspended
with 200 μl cacodylate buffer (0.01 M sodium cacodylate, 0.45 M sodi-
um chloride, 0.01 M calcium chloride, 0.26 M magnesium chloride,
pH 7.0). Each aliquot (100 μl) was incubated with 50 μl trypsin
(1 mg mL−1) for 30 min at room temperature followed by adding
50 μl of L-DOPA (1mgmL−1). Fiveminutes later, 800 μl cacodylate buff-
er was added and thenmeasured at an optical density of 490 nm. A con-
trol was used to correct for background interference, which replaced
50 μl trypsin for cacodylate buffer. PO activity (unit of optical density
at 490 nm) was expressed as dopachrome formation in 40 μl of
hemolymph.

2.12. Histopathology assay

After the hemolymph was collected, the hepatopancreas was dis-
sected for histological examination, immersion fixed in Bouin's solu-
tion for 18 h and then transferred to 70% (v/v) ethanol until
processing. Sections (5–7 μm) were made using a rotary microtome,
stained with hematoxylin and eosin and examined under a light
microscope (×20 and ×40 magnification).

2.13. Digestibility trial

For the digestibility trial, the same commercial diets used in the
pond trial were ground into powder and re-pelleted to include 0.5%
chromic oxide (Cr2O3) as an indigestible marker. The mixing and diet
preparation were similar to Ng et al. (2009). After 20 weeks of culture,
shrimp (30–32 g) were collected from both ponds and transferred
into eight 500 L fiberglass tanks (cone shaped bottom) in a closed recir-
culation aquaculture system (RAS). The RAS was fitted with a pump,
aerators, sand filters, biofilter, foam fractionators and sedimentation
tank housed in a hatchery under natural photoperiod as previously de-
scribed (Romano et al., 2015). Each dietary treatmentwas performed in
four replicates with each tank containing nine shrimp. All shrimp were
hand-fed four times daily at 2.5% body weight with their respective
diets at 0900, 1200, 1500 and 1800 h.

After a 5 day acclimatization period, the tankswere siphoned for any
feces or uneaten food prior to first feeding. One hour after each feeding,
freshly expelled shrimp feces were carefully siphoned and collected on
a finemesh net at intervals of 30min until the next feeding. Feces were
rinsed with freshwater to remove any residual seawater and only intact
fecal strands were collected using tweezers and kept at −20 °C until
analysis. Daily fecal collections were pooled according to each tank,
oven dried and finely ground prior to analyzing their chemical compo-
sition and Cr2O3 concentration.

Throughout the digestibility trial, the pH, salinity, dissolved oxygen,
temperature, and ammonia-N levels were measured twice weekly and
maintained at 7.25 ± 0.04, 25 ± 1‰, 6.54 ± 0.08 mg L−1, 29.9 ±
0.21 °C and 0.18 ± 0.05 mg L−1, respectively. The water flow rate was
fixed at about 1.92 ± 0.05 L min−1, and the digestibility trial was con-
ducted for four weeks.
2.14. Hepatopancreas and intestine bacterial enumeration

At the end of the digestibility trial, five shrimp were removed from
each tank and sterilized with 70% ethanol to avoid cross contamination.
The hepatopancreas and intestine were then aseptically dissected,
weighed separately and then homogenized in a sterile mortar. The ho-
mogenates were transferred into sterilized 15 mL polypropylene tubes
and diluted to 10 mL with sterile normal saline solution. The superna-
tants were serially diluted with 0.1 mL of the aliquots spread plated in
duplicates onto TSA and TCBS agar plates and then incubated at room
temperature for 24 to 48 h. Only plates that had between 30–300 colo-
nies were used to determine the number of total cultivable bacteria and
presumptive Vibrio spp. counts and the results are expressed as
log CFU g−1.

2.15. Chemical analysis

The chromic oxide (Cr2O3) content of the feces and feeds was deter-
mined according to the wet-acid digestion method described by
Furukawa and Tsukahara (1966). The phosphorus concentrations of
both the feces and feeds were determined by the molybdovanadate
method and measured using a spectrophotometer (GENESYS 20, Ther-
mo Electron Corp., Madison, WI, USA) at 450 nm (AOAC, 1997). The
proximate composition (moisture, crude protein, crude lipid and ash)
of the feeds and feces were determined using standard methods in
AOAC (1997). To measure dietary pH, 5 g of each diet (finely ground)
was mixed in 50 mL of distilled water for 5 min and then the water
pH was measured using a digital pH meter after prior calibration with
precision buffers.

The apparent digestibility coefficient (ADC) of dietary nutrients (dry
weight basis) was calculated using Cr2O3 as an inert marker using the
following equation,

ADC %ð Þ ¼ 100− 100 � Di= Fið Þ � F= Dð Þ½ �

where, Di is the inertmarker (Cr2O3) concentration in feed, Fi is the inert
maker concentration in feces, F the nutrient concentration in feces, and
D is the nutrient concentration in feed.

2.16. Statistical analysis

No statistical analysis of the shrimp growth and water quality data
collected from the field trial was performed as only one pond per treat-
ment (no replication) was used. However, several measurements were
made in each pond for the same parameter to determine the mean and
range of values which are presented as mean± standard deviation. For
the related laboratory-based trials of the farmed raised shrimp, mortal-
ities in the bacterial challenge test, digestibility data, PO activity and
bacterial counts were all subjected to a one-way analysis of variance
ANOVA after prior confirmation of variance using the SPSS statistical
software (SPSS version 14.0 for Windows). Differences between
means were determined by independent samples t-test and effects
with a probability of P b 0.05 were considered statistically significant.

3. Results

3.1. Proximate composition and pH of shrimp feeds

The proximate composition of the two commercially-produced
shrimp feeds are presented in Table 1 and showed a similar composi-
tion. The pH was also generally similar, except for the feed type 904
for Diet B which was supplemented with organic acids which showed
a pHof 5.88 compared to 6.19 for Diet Awhichwas not addedwith OAB.
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3.2. Water quality parameters

The range and mean values of various water quality parameters of
Pond A (shrimp fed Diet A) and Pond B (shrimp fed Diet B) are shown
in Table 2. Over the course of 22weeks, many of the water quality mea-
surementswere similar or followed noobvious pattern between PondA
and B. However, there were several notable differences, which included
pH, chlorophyll a, and nitrogenouswastes, dissolved oxygen, and TSS. In
the case of the pond water pH, which was initially similar at 8.08 and
8.15 in Pond A and B, respectively, by the second week the pH of Pond
B became higher than that of Pond A and this trend continued until
the end of the trial. Similarly, dissolved oxygen and TSS were initially
similar, but by week 6 generally became consistently higher in the
water of Pond B and Pond A, respectively.

Chlorophyll awas also initially similar between the ponds, however
by week 14 and 16 there was a spike, which led to the farmers' adding
algaecide to control these levels. From week 18 to 22, the chlorophyll
a levels in Pond B became over two-fold lower than in Pond A. Mean-
while, the mean ammonia-N levels ranged from over two and 1500
folds higher in Pond A between weeks 8 and 14, but from week 16 on-
wards the ammonia-N levels in Pond B ranged between 4 and 19 folds
higher than in Pond A. Nevertheless, the overall mean ammonia-N
level in Pond B was higher than in Pond A since the discrepancy
between the ponds in the final weeks were numerically higher (but
not proportionally higher), than in the earlier weeks. On the other
hand, both nitrite-N and nitrate-N were consistently higher in Pond A
than in Pond B, leading to an overall mean difference of over six and
five-fold, respectively (Table 2).

3.3. Bacterial count of pond water samples

The total bacterial count at weeks 8, 12 and 20 was significantly
higher in thewater of PondA than of Pond B (Fig. 1), while presumptive
Vibrio spp. counts in the water of Pond A was significantly higher at
weeks 12 and 20 than in Pond B. The only time bacteria or Vibrio spp.
counts were higher in Pond B was at week 4.

3.4. Growth performance

The initial size of the shrimp PL when stocked was approximately
0.012 g in both ponds. When the shrimp was first weighed at week 6,
the mean weight was slightly higher for shrimp sampled from Pond A
than Pond B. This trend continued from week 8 to 18, however, by the
final weeks of the grow-out period, the mean weight of tiger shrimp
between Ponds A and B became similar at 33.36 and 31.22 g,
Table 2
The range and mean (±SD) of various water quality parameters between the ponds.

Parameter Control (Pond A) Treatment (Pond B)

Range Mean ± S.D. Range Mean ± S.D.

pH 7.12–8.34 7.62 ± 0.33 7.70–8.31 8.07 ± 0.22
Conductivity (mS
m−1)

31.43–38.47 34.72 ± 2.27 32.34–39.78 35.66 ± 2.24

Dissolved oxygen (mg
L−1)

6.20–10.03 7.46 ± 1.08 5.90–10.35 8.28 ± 1.52

Temperature (°C) 30.2–33.0 31.3 ± 1.2 30.4–33.2 31.5 ± 1.1
Turbidity (cm) 15.5–49.3 24.3 ± 11.6 15.4–64.7 34.2 ± 14.9
Salinity (‰) 16–28 20 ± 4 16–29 20 ± 4
Total suspended
solids (mg L−1)

77.9–464.8 241.8 ± 107.4 62.0–355.8 160.1 ± 83.9

Ammonia-N (mg L−1) 0.00–1.29 0.46 ± 0.45 0.00–4.77 0.98 ± 1.54
Nitrite-N (mg L−1) 0.00–3.38 0.79 ± 1.15 0.00–0.54 0.12 ± 0.21
Nitrate-N (mg L−1) b0.5–50 17.2 ± 17.6 b0.5–15 3.1 ± 6.2
Orthophosphate (mg
L−1)

0.20–0.56 0.40 ± 0.10 0.21–0.60 0.40 ± 0.13

Chlorophyll a (μg
L−1)

3.7–103.7 45. 0 ± 32.1 3.0–247.5 59.3 ± 74.3
respectively (Fig. 2). Although the growth was similar, according to
the shrimp farmer, the overall production costs and net profitability
was slightly better in Pond B than Pond A (per. comm.). This was due
mainly to the fact that less feeds were used in Pond B. Due to the partial
harvesting of shrimppracticed by the farmer, it wasunfortunate thatwe
were not able to obtain accurate total shrimp harvest data.

3.5. Bacterial challenge, phenoloxidase activity and hepatopancreatic
histopathology

The shrimp fed Diet A had significantly highermortalities (50%) than
those fed Diet B (30%) after 8 days of V. harveyi challenge (Fig. 3).Mean-
while, after 8 days of V. harveyi challenge, shrimps fed Diet B had signif-
icantly higher PO activity of 0.125 ± 0.008 units compared to 0.088 ±
0.007 units from shrimp fed Diet A.

Furthermore, shrimp fed Diet A appeared to have more histopatho-
logical damage to the hepatopancreas than shrimp fed Diet B. Damage
included tubule degeneration and necrosis, sometimes leading to rup-
ture, hemocyte infiltrations and reduced R-cell and B-cell prevalence
(Fig. 4).

3.6. Apparent digestibility

The apparent digestibility coefficient (%) of drymater, crude protein,
crude lipid, ash and phosphorus of diets without (Diet A) or with (Diet
B) organic acid blend (OAB) supplementations is shown in Fig. 5. With
the exception of crude lipid, the apparent digestibility of all nutrients
was significantly higher for Diet B compared with Diet A when fed to
tiger shrimp.

3.7. Total cultivable bacteria and presumptive Vibrio spp. counts in the he-
patopancreas and gut

TheCFU counts of total cultivable bacteria in thehepatopancreas and
gut were significantly lower in shrimp fed Diet B (Fig. 6). Similarly, pre-
sumptive Vibrio spp. counts in the hepatopancreas were significantly
lower in shrimp fed Diet B. However, while the CFU counts of presump-
tive Vibrio spp. in the intestine of shrimp fed Diet A or Diet B were not
significantly different, this was numerically higher for shrimp fed Diet
A (Fig. 6).

4. Discussion

In the commercial farm feeding trial, after the shrimpwere fed diets
with (Diet B) or without (Diet A) organic acid supplementation from
post-larvae to marketable size, there was no marked effect on the final
shrimp size. Due to budget and logistical constraints, such as the supply
of P. monodon PL from the same source, only one replicate pond per diet
was used in the present study. Therefore, the results should be
interpreted in consideration of the various other factors that can influ-
ence shrimp growth in a pond under commercial farming conditions.
Under controlled laboratory conditions, we previously showed that a
2% dietary OAB inclusion in a soybean meal-based diet was able to sig-
nificantly enhance the growth performance of white shrimp (Romano
et al., 2015). When proprionate or butyrate salts were added at 0.5 to
2% in the diets of white shrimp, significant improvement in growth
and feeding efficiencies was reported under laboratory conditions by
da Silva et al. (in press).

Over the grow-out period of 22weeks, Pond B often had the same or
betterwater quality than Pond A. For example, total viable bacterial and
Vibrio spp. counts in the water tended to be lower in Pond B, than Pond
A, which may have implications for controlling bacterial diseases, in-
cluding vibriosis. The water in Pond B often had higher pH than that
in Pond A despite Diet B's having a slightly lower dietary pH due to
the presence of organic acids, especially in the last grow-out feed type
which was the main feed used, in terms of quantity. This appears to
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indicate that the microencapsulation of the organic acid blend was
effective in reducing the leaching of highly soluble dietary organic
acids thereby ensuring that most of it got ingested by the shrimp. The
use of coated organic acids is likely to be particularly important for
shrimp that masticate feed, which increases nutrient leaching, as
opposed to fish that ingest feed whole.

One of the most limiting factors in a shrimp farm, besides dissolved
oxygen, is nitrogenouswaste since this may reduce productivity as well
as harm the surrounding environment (Romano and Zeng, 2013).While
it was found that ammonia-N was higher in Pond B than Pond A which
was due to the addition of an algaecide (zeolite) by the farmers in
response to a microalgae level spike at week 16, both nitrite-N and
nitrate-N levels were consistently lower in Pond B than Pond A. Taking
into consideration this finding, along with ammonia-N possibly being
influenced by microalgae levels, may indicate that dietary protein was
better utilized by shrimp fed Diet B which would lead to less nitroge-
nous wastes being excreted. Indeed, this was later confirmed in the di-
gestibility trial, showing that dietary protein was significantly better
utilized in Diet B than Diet A by the farmed shrimp. Further studies
using more replicate ponds are needed to better understand the poten-
tial benefits of dietary organic acid supplementation in commercial
shrimp feeds as it relates to growth performance, feed utilization and
water quality management. In the present commercial pond study,
where replication and standardization were difficult, the pond data
Fig. 2. The mean weight (g) of tiger shrimp, Penaeus monodon, between Pond A (control)
and Pond B (fed organic acid-added feed) over 22 weeks.
obtained should be considered in the light of the variability often pres-
ent in ponds.

Similar to the results obtained from the replicated laboratory-based
part of the present study, it has been previously reported that organic
acids can improve protein, dry matter, and/or P digestibility in various
other aquatic animals including, Indian major carp, Labeo rohita
(Baruah et al., 2007), red sea bream, Pagrus major (Hossain et al.,
2007; Sarker et al., 2007), red hybrid tilapia (Koh et al., in press; Ng
et al., 2009), beluga sturgeon, Huso huso (Khajepour and Hosseini,
2012), rainbow trout, Oncorhynchus mykiss (Hernández et al., 2012;
Pandey and Satoh, 2008), Atlantic salmon, Salmo salar (Lückstädt,
2008), yellowtail, Seriola quinqueradiata (Sarker et al., 2012) and
L. vannamei (da Silva et al., 2013). However, this can be highly depen-
dent on the organic acid type as well as the aquatic animal species. For
example, da Silva et al. (2013) showed that propionate wasmore effec-
tive at improving nutrient utilization than acetate or butyrate when in-
corporated in feeds of L. vannamei. Meanwhile, Gao et al. (2011) found
that formate or butyrate did not improve P availability to rainbow
trout. It is believed that an improvement to nutrient availability by die-
tary organic acids is partly related to reducing gastrointestinal or dietary
pH, which may then chelate minerals (thus making them more easily
absorbed) or in the case of soybean meal-based diets, to dephosphory-
late phytate (thus making P more easily absorbed) (Hossain et al.,
2007). More recently, Castillo et al. (2014) reported that the inclusion
Fig. 3. The mean cumulative mortality (%) of tiger shrimp, Penaeus monodon, fed Diet A
(control) or Diet B (added 2% organic acid blend) over eight days after Vibrio harveyi
challenge. Different letters indicate significant difference (P b 0.05).



Fig. 4.Histopathology of the hepatopancreas from tiger shrimp, Penaeus monodon, fed Diet A (control) or Diet B (added with 2% organic acid blend) after 10 days of Vibrio harveyi
challenge. More hepatopancreatic damage was observed from shrimp fed Diet A, including necrotic tissue (N), compromised tubules, higher hemocyte infiltrations (HAE) and
less lipid storage R-cells (R).
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of organic acids in the diets of red drum, S. ocellatus, was able to increase
the activity of several digestive enzymes.

While the applications of organic acids in aquaculture have mostly
focused on potential improvements to growth and/or nutrient utiliza-
tion in fish, their prophylactic efficacy against pathogenic bacteria has
been receiving increasing attention recently (Defoirdt et al., 2006; Koh
et al., in press; Ng et al., 2009; Park et al., 2011; Romano et al., 2015).
For example, when formic, acetic, propionic, butyric or valeric acid
were added in equimolar concentrations to the culture water, the resis-
tance of Artemia franciscana to the pathogenic bacterium Vibrio
campbelli was significantly improved (Defoirdt et al., 2006). However,
as noted by Defoirdt et al. (2006), on large scale commercial farm oper-
ations, the additions of organic acids to the culture water will likely be-
come cost-prohibitive. More recently, the prophylactic effectiveness of
dietary organic acids in fish has been successfully shown (Koh et al., in
press; Ng et al., 2009; Park et al., 2011). Ng et al. (2009) demonstrated
that dietary OAB or potassium diformate led to improved resistance of
red hybrid tilapia to Streptococcus agalactiae and, similarly, Park et al.
(2011) showed that the resistance of olive flounder, Paralichthys
olivaceus, to Edwardsiella tarda was enhanced when fed OAB supple-
mented diets. Ng et al. (2009) suggested that this was likely due to
the antimicrobial activity of the OAB substantially reducing the CFU
counts within the intestine post-challenge, particularly since
S. agalactiae was not detected in surviving tilapia. Later, Koh et al. (in
press) reported that dietary OAB supplementation was as effective as
conventional antibiotics such as oxytetracycline in the prevention of
streptococcis in tilapia. In the present study with tiger shrimp, there
was a clear correlation between the prophylactic effectiveness of Diet
B with protecting the hepatopancreas from bacterial-induced damage
as well as preventing PO activity reductions.

There were significantly lower total cultivable bacteria and pre-
sumptive Vibrio spp. counts within both the hepatopancreas and intes-
tine of shrimp fed Diet B in the present study. In crustaceans, the
hepatopancreas is known to be targeted by V. harveyi (Lavilla Pitogo
et al., 1998) as well as inhibiting/altering PO activity (Amparyup et al.,
2009; Huang et al., 2013), which are believed to be the main contribu-
tors to Vibrio spp. inducedmortalities. In the present study, it was dem-
onstrated that shrimp fed Diet B had significantly higher survival to
V. harveyi challenge than those fed Diet A. It is likely that the significant-
ly higher PO activity and less hepatopancreatic histopathological chang-
es, including hemocyte infiltrations, tubule damage/rupture, necrosis
and higher R-cell prevalence, which is responsible for lipid storage
(Vogt et al., 1985), for shrimp fed Diet B than those fed Diet A led to
this result. A similar observation was reported for Pacific white shrimp
in our earlier disease challenge trials (Romano et al., 2015). Considering
that Vibrio spp. can lead to significant mortalities, particularly in the
hatchery stage or for more advanced post-larvae during times of stress
(Karunasagar et al., 1994; Lavilla Pitogo et al., 1998; Sung et al., 2001),
these findings may have important implications to controlling the
spread of bacterial disease in the shrimp aquaculture industry.
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Moreover, AHPND/EMS which can lead to mass mortalities during
the early stages of shrimp grow-out, has been attributed to specific
strains of a Vibrio bacterium, V. parahaemolyticus (Tran et al.,
2013). While the resistance to this pathogen was not tested, it is
worth noting that the antimicrobial effectiveness of a blend of
organic acids may provide a broader spectrum of antimicrobial
protection than the sole use of one organic acid type (Chaveerach
et al., 2002; Thompson and Hinton, 1997). It is therefore conceiv-
able that the antimicrobial actions of the tested OAB extends to
other pathogenic bacteria, such as V. parahaemolyticus, and cer-
tainly points to interesting research directions.

In conclusion, several important benefits were demonstrated in
both the pond and laboratory trials. The lower bacterial count as
well as the generally lower nitrogenous waste in the water of Pond
B indicate that organic acids can play a role in expanding the aqua-
culture industry more sustainably. This finding may be due, in part,
to improved protein utilization, as demonstrated in the digestibility
trial. Meanwhile, the improved protein, dry matter, ash and P utiliza-
tion may have implications for reducing feeding costs as well as mit-
igating excessive P discharges to the surrounding environment that
cause eutrophication. Whether the improved feed utilization effi-
ciencies will translate into better FCR and growth in a commercial
farm setting remains to be further investigated. Finally, the signifi-
cantly higher resistance of shrimp fed Diet B to V. harveyi challenge
demonstrates the effective prophylactic properties of the tested
OAB. It is anticipated that should shrimp farmers encounter a disease
outbreak such as vibriosis, the role of the tested OAB may mitigate
productivity losses. This is based on significantly better results
obtained from the laboratory-based disease challenge tests and fur-
ther confirmed by the healthier hepatopancreas observed in histo-
logical sections. Considering that organic acids pose no health risks
to the environment, host animal or human consumers, the use of
this functional feed additive may help reduce the reliance on antibi-
otics in the aquaculture industry.
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