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1  | INTRODUC TION

Shrimp culture being the commercial face of aquaculture contributes 
to nutritional, livelihood security, and export earnings in developing 
countries. At present global shrimp industry is dominated by specific 

pathogen free pacific white shrimp, Penaeus vannamei which forms 
major share to total global shrimp production, 4.6 million metric ton 
(FAO, 2018) followed by black tiger shrimp, P. monodon. Economics 
of shrimp farming is largely dependent on the feed which consti‐
tutes 50%–60% of operational expenses (Tan et al., 2005). However, 
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Abstract
To evaluate effect of substrate integration in biofloc based system, a 52‐day growth 
experiment was conducted using black tiger shrimp, Penaeus monodon juveniles 
(3.32 ± 0.07 g). The factorial design consisted of floc, F (with or without) as first fac‐
tor and substrate (bamboo mat, B; nylon mesh, N; and without substrate) as second 
factor. This resulted six treatments; F + B, F + N, F, B, N and a control without bio‐
floc and substrate. Shrimps were stocked at 110 nos. m–3 in Fibre Reinforced Plastic 
(FRP) tanks and, rice flour was used as carbon source in biofloc based treatments. 
Incorporation of nylon mesh and bamboo mat in biofloc system trapped 31.3%–
38.6% and 8.5%–13.5% total suspended solids respectively and reduced bottom solid 
deposition. Among the substrate based groups, significantly better development of 
biofilm with higher microbial population noticed in F + B compared with nylon mesh. 
Similarly, significantly higher final growth (p < 0.01) was recorded in F + B system fol‐
lowed by F + N while no significant difference in body weight recorded among floc, F 
or substrate based groups (B, N). Biofloc and substrate integration (F + B and F + N) 
resulted significantly (p < 0.01) lower feed conversion ratio compared to control and 
floc. Incoporation of bamboo substrate in biofloc, (F + B) improved shrimp immune 
responses through higher hemocyte counts and prophenoloxidase activity compared 
to other treatments. The study revealed that integration of substrate in the biofloc 
system improved growth performance, FCR and immune parameters in shrimp by 
trapping the suspended biofloc particles, better water quality parameters, enhanced 
biofilm growth and provision of quality natural food.
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shrimp retain only 20%–30% nutrients, and remaining 70%–80% 
is excreted and accumulated in the aquatic environment which 
many times leads to deterioration of soil and water quality (Crab, 
Defoirdt, Bossier, & Verstraete, 2012; Funge‐Smith & Briggs, 1998). 
Intensification of shrimp culture is also related to physiological stress 
to the cultured animals and increased disease incidence of viral and 
bacterial origin (Kautsky, Ronnback, Tedengren, & Troell, 2000). 
These issues demand a paradigm shift in culture practices for sus‐
tainable shrimp culture.

Biofloc technology (BFT) is widely recognised as promising cul‐
ture technique in aquaculture (Avnimelech, 2012; Azim & Little, 
2008; Crab et al., 2012). It is based on the manipulation of C:N 
ratio by application of external carbohydrate which converts toxic 
ammonia nitrogen into microbial biofloc (Avnimelech, 1999; Hari, 
Kurup, Varghese, Schrama, & Verdegem, 2004; De Schryver, Crab, 
Defoirdt, Boon, & Verstraete, 2008). Biofloc consists of varieties of 
bacteria, microalgae, fungi, detritus and other suspended organisms 
(Anand et al., 2014; Azim & Little, 2008; Hargreaves, 2006). It im‐
proves water quality by removing toxic ammonia nitrogen and other 
excess nutrients (Anand et al., 2013; Crab et al., 2012) and serves 
as a good source of proteins, lipids, vitamins, and minerals to the 
cultured aquatic animals (Anand et al., 2014; Emerenciano, Ballester, 
Cavalli, & Wasielesky, 2011; Ju et al., 2008). It is reported that li‐
popolysaccharides (LPS), peptidoglycans and β‐1,3‐glucans pres‐
ent in bacterial or fungal cell wall activates the nonspecific innate 
immune system of crustaceans (Cerenius, Lee, & Söderhäll, 2008; 
Rengpipat, Rukpratanporn, Piyatiratitivorakul, & Menasaveta, 2000; 
Tassanakajon, Somboonwiwat, Supungul, & Tang, 2013). Several 
studies indicated that biofloc based culture system, being a diverse 
group of microbial community enhances shrimp immune system by 
improving hemocyte phagocytic activity, prophenoloxidase and su‐
peroxide dismutase activity (Ekasari et al., 2014; Kumar et al., 2017; 
Xu & Pan, 2013). Despite several reported benefits, the BFT finds 
technical hurdles at field level application (Crab et al., 2012). The big‐
gest challenge lies in controlling the higher level of suspended parti‐
cles and settlement of floc particles at the pond bottom. This leads 
to deterioration of water quality which negatively affects the health 
and growth of cultured shrimp (Gaona, Almeida, Viau, Poersch, & 
Wasielesky, 2017; Ray, Lewis, Browdy, & Leffler, 2010). To periodi‐
cally remove excess unutilised floc particles various strategies such 
as central drainage system (Avnimelech, 2012) and settling tanks 
(Arantes, Schveitzer, Magnotti, Lapa, & Vinatea, 2017; Ray, Dillon, 
& Lotz, 2011) have been advised, these demands added facility and 
expenditure apart from wastage of microbial floc generated by addi‐
tional carbohydrate application.

Application of submersed substrate in shrimp culture system 
helps to harness natural productivity and results in the formation 
of periphyton, a complex of microalgae and microorganism de‐
veloped over submerged substrates (Anand et al., 2013; Audelo‐
Naranjo, Martínez‐Córdova, Gómez‐Jiménez, & Voltolina, 2017; 
Azim, Verdegem, Dam, & Beveridge, 2005; Keshavanath et al., 
2001) or biofilms (Abreu et al., 2007; Khatoon, Yusoff, Banerjee, 
Shariff, & Mohamed, 2007; Sharma et al., 2010; Thompson, Abreu, 

& Wasielesky, 2002). These submerged substrates apart from being 
a constant source of quality natural food, improves nutrient recy‐
cling (Ballester, Wasielesky, Cavalli, & Abreu, 2007), and act as a ref‐
uge for shrimp during moulting and reduces the negative effect of 
high stocking densities (Arnold, Coman, Jackson, & Groves, 2009; 
Ballester et al., 2007). Similarly, better, growth performance (Anand 
et al., 2013) and immune response of shrimp are reported from sub‐
strate based shrimp culture (Anand et al., 2015; Kumar et al., 2015).

Integration of submerged substrates in biofloc system reported 
to have multiple advantages like better water quality and growth per‐
formance of shrimp (Anand et al., 2013; Ferreira, Lara, Wasielesky, & 
Abreu, 2016; Schveitzer et al., 2013). Though an array of reports on 
biofloc and substrate‐based aquaculture documented, there is scar‐
city of data on the integration of different types of submerged sub‐
strates in biofloc system and its role in trapping flocculated particles 
and its microbial composition. Against this backdrop, the present 
study was taken to elucidate the integrated biofloc substrate system 
in growth performance, immune response, microbial and water qual‐
ity dynamics in black tiger shrimp culture.

2  | MATERIAL S AND METHODS

2.1 | Experimental design and set up

A 52‐day on‐station factorial experiment was conducted using black 
tiger shrimp juveniles in 18 fiberglass reinforced plastic (FRP) rectan‐
gular tanks (70 × 50 cm; 100 L) at Kakdwip Research Centre, ICAR‐ 
Central Institute of Brackishwater Aquaculture, Kakdwip (21°51′N; 
88°11′E), West Bengal, India.

The experimental design consisted of biofloc (with or without 
floc) as first factor and substrate (with or without) as second factor. 
This leads to six treatments comprising floc (F), floc with bamboo 
mat (F + B), floc with nylon mesh (F + N), bamboo mat (B), nylon mesh 
(N), and a group without floc and without substrate as control (C). All 
the groups received 40% crude protein diet while only floc groups 
(F, F + B, and F + N) received additional rice flour as a carbon source 
for biofloc production.

Healthy juvenile shrimp, P. monodon were obtained from a com‐
mercial shrimp farm (South 24 Parganas, West Bengal, India). Shrimp 
were acclimatized for 14 days and fed with control diet (40% crude 
protein) two times daily, before the start of the experiment. One 
hundred and ninety‐eight P. monodon juveniles (3.32 ± 0.07 g) were 
randomly distributed into 18 FRP tanks (100 L) at 110 nos. m–3 fol‐
lowing a completely randomized design.

Each FRP tank in the B and F + B treatment groups were pro‐
vided with two bamboo mats, each having an area of 1,307.8 ± 10.3 
cm2. The bamboo mat was positioned at 30° slanting position in 
rectangular FRP tanks. Similarly, two nylon nets of 40 mesh, each 
having the area of 1,312.2 ± 21.5 cm2 was placed in N and F + N 
treatment tanks. The nylon mesh was positioned 5 cm from the side 
and bottom of rectangular FRP tanks. Provison of submerged sub‐
strtates resulted in an additional surface area of 74.7%–75.0% of the 
tank surface area.
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Shrimp in all the experimental groups were fed with the diet hav‐
ing 40% crude protein level. The feeding started with 7% of body 
weight and was reduced gradually to 5% of body weight at the end of 
the experiment. An equal amount of feed was fed to shrimp in all the 
experimental tanks, twice daily at 10:00 and 18.00 hr for 52 days. 
Rice flour (carbohydrate source) was added externally in biofloc 
treatment groups (F, F + B, and F + N) for converting total ammo‐
nia nitrogen into biofloc. To convert 1 g of total ammonia nitrogen 
(TAN) produced from excretion and uneaten feed, 10  g carbon or 
20 g carbohydrate is required (Avnimelech, 1999). Rice flour (40% 
carbon) was added at the rate of 0.6 g for each 1.0 g of feed. The 
control group (C) received only feed and was neither provided with 
carbohydrate nor substrate. Continuous aeration and agitation were 
provided to each tank by two air stones, each diffusing 3.33 m3 air 
tank−1 min−1. The loss of water due to evaporation and experimental 
analysis was replenished by addition of external water. Apart from 
this, no water exchange was done during the entire experimental 
period.

2.2 | Experimental diet

Experimental diet with 40% crude protein level was prepared. 
The composition of the experimental diet is presented in Table 1. 
Ingredients like wheat flour, fish meal, soybean meal, shrimp meal, 
guar gum, and lecithin were mixed with water to make the dough. 
The dough was steam cooked for 20 min in a pressure cooker at 10 
psi. After cooling, additives like cholesterol, butylated hydroxytolu‐
ene (BHT), oil and the vitamin‐mineral mixture was mixed with the 
test diet. The dough was pressed through a pelletizer with 2 mm die. 
The feed was dried at 60°C till the desired moisture level (<10%) 
reached.

2.3 | Proximate composition of the 
experimental diet

Proximate composition of the experimental diets was determined 
following the standard method of AOAC (1995). Moisture content 
was estimated by oven drying at 105°C to a constant weight. Crude 
protein (N × 6.25) was estimated by the Kjeldahl method after acid 
digestion using an auto Kjeldahl system (Kelplus, DXVA, Pelican 
Equipments, India). Crude lipid was determined by ether extrac‐
tion method using a Soxtec (Socs plus, SCS–6, Pelican Equipments). 
Ash content was estimated by incineration at 600°C for 6  hr in a 
muffle furnace. Crude fiber was estimated by sequential digestion 
with H2SO4 and NaOH using Fibertec (Foss Tecator 2022, Sweden). 
Nitrogen‐free extract (NFE) and gross energy were determined by 
Jantrarotai, Sitasit, and Rajchapakdee (1994) and N.R.C. (1993) for‐
mulae. The carbon content in the feed and rice flour was determined 
by the formula of Hart, Lovis, Schulenberg, and Urquhart (2007).

2.4 | Determination of water quality parameters

The water quality parameters measured at regular intervals (0, 14, 
24, 34 and 50 days) between 09:00 and 10:00 hr. Salinity, pH and 
dissolved oxygen (DO) measured with conductivity probe (CDC401), 
pH probe (PHC281) and luminescent dissolved oxygen (LDO) probe 
respectively, using Hach multi‐parameter kit (HQ30D, Hach, USA). 
The total ammonia nitrogen (TAN) was measured by the phenol‐
hypochlorite method (Solorzano, 1969). The nitrite–N (NO2–N), 
nitrate–N (NO3–N), and phosphate–P were analyzed spectropho‐
tometrically by colorimetry, hydrazine reduction, and ascorbic acid 
method respectively as per the protocols described in APHA (1998).

2.5 | Biofloc quantification

Biofloc was quantified at regular intervals (0, 14, 24, 34 and 50 days) 
by sampling 1,000 ml water in a series of Imhoff cone (Tarson, India). 
The floc accumulated at the bottom of the cone after 20 min was ex‐
pressed as floc volume (ml/L; Avnimelech, 2012). On 28 and 50th day 
of the experiment, a detailed analysis of solid particles was carried out. 
The floc particles in suspension (total suspended solids), settled at the 
tank bottom (total bottom solid) and attached over bamboo mat or 
nylon mesh (total substrate solid) were analyzed. To estimate total sus‐
pended solids, water samples (125 ml) from the treatment tanks were 
collected without agitating the tank water and filtered under vacuum 
through pre‐dried pre‐weighed GF/C filter paper. The filter paper was 

Nitrogen−free extract=100− (crude protein+crude lipid+ash

+crude fibre+moisture)

Gross energy
(

Kcal∕100 g
)

=

(

Protein % × 5.6
)

+

(

Lipid % × 9.44
)

+

(

Crude fibre % × 4.1
)

+

(

NFE% × 4.1
)

Carbon=
(

0.80 × Lipid
)

+

(

0.53 × Protein
)

+

(

0.42 × Carbohydrate
)

+

(

0.42 × Fibre
)

TA B L E  1   Composition of experimental diet on dry matter basis 
(g/kg)

Feed ingredients Experimental diet

Fish meal 400

Shrimp meal 150

Soyabean meal 245.3

Wheat flour 115.2

Soya oil 30

Cod liver oil 10

Lecithin 10

Cholesterol 1

Vitamin and mineral mixa 16

Butylated hydroxytoluene 0.5

Guar gum 20

Vitamic C 1

aComposition of vitamin mineral mix (Supplevite‐M) (quantity/kg): 
Vitamin A, 20,00,000 IU; Vitamin D3, 400,000 IU; Vitamin E, 300 
unit; Vitamin B2, 0.8 g; Vitamin B6, 0.4 g; Vitamin K, 0.4 g; Vitamin 
B12, 2.4 mcg; Calcium Pantothenate, 1 g; Nicotinamide, 4 g; Choline 
Chloride, 60 g; Mn, 10.8 g; Iodine, 4 g; Fe, 3 g; Zn, 6 g; Cu, 0.8 g; Co, 
0.18 g. 
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dried overnight at 105°C. The difference in weight was expressed as 
total suspended solids (mg/L). After carefully removing the substrate, 
water was thoroughly mixed to bring all the bottom settled particles in 
suspension. A 125 ml water sample was processed as described ear‐
lier. Fully agitated water provided the estimation for mixed solid (total 
suspended solids and total bottom solid). The deduction of total sus‐
pended solids from the mixed solid gave the estimation for total bot‐
tom solid. For estimating the total substrate solid, the substrate was 
carefully removed. The attached solid particles over substrate were 
scrapped using a sterile scalpel from 2.0 × 2.0 cm2 area. The scrapped 
samples collected from 5 different locations/substrate were pooled to‐
gether and dried overnight at 105°C in a pre‐dried and pre‐weighed 
container. The difference in final and initial weight was expressed as 
total substrate solid (mg/cm2).

The different types of solids were estimated by the following 
formulae.

2.6 | Growth performance and survival

At the end of the trial, weekly growth performance parameters and 
survival were estimated using the following formulae.

Feed conversion ratio (FCR) = Feed applied/live weight gain
Protein efficiency ratio (PER) = Gain in body mass/protein applied
Specific growth rate (SGR) = (ln final weight − ln initial weight) × 100/

days of experiment
Survival %  =  (Total number of shrimp survived/Total number of 

shrimp stocked) × 100
Weight gain/day = (Final weight – Initial weight)/days of experiment

2.7 | Estimation of biofloc microbial community

Water and substrate scrapped samples were processed for mi‐
crobial analysis as per earlier described methods (Anand et al., 

2013; Kumar et al., 2017). In brief, 200 ml of a water sample from 
treatment tanks was homogenized for 30 s in a blender for disso‐
ciating the bacteria from the flocculated material. Similarly, from 
substrates, the scrapped substrate sample (2 g) after mixing with 
200 ml of normal saline solution (NSS) was homogenized for 1 min. 
The homogenized samples were inoculated on tryptone soya agar 
(1.0% w/v NaCl) for total heterotrophic bacterial count and thio‐
sulfate citrate bile salt sucrose (TCBS) agar for Vibrio spp. Bacillus, 
Lactobacillus and yeast counts were carried out using Bacillus cereus 
agar, Lactobacillus MRS agar and Sabouraud dextrose agar (HiMedia, 
Mumbai, India), respectively. Mat samples were analyzed for mi‐
crobial parameters on 28th and 50th days of the experiment. The 
water samples were analyzed at 14 days interval. Microbial plates 
were incubated in aerobic condition at 28°C except for Lactobacillus 
MRS agar plates which were incubated in microaerophilic condition. 
Colony in the range of 30 to 300 counted and expressed as colony 
forming unit (CFU/mL).

2.8 | Hemolymph collection and hemocyte lysate 
supernatant preparation

After completion of the feeding experiment, 9 inter‐molt shrimps 
from each treatment group (3 from each replicate) were anesthe‐
tized with clove oil (50  μl/L). Hemolymph was collected from the 
ventral sinus of each shrimp using 26 Gauge, 1 ml syringe and mixed 
with cooled anticoagulant (30 mM trisodium citrate, 388 mM sodium 
chloride, 0.12 M glucose, 10 mM EDTA, and pH 7.55). About 300 µl 
hemolymph was collected from each shrimp.

Hemocyte lysate supernatant (HLS) was prepared using methods 
described by Smith and Söderhäll (1991). In brief, hemolymph was 
centrifuged at 300 g for 10 min at 4°C and the pellet was washed with 
1 ml cacodylate‐citrate buffer (0.01 M sodium cacodylate, 0.45 M 
NaCl, 0.1 M trisodium citrate; pH 7.0). After centrifugation the pellet 
was re‐suspended in chilled 1:10 cacodylate (CAC) buffer (0.01 M 
sodium cacodylate, 0.45 M NaCl, 10 mM CaCl2, 26 mM MgCl2; pH 
7.0) and homogenized with a probe sonicator (PCI Analytics, India) at 
20 KHz amplitude. The lysate was centrifuged at 15,000 g for 15 min 
at 4°C and the collected supernatant were stored at 4°C till further 
use.

2.9 | Hemocyte count and immunological  
parameters

Hemolymph mixed with cooled anticoagulant solution was counted 
in improved Neubauer bright‐line chamber under 400  ×  magnifi‐
cations by phase contrast microscope (Carl Zeiss). The cells were 
differentiated into granulocyte and hyaline cells based upon the gran‐
ular content and size of the cells (Sritunyalucksana, Gangnonngiw, 
Archakunakorn, Fegan, & Flegel, 2005). Cells were expressed as total 
hemocyte count/mL, total granulocyte count/mL and total hyaline 
cells count/mL. The prophenoloxidase and superoxide dismutase ac‐
tivity were determined as per our earlier described methods (Kumar 
et al., 2017).

Total suspended solid
(

mg/L
)

=1000

×

Wt of dried filter paper with filtrtae containg

suspended particles in water coulmn

−wt of dried empty filter paper

volume of sample

Total mixed solid
(

mg/L
)

=1000

×

wt of dried filter paper with filtrate containg

both suspended and bottom settled floc particles

−wt of dried empty filter paper

volume of sample

Total bottom solid
(

mg∕L
)

=Total mixed solid−Total suspended solid

Total substrate solid
(

mg∕cm2
)

=
Dried wt of scrapped sample

Total scrapped area

Total solid
(

mg∕L
)

=Total suspended solid+Total bottom solid

+

(

Total substrate solid
(

mg∕cm2
)

∗ surface area of substrate
)

∕volume of water
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2.10 | Statistical analysis

Growth performance, water quality, microbial analysis, immune re‐
sponse parameters were analyzed by two‐way ANOVA using biofloc 
as first factor and different substrates as second factor. To see the 
difference among the treatments, growth performance and immune 
response parameters were further analyzed by one‐way ANOVA. 
The level of significance was made at 95% and 99% level. Before 
all analysis, data was checked for normality by probability plots and 
homogeneity of variances by Levene's test. All analysis was per‐
formed using the statistical software package SAS v.9.2 program 
(SAS Institute, Cary, NC, USA).

3  | RESULTS

3.1 | Nutrient composition of diet and carbon 
supplements

The protein content of the experimental diet was 40.45  ±  0.28 
(Table 2) and lipid content was 5.96 ± 0.45. Rice flour used as carbon 
source for biofloc formation had 8.1% protein and 81% nitrogen‐free 
extract.

3.2 | Water quality parameters

Average water quality parameters (mean ± SE) of biofloc and sub‐
strate added groups during experimental period are presented in 
Table 3. Though carbohydrate addition does not significantly re‐
duced inorganic nitrogenous compounds such as TAN, NO2‐N, 
NO3‐N, comparatively lower level was recorded among floc based 
groups. However, substrate addition has resulted significant reduc‐
tion (p < 0.05) in TAN among the treatment. The level of total am‐
monia nitrogen (TAN) over the time period indicated reduction in 
TAN level on 14th and 24th day of sampling in carbohydrate supple‐
mented floc groups (F, F + B, F + N) compared to control (Figure 1a). 

Though comparatively lower, substrate based groups such as bam‐
boo mat (B) and nylon mesh (N) recorded lower TAN level during 
initial samplings. The nitrite‐N and nitrate‐N level started increasing 
from the 14th day with steepest rise observed on 24th‐day sampling 
in all the treatment groups. The rise in nitrite‐N and nitrate‐N levels 
was concurrently associated with a reduction in TAN level on the 
24th day.

The dissolved oxygen level in all the treatments were in the safe 
limit, 6.1 to 7.2 ppm, and was influenced by carbohydrate addition as 
treatments with floc (F, F + B and F + N) recorded lower DO levels 
throughout the experiment compared to control (C; without floc and 
substrate; Figure 1d).

3.3 | Floc quantification

The level of floc volume (FV) was higher throughout the experimen‐
tal periods in floc based groups (F, F + B, and F + N) compared to 
without carbohydrate supplemented groups (C, B, and N; Figure 1e). 
Among floc based treatments, the highest level of FV was observed 
on the 50th day, in treatment F (8.7 ml/L), followed by bamboo inte‐
grated floc system, F + B (8.2 ml/L) and nylon integrated floc system, 
F + N (6.8 ml/L). Among the groups without carbohydrate supple‐
ments (C, B, and N), the FV level ranged between 0 and 3.5 ml/L, 
with the lowest level recorded in nylon mesh (N) group.

The generated flocculated particles in experimental tanks were 
categorized as total suspended solid (TSS), total bottom solid (TBS) 
and total substrate solid (TSbS; Table 4). The addition of substrate 
had significantly reduced (p < 0.01) the TSS and TBS. Similar to floc 
volume, the level of total suspended solid was significantly higher in 
floc based groups, F and F + B compared to without carbon added 
groups (C, B, and N). Incorporation of submerged substrates in 
biofloc system (F + B and F + N) resulted significantly lower level 
(p < 0.05) of TBS, and TSS compared to only floc based treatment 
(F). Overall, the integration of substrate in biofloc system, F + B and 
F  +  N groups reduced 49.43% and 37.79% deposition of bottom 
solid, respectively. Similarly, there was 30.43% and 34.32% reduc‐
tion in TSS level due to incorporation of submerged substrates; bam‐
boo mat (F + B) and nylon mesh (F + N) compared with floc based 
treatment, F. Among the substrate, biofilm development was faster 
in bamboo mat compared with nylon mesh.

Taking the entire solid into consideration, incorporation of nylon 
mesh in biofloc, F  +  N retained approximately one third of solid 
over surface (31.3%–38.6%), 9.4%–35.7% in suspension and 33.1%–
52.0% at bottom while the floc group (F) recorded 21.5%–30.4% 
in suspension and rest at the tank bottom (Figure 2). Compared to 
F + N, the bamboo integrated biofloc system (F + B) retained com‐
paratively less over bamboo mat (8.5%–13.5%).

3.4 | Microbial count

The microbial count developed in water coulmn and over the sub‐
strate is presented in Tables 5 and 6, respectively. Among the meas‐
ured water microbial population, the Bacillus count was influenced 

TA B L E  2   Proximate composition of experimental diet and 
carbon supplement (mean ± SD)

Nutrients Feed Rice flour

Crude protein 40.45 ± 0.28 8.14 ± 0.00

Crude lipid 5.96 ± 0.45 0.80 ± 0.03

Crude fibre 12.35 ± 0.10 1.54 ± 0.11

Total ash 15.21 ± 0.13 0.99 ± 0.00

Acid insoluble ash 3.05 ± 0.04 0.27 ± 0.02

Moisture 6.45 ± 0.14 7.46 ± 0.05

Nitrogen free extracta 19.58 ± 1.10 81.07 ± 0.18

Gross energy 
(KCal/100 g)b

413.70 ± 1.74 391.81 ± 0.07

aNitrogen free extract = 100 − (Crude protein + Crude fat + Crude 
fibre + Ash +Moisture). 
bGross energy = (Crude protein × 5.6) + (Crude fat × 9.44) + (Crude 
fibre × 4.1) + (NFE × 4.1) Kcal/100 g (NRC, 1993). 
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(p  <  0.05) by carbohydrate supplementation with higher level re‐
corded in biofloc based treatments. In comparison, yeast count 
showed significant difference (p < 0.05) among the treatments with 
higher level recorded in bamboo mat (B) and floc integrated bamboo 
mat (F + B).

Microbial counts over substrate revealed that Bacillus (p < 0.05), 
Lactobacillus (p < 0.01) and yeast (p < 0.01) populations showed sig‐
nificant difference among the treatments with the highest level re‐
corded in F + B group. Similarly, floc integrated with nylon (F + N) 
recorded a comparatively higher level of total bacterial count, Bacillus 
and Lactobacillus counts compared to without biofloc substrate 
treatments (B and N). Among different microbes, the most predom‐
inant bacterial species over mat surface was Bacillus (10.3%–13.6%).

3.5 | Growth performance

Growth performance parameters of P. monodon are presented in 
Table 7. The results indicated that provision of substrate in biofloc 
positively influenced (p  <  0.01) the final body weight and weight 
gain/day. The highest final body weight, 7.99 ± 0.30 g was noticed 
in floc integrated bamboo mat system (F + B) followed by floc inte‐
grated nylon (F  +  N; 7.51  ±  0.12  g) which was significantly higher 
(p  <  0.01) compared with control, C (5.67  ±  0.24  g). Similarly, sig‐
nificantly higher weight gain was observed in bamboo mat (B; 
6.92 ± 0.26 g) and floc, F (7.03 ± 0.34 g) compared with control. The 
body weight gain day−1 was almost 100% higher in F + B (89.88 mg/
day) compared with control, C (45.16 mg/day).

Factorial ANOVA indicated a significant interaction between 
substrate and floc on feed conversion ratio (FCR). Substrate inte‐
grated biofloc systems (F + B and F + N) had significantly lower FCR, 

and higher protein efficiency ratio (PER) compared to other treat‐
ments. However, no significant difference in FCR and PER were re‐
corded among F or B or N treatments, and were significantly better 
(p < 0.05) than control. Provision of substrate and floc significantly 
influenced (p < 0.01) the survival of shrimp juveniles. At the end of 
the experiment, substrate integrated biofloc groups (F + B and F + N), 
and bamboo alone (B) recorded the highest level of survival (93.9%) 
compared to nylon alone (81.8), Floc (78.8) and control (63.6%).

3.6 | Immunological parameters

Integration of substrates in floc system resulted better cellular im‐
mune responses through significantly higher level of total hemocyte 
(p < 0.01), granulocyte (p < 0.01) and hyaline cell (p < 0.01) counts 
compared to those without substrate based treatments (Figure 3a–
c). Among the treatments, floc with the bamboo substrate (F + B) 
recorded the highest total hemocyte count (63.2 ± 1.3 × 106 cells/
ml) which differed significantly from floc, F (35.0 ± 3.1 × 106 cells/ml) 
and control (20.8 ± 2.2 × 106 cells/ml). Among the substrate based 
treatments, bamboo group (B) recorded higher hemocyte (p < 0.05), 
granulocyte (p > 0.05) and hyaline cell (p < 0.05) counts compared 
with control. Though insignificant (p > 0.05), the level of hemocyte, 
granulocyte and hyaline cell counts in bamboo substrate group (B) 
were higher compared to floc (F) and floc integrated nylon (F + N) 
groups.

Immunological parameters such as prophenoloxidase (proPO) 
activity and anti‐oxidative enzyme superoxide dismutase (SOD) 
activity was measured in hemocyte lysate supernatant (HLS) and 
is presented in Figure 3d,e. Substrate provision significantly in‐
creased the proPO activity (p < 0.01) and SOD (p < 0.05) compared 

TA B L E  3   Effects of substrate and biofloc on water quality parameters (mean ± SE) in Penaeus monodon experiment based on two‐way 
ANOVA

Parameters

Without Floc Floc Interaction effects

C B N F F + B F + N F S F × S

Temperature (°C) 30.83 ± 0.04 30.85 ± 0.07 30.81 ± 0.07 30.94 ± 0.07 30.93 ± 0.07 30.96 ± 0.10 NS * NS

Salinity (ppt) 13.76 ± 0.22 13.77 ± 0.21 13.77 ± 0.21 13.69 ± 0.20 13.76 ± 0.19 13.73 ± 0.20 NS NS NS

pH 7.57 ± 0.13 7.68 ± 0.09 7.78 ± 0.04 7.68 ± 0.09 7.82 ± 0.04 7.77 ± 0.03 NS NS NS

Dissolved oxygen 
(ppm)

6.91 ± 0.05 6.72 ± 0.08 6.69 ± 0.08 6.68 ± 0.06 6.62 ± 0.07 6.64 ± 0.07 NS * NS

Alkalinity (mg 
CaCo3)

103.56 ± 4.96 112.89 ± 1.60 105.33 ± 3.53 96.89 ± 6.07 101.78 ± 2.99 106.22 ± 2.91 NS NS NS

Total Ammonia 
Nitrogen(TAN) 
(mg/L)

0.69 ± 0.15 0.60 ± 0.11 0.61 ± 0.11 0.40 ± 0.06 0.52 ± 0.08 0.39 ± 0.05 NS * NS

Nitrite‐N (mg/L) 0.64 ± 0.07 0.71 ± 0.06 0.69 ± 0.04 0.63 ± 0.09 0.69 ± 0.07 0.69 ± 0.07 NS NS NS

Nitrate‐N (mg/L) 2.88 ± 0.42 3.06 ± 0.42 2.82 ± 0.36 2.92 ± 0.55 3.06 ± 0.50 2.88 ± 0.44 NS NS NS

Phosphate‐P 
(mg/L)

0.57 ± 0.10 0.63 ± 0.12 0.63 ± 0.13 0.59 ± 0.11 0.60 ± 0.11 0.68 ± 0.13 NS NS NS

Note: The level of significance is indicated by *<0.05; NS, not significant. The treatment groups are control (C), floc (F), bamboo mat (B), nylon mesh 
(N), floc with bamboo mat (F + B) and floc with nylon mesh (F + N).
Abbreviations: F: Floc; F × S = Floc × Substrate; S: Substrate.
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F I G U R E  1   Water quality parameters 
(a) Total ammonia‐N (b) Nitrite‐N (c) 
Nitrate‐N (d) Dissolved oxygen (e) Floc 
volume measured over the time period 
(mean ± SE) in experimental groups with 
biofloc and substrate combination, floc (F), 
bamboo mat (B), nylon mesh (N), floc with 
bamboo mat (F + B) and floc with nylon 
mesh (F + N) and control (C)
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to without substrate based treatments. The higher proPO activity 
was observed in bamboo mat based treatments (F + B and B) which 
differed significantly (p < 0.01) from control (C) and floc (F) based 

treatment groups. Similarly, the highest level (p < 0.05) of anti‐oxi‐
dative enzyme SOD was observed in F + B group. Nylon based sub‐
strate groups (N and F + N) showed comparatively higher level of 

TA B L E  4   Effects of substrate and biofloc on floc volume and solid particles parameters (mean ± SE) in Penaeus monodon experiment 
based on two‐way ANOVA

Parameters

Without Floc Floc Interaction effects

C B N F F + B F + N F S F × S

Floc volume 
(ml/L)

2.6 ± 0.2 2.3 ± 0.2 2.2 ± 0.1 6.0 ± 0.5 5.3 ± 0.6 4.4 ± 0.5 * ** NS

Total sus‐
pended solid 
(mg/L)

244.6 ± 13.1 245.3 ± 13.5 246.6 ± 24.7 603.7 ± 23.1 420.4 ± 43.6 396.5 ± 39.3 NS ** NS

Total bottom 
solid (mg/L)

162.7 ± 22.4 163.8 ± 4.6 178.2 ± 25.3 446.7 ± 23.8 225.9 ± 78.3 277.9 ± 58.6 * ** NS

Total sub‐
strate solid 
(mg/cm2)

– 0.9 ± 0.1 3.9 ± 0.2 – 1.9 ± 0.1 8.4 ± 1.4 ** ** NS

Total solid 
(mg/L)

244.6 ± 13.1 269.3 ± 11.1 347.8 ± 23.4 603.7 ± 23.1 470.2 ± 44.0 618.1 ± 74.2 * ** NS

Note: The level of significance is indicated by *<0.05; **<0.01; NS, not significant. The treatment groups are control (C), floc (F), bamboo mat (B), nylon 
mesh (N), floc with bamboo mat (F + B) and floc with nylon mesh (F + N).
Abbreviatons: F: Floc; F × S = Floc × Substrate; S: Substrate.

F I G U R E  2    Percentage contribution by 
different types of solid (total suspended 
solid, total bottom solid and total 
substrate solid) recorded during 28 and 
50th day of experiment with biofloc and 
substrate combination. The treatments 
were control (C), floc (F), bamboo mat (B), 
nylon mesh (N), floc with bamboo mat 
(F + B) and floc with nylon mesh (F + N).
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TA B L E  5   Water microbial load (mean ± SE) in treatments with biofloc and substrates combination in Penaeus monodon experiment based 
on two‐way ANOVA

Parameters

Without Floc Floc Interaction effects

C B N F F + B F + N F S F × S

Total bacteria 
(×105 CFU/mL)

6.0 ± 1.9 12.8 ± 4.2 7.0 ± 1.9 13.3 ± 4.6 14.2 ± 2.0 9.7 ± 2.4 NS NS NS

Total Vibrio (×105 CFU/
mL)

0.7 ± 0.4 1.7 ± 1.0 1.0 ± 0.6 0.7 ± 0.3 1.0 ± 0.4 1.8 ± 0.9 NS NS NS

Bacillus (×105 CFU/mL) 3.8 ± 0.8 2.9 ± 0.3 4.6 ± 1.1 5.8 ± 1.7 6.8 ± 1.5 4.3 ± 0.7 * NS NS

Lactobacillus (×102 CFU/
mL)

37.8 ± 15.2 35.8 ± 9.5 18.3 ± 3.8 44.2 ± 10.2 52.5 ± 14.0 72.5 ± 30.1 NS NS NS

Yeast (×103 CFU/mL) 7.5 ± 2.5 50.0 ± 15.0 62.5 ± 12.5 30.0 ± 5.0 77.5 ± 12.5 60.0 ± 15.0 NS * NS

Note: The level of significance is indicated by *<0.05; NS, not significant. The treatment groups are control (C), floc (F), bamboo mat (B), nylon mesh 
(N), floc with bamboo mat (F + B) and floc with nylon mesh (F + N).
Abbreviations: F: Floc; F × S = Floc × Substrate; S: Substrate.
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SOD activity compared to both control and floc groups though the 
effect was not significant.

4  | DISCUSSION

The control of excess suspended solids is a major challenge in bio‐
floc system (Gaona et al., 2017; Ray et al., 2010). The biofloc par‐
ticles vary in size from few microns to more than 1 mm with larger 
particles tend to settle at the bottom even with heavy aeration (De 
Schryver et al., 2008). The overload of suspended biofloc particles 
can cause several adverse effects such as deterioration of water 
quality, growth retardation and clogging of shrimp respiratory sys‐
tems (Gaona et al., 2017; Ray et al., 2010). The basic aim of the 
present experiment was to control the excess suspended parti‐
cles generated in the biofloc system by using various substrate. 
Integration of submerged substrates like nylon mesh and bamboo 
mat trapped 31.3%–38.6% and 8.5%–13.5% biofloc particles, re‐
spectively. A higher level of suspended biofloc deposition in nylon 
can be attributed to the fine meshes in nylon which provided a 
better trapping material compared to the bamboo mat. This was 

further evident as it recorded a lower level of floc particles depo‐
sition at tank bottom (33.1%–52.0%) compared to biofloc with‐
out substrate (69.6%–78.5%). Several authors have reported that 
managing the total suspended solids is crucial for shrimp growth 
and system stability (Ebeling, Timmons, & Bisogni, 2006; Gaona 
et al., 2017; Ray et al., 2010; De Schryver et al., 2008). Though, 
removal of excess suspended solids in biofloc system is primarily 
achieved through central drainage system (Avnimelech, 2012), it 
demands modification of pond structure, energy for pumping out 
excess solid, and loss of underutilized nutrient rich biofloc coming 
by periodic addition of carbohydrate. Our earlier studies revealed 
that the nature of carbohydrate influences the quantum of biofloc 
production (Kumar et al., 2017). A carbon source with a complex 
polysaccharide such as rice flour produces a slow generation of 
biofloc compared to molasses having sucrose, a disaccharide. This 
indicate an appropriate carbon source and substrate integrated bi‐
ofloc system could control suspended floc particles and its deposi‐
tion at the pond bottom.

At high C:N ratio, heterotrophic bacteria utilize ammonium ion 
for production of microbial protein. This helps to reduce toxic total 
ammonia nitrogen (TAN) level in biofloc system (Avnimelech, 1999). 

TA B L E  6   Microbial counts (mean ± SE) developed over substrate in treatments with biofloc and substrates combination in Penaeus 
monodon experiment based on two‐way ANOVA

Parameters

Without floc Floc Interaction effects

B N F + B F + N F S F × S

Total bacteria (×107 CFU/mL) 11.3 ± 4.3 13.8 ± 3.5 23.8 ± 3.8 15.7 ± 5.4 NS NS NS

Total Vibrio (×106 CFU/mL) 2.8 ± 0.8 4.8 ± 0.7 4.7 ± 1.5 4.2 ± 0.8 NS NS NS

Bacillus (×107 CFU/mL) 0.9 ± 0.1 1.7 ± 0.3 2.6 ± 0.5 2.4 ± 0.6 ** NS NS

Lactobacillus (×104 CFU/mL) 1.2 ± 0.2 0.8 ± 0.2 3.2 ± 0.4 2.5 ± 0.6 ** NS NS

Yeast (×105 CFU/mL) 3.2 ± 0.2 1.6 ± 0.1 6.5 ± 1.0 2.0 ± 0.3 ** ** *

Note: The level of significance is indicated by *<0.05; **<0.01; NS, not significant. The treatment groups are control (C), floc (F), bamboo mat (B), nylon 
mesh (N), floc with bamboo mat (F + B) and floc with nylon mesh (F + N).
Abbreviations: F: Floc; F × S = Floc × Substrate; S:Substrate.

TA B L E  7   Growth performance (mean ± SE) of Penaeus monodon with biofloc and different substrates combination based on two‐way 
ANOVA

Parameters

Without Floc Floc
Interaction 
effects

C B N F F + B F + N S F S × F

Final Wt 5.67 ± 0.24c 6.92 ± 0.26ab 6.80 ± 0.27bc 7.03 ± 0.34ab 7.99 ± 0.30a 7.51 ± 0.12ab ** ** NS

FCR 4.26 ± 0.19a 2.36 ± 0.08bcd 2.78 ± 0.17bc 2.78 ± 0.14b 2.04 ± 0.03d 2.18 ± 0.09cd ** ** **

PER 0.59 ± 0.02c 1.06 ± 0.03ab 0.91 ± 0.06b 0.90 ± 0.05b 1.22 ± 0.02a 1.15 ± 0.05a ** ** NS

SGR 0.95 ± 0.08b 1.31 ± 0.04a 1.28 ± 0.07a 1.34 ± 0.09a 1.57 ± 0.06a 1.46 ± 0.03a ** ** NS

Wt gain/day (mg) 45.16 ± 4.56c 69.29 ± 3.14ab 66.95 ± 5.14bc 71.34 ± 6.46ab 89.88 ± 5.33a 80.64 ± 2.27ab ** ** NS

Survival % 63.64 ± 0.00b 93.94 ± 3.03a 81.82 ± 5.25a 78.79 ± 3.03ab 93.94 ± 3.03a 93.94 ± 3.03a ** ** NS

Note: The treatment groups are control (C), floc (F), bamboo mat (B), nylon mesh (N), floc with bamboo mat (F + B) and floc with nylon mesh (F + N). F: 
Floc; F × S = Floc × Substrate; S: Substrate.
Means in the same row having different superscript differ significantly. The level of significance is indicated by **<0.01; NS, not significant.
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In the present study, a lower level of TAN was recorded in floc based 
groups (F, F + B, and F  + N) compared to control, C (without bio‐
floc and substrate) upto initial 24th day of experiment which is in 
conformity with the earlier reports (Hari et al., 2004; Kumar et al., 
2014). However, during the later period, the TAN level did not dif‐
fer significantly between control and floc group. There are three 
principal pathways to remove toxic nitrogen metabolites in aqua‐
culture (a) photoautotrophic removal by algae (b) Immobilization by 
heterotrophic bacteria into microbial protein (c) chemoautotrophic 
oxidation to nitrate by nitrifying bacteria (Ebeling et al., 2006). In 
the present experiment, removal of nitrogen metabolites by hetero‐
trophic microbes through biofloc and autotrophic algal community 
via submerged substrate was encouraged. However, increasing ni‐
trite‐N and nitrate‐N level from 14th day onwards with a peak on 
the 24th day, and concurrent reduction in the TAN level in all the 
treatment groups might be due to the dominance of nitrifying bac‐
terial population. Earlier, Burford, Thompson, McIntosh, Bauman, 
and Pearson (2004) reported that during the later culture period ni‐
trifying bacteria sets‐in and take upper hand in the control of TAN 
level. Recently, Deng et al. (2018) reported a higher level of ammo‐
nia‐oxidizing bacteria (AOB) in biofloc groups using a metagenomics 
approach with specifically designed primers for AOB. Hence, to have 
a better understanding of nitrogen removal in biofloc, periphyton, 
and integrated system, a holistic approach to delineate the role of 
photoautotrophs, chemoautotrophs and heterotrophs is worth for 
investigation.

In comparison to control, the biofloc group (F) recorded better 
growth performance parameters in terms of body weight, FCR, PER 
and weight gain/day. In biofloc system, apart from commercial feed, 
growth is contributed by endogenously produced microbial biofloc 
(Anand et al., 2014; Azim & Little, 2008; Kumar et al., 2017). On an 
exclusive biofloc diet, Avnimelech and Kochba (2009) reported that 
tilapia consumed 25% of daily protein uptake from biofloc. The sim‐
ilar work conducted in shrimp reported 18%–29% of daily nitrogen 
retention was contributed by consumption of biofloc (Burford et al., 
2004). There are several reports suggesting the positive influence 
of substrate‐based system on growth and survival of shrimp (Anand 
et al., 2013; Kumar et al., 2015; Schveitzer et al., 2013). In the pres‐
ent study, bamboo (B) and nylon (N) substrate based treatments re‐
corded better weight gain, survival and reduced FCR compared with 
control. It can be attributed to the fact that periphyton, a complex of 
microbial community, develops over the submerged substrate forms 
a quality natural food for the cultured shrimp (Anand et al., 2013; 

F I G U R E  3    Immunological parameters (mean ± standard 
mean) measured at the end of experiment with biofloc and 
substrate combination. The effect of substrate (S) floc (F) and their 
interaction (S × F) have been presented in the form of significance. 
* = p < 0.05, ** = <p < 0.01. * indicate that the treatment is 
significantly different from control (C) while † indicate significant 
difference from both control and floc (F) group. The treatment 
groups are control (C), floc (F), bamboo mat (B), nylon mesh (N), floc 
with bamboo mat (F + B) and floc with nylon mesh (F + N).

C B N F F+B F+N
0

20

40

60

80 Two-way ANOVA
F =*

S =**
F x S = NS*

H
em

oc
yt

e 
co

un
t (

×
 1

06
) †

*

(a)

C B N F F+B F+N
0

5

10

15

20 Two-way ANOVA
F = NS

S =**
F x S = NS*

G
ra

nu
lo

cy
te

 c
ou

nt
 (×

 1
06

)

(b)

C B N F F+B F+N
0

20

40

60 Two-way ANOVA
F = *

S = **
F x S = NS*

H
yl

in
e 

ce
ll 

co
un

t (
×

 1
06

) †

*

(c)

C B N F F+B F+N

0.06

0.07

0.08

0.09

0.10 Two-way ANOVA
F = NS
S = **

F x S = NS
*

pr
oP

O
 a

ct
iv

ity
 (O

D
 4

92
 n

m
)

† †

*

(d)

C B N F F+B F+N
0.0

0.1

0.2

0.3

0.4

0.5 Two-way ANOVA
F = NS

S = *
F x S = NS

*

SO
D

 (U
 m

l–1
)

(e)



     |  11KUMAR et al.

Arnold et al., 2009; Audelo‐Naranjo et al., 2017). Further, the growth 
performance was better in bamboo mat (B) compared to nylon mesh 
(N). It seems that bamboo mat primarily served as a substrate for 
growth of microbes in the form of a biofilm, whereas nylon mesh 
trapped suspended particles (Khatoon et al., 2007). It has been re‐
ported that nutrient leaching occurs when a biodegradable natural 
substrate such as bamboo are submerged in the water column which 
promotes faster biofilm formation compared to artificial substrate 
nylon (Azim et al., 2005). This probably allowed higher grazing ten‐
dency for shrimp towards bamboo mat biofilm, and resulted in de‐
creased total substrate solid (biofilm dry matter) as culture duration 
increases.

Among the treatment, integration of substrate in biofloc system 
(F + B and F + N) recorded better growth performance compared to 
other treatments. Provision of substrate helped the attachment of 
biofloc particles (Simon, Grossart, Schweitzer, & Ploug, 2002) which 
results in better grazing at two‐dimensional solid supports compared 
to suspended particles in three‐dimensional water columns (Anand 
et al., 2013). It has been reported that maintenance of optimum level 
of total suspended solids is needed for better stability of the culture 
system (Ebeling et al., 2006; Ray et al., 2010; Schryver et al., 2008). 
Ray et al. (2010) controlled the level of suspended solids particles 
using external settling tank and reported 41% improved growth 
performance in P. vannamei. Hence, a marked reduction in total sus‐
pended solids and bottom solids and rise in substrate solid in sub‐
strate integrated biofloc groups (F + B and F + N) could have helped 
in improving the growth and survival of shrimps. Interestingly, the 
growth performance, in the present experiment, was better in the 
bamboo‐based group (F + B) compared to nylon (F + N). Nature of 
substrate affects the trophic chain of the system. It seems, bam‐
boo provide a better surface structure for attachment of periphytic 
species or may leach nutrients beneficial for the periphyton growth 
(Keshavanath et al., 2001). Further, incorporating rice flour as car‐
bohydrate source increased the protein content in the biofloc based 
system. This, in turn, promoted the growth of bacteria and yeasts 
over the natural bamboo substrate resulting better growth and sur‐
vival of shrimp in F + B group. Nevertheless quantitatively the total 
substrate solid or biomass developed in the form of periphyton did 
not differ significantly between bamboo substrate integrated biofloc 
(F + B) and Bamboo mat (B) group; the carbohydrate supplementa‐
tion improved the quantity and diversity of the microbial community 
like total microbial count, Bacillus and Lactobacillus and yeast counts 
over the bamboo mat in F + B group. Higher secretion of digestive 
enzymes by many of the probiotic bacteria and yeast might have at‐
tributed to the growth performance, survival, and immune indicators 
in these groups (De, Ananda, Ghoshal, Mukherjee, & Vijayan, 2018; 
Farzanfar, 2006; Rengpipat et al., 2000; Zheng & Wang, 2017; Ziaei‐
Nejad et al., 2006). Further, the provision of the substrate increased 
the surface area of the tank by 75.0% which in turn effectively re‐
duced the relative stocking density which appears to reduce the 
stress level in shrimp (Schveitzer et al., 2013) and improved shrimp 
survival rate. The provision of substrates in culture systems act as 
refuge and protect shrimp during molting, and from cannibalism 

leads to better survival (Anand et al., 2013; Audelo‐Naranjo et al., 
2017; Bratvold & Browdy, 2001).

There are several reports in recent years suggesting that bioflocs 
are able to induce immune response in shrimp (Anand et al. 2017; 
Crab et al., 2012; Ekasari et al., 2014; Kim et al., 2014; Kumar et 
al., 2017; Xu & Pan, 2013). In the present study, provision of sub‐
strate improved the shrimp immune response with the highest re‐
sponse observed in substrate integrated biofloc system, F + B due 
to the synergistic influence of substrate and biofloc compared to 
other treatments. The circulating hemocytes in shrimp perform 
several defense related functions such as phagocytosis, encapsula‐
tion, and storage and release of prophenoloxidase system (Bachère, 
2000; Rodrıguez & Le Moullac, 2000). The phenol oxidase enzyme 
causes inactivation of foreign cells through melanization and pre‐
vent their spread throughout the body (Amparyup, Charoensapsri, 
& Tassanakajon, 2013). It has been reported that bacterial cell wall 
components such as lipopolysaccharide (LPS), β‐1, 3 glucans and mi‐
croalgal products enhance total hemocyte count and proPO activity 
in shrimp (Campa‐Córdova, Hernández‐Saavedra, De Philippis, & 
Ascencio, 2002; De et al., 2018; Ringo, Jose, Vecino, Wadsworth, & 
Song, 2012). As both periphyton and biofloc are primarily a microbial 
consortium developed in the form of biofilm over the bamboo mat, 
the best immune response in bamboo mat integrated biofloc (F + B) 
system is evident. This is supported by the highest level of microbial 
community recorded in F + B group over bamboo substrate. Further, 
biofloc is also known to contain many bioactive compounds such as 
carotenoids, chlorophylls, phytosterols, bromophenols, amino sug‐
ars which could exert an immuno‐stimulatory effect on shrimp (Ju et 
al., 2008). Being a halophilic organism, Vibrio is the major microbial 
constituent in the brackishwater system. Higher microbial load no‐
ticed over submerged substrates indicates biofilm forming microbes 
which secrete extracellular polymeric substances (Abdallah, Chaieb, 
Zmantar, Kallel, & Bakhrouf, 2009; Sharma et al., 2010) which in 
turn results in strong immune enhancing ability in shrimp P. mono-
don (Sharma et al., 2010). Therefore, it could be concluded that a 
higher level of beneficial microbes over the bamboo substratum en‐
hanced the immune system of shrimps. Interestingly, in the present 
study, though floc group (F) recorded improved immune response, 
the influence was lesser compared to bamboo mat (B). It suggests 
that solid three‐dimensional supports helped the grazing of shrimp 
over quality biofilm, helping bamboo mat group (B) to outperform 
biofloc group (F).

5  | CONCLUSION

The present study reveals that integration of biofloc with the sub‐
strate is promising and a sustainable form of shrimp aquaculture. 
Nylon mesh trapped a substantial amount of floc particles and re‐
duced floc deposition at the bottom while formation of biofilm de‐
velopment was better in bamboo mat. Provision of the submerged 
substrate in biofloc system trap the floc particles and allow to attach 
over two dimensional solid surfaces which can easily be consumed 
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by the shrimp and control higher level of suspended particle in floc 
system. This was reflected by improved growth performance and 
immune parameters.

ACKNOWLEDG EMENT

The authors are grateful to the Director, Central Institute of 
Brackishwater Aquaculture, Chennai for providing the required fa‐
cilities to conduct this study. Support and help received from the 
laboratory staffs from Kakdwip Research Centre of CIBA, is duly 
acknowledged.

CONFLIC T OF INTERE S T

The authors have no conflict of interest to declare.

DATA ACCE SSIBILIT Y

The primary data will be made available as and when required by 
contacting the corresponding author.

ORCID

Sujeet Kumar   https://orcid.org/0000-0003-0653-2967 

Panantharayil Sudhayam Shyne Anand   https://orcid.
org/0000-0002-2638-479X 

R E FE R E N C E S

Abdallah, F. B., Chaieb, K., Zmantar, T., Kallel, H., & Bakhrouf, A. (2009). 
Adherence assays and slime production of Vibrio alginolyticus and 
Vibrio parahaemolyticus. Brazilian Journal of Microbiology, 40(2), 394–
398. https​://doi.org/10.1590/S1517-83822​00900​0200033

Abreu, P. C., Ballester, E. L., Odebrecht, C., Wasielesky, W. Jr, Cavalli, 
R. O., Granéli, W., & Anesio, A. M. (2007). Importance of biofilm 
as food source for shrimp (Farfantepenaeus paulensis) evaluated by 
stable isotopes (δ13C and δ15N). Journal of Experimental Marine 
Biology and Ecology, 347(1–2), 88–96. https​://doi.org/10.1016/j.
jembe.2007.03.012

Amparyup, P., Charoensapsri, W., & Tassanakajon, A. (2013). 
Prophenoloxidase system and its role in shrimp immune responses 
against major pathogens. Fish and Shellfish Immunology, 34(4), 990–
1001. https​://doi.org/10.1016/j.fsi.2012.08.019

Anand, P. S. S., Kohli, M. P. S., Kumar, S., Sundaray, J. K., Dam Roy, S., 
Venkateshwarlu, G., … Pailan, G. H. (2014). Effect of dietary supple‐
mentation of biofloc on growth performance and digestive enzyme 
activities in Penaeus monodon. Aquaculture, 418, 108–115. https​://
doi.org/10.1016/j.aquac​ulture.2013.09.051

Anand, P. S. S., Kohli, M. P., Roy, S. D., Sundaray, J. K., Kumar, S., Sinha, A., 
… Sukham, M. K. (2015). Effect of dietary supplementation of periph‐
yton on growth, immune response and metabolic enzyme activities 
in Penaeus monodon. Aquaculture Research, 46(9), 2277–2288.

Anand, P. S. S., Kumar, S., Kohli, M. P. S., Sundaray, J. K., Sinha, A., Pailan, 
G. H., & Dam Roy, S. (2017). Dietary biofloc supplementation in black 
tiger shrimp, Penaeus monodon: effects on immunity, antioxidant and 
metabolic enzyme activities. Aquaculture research, 48, 4512–4523.

Anand, P. S. S., Kumar, S., Panigrahi, A., Ghoshal, T. K., Dayal, J. S., Biswas, 
G., … Ravichandran, P. (2013). Effects of C: N ratio and substrate in‐
tegration on periphyton biomass, microbial dynamics and growth of 
Penaeus monodon juveniles. Aquaculture International, 21, 511–524. 
https​://doi.org/10.1007/s10499-012-9585-6

AOAC (Association of Official Analytical Chemists), (1995). Official 
Methods of Analysis. Arlington, VA: Association of Official Analytical 
Chemists.

APHA (1998). Standard methods for the examination of water and waste‐
water. In L. S. Clesceri, A. E. Greenberg, & A. D. Eaton (Eds.), American 
Public Health Association, American Water Works Association and 
Water Environment Federation. Washington DC: United Book Press.

Arantes, R., Schveitzer, R., Magnotti, C., Lapa, K. R., & Vinatea, L. (2017). 
A comparison between water exchange and settling tank as a method 
for suspended solids management in intensive biofloc technology 
systems: Effects on shrimp (Litopenaeus vannamei) performance, 
water quality and water use. Aquaculture Research, 48, 1478–1490. 
https​://doi.org/10.1111/are.12984​

Arnold, S. J., Coman, F. E., Jackson, C. J., & Groves, S. A. (2009). High‐
intensity, zero water‐exchange production of juvenile tiger shrimp, 
Penaeus monodon: An evaluation of artificial substrates and stocking 
density. Aquaculture, 293(1), 42–48. https​://doi.org/10.1016/j.aquac​
ulture.2009.03.049

Audelo‐Naranjo, J. M., Martínez‐Córdova, L. R., Gómez‐Jiménez, S., & 
Voltolina, D. (2017). Intensive culture of Litopenaeus vannamei with‐
out water exchange and with an artificial substrate. Hidrobiológica, 
22(1), 1–7.

Avnimelech, Y. (1999). Carbon/nitrogen ratio as a control element 
in aquaculture systems. Aquaculture, 176, 227–235. https​://doi.
org/10.1016/S0044-8486(99)00085-X

Avnimelech, Y. (2012). Biofloc technology–A practical guide book (2nd ed., 
p. 272). Baton Rouge, LA: The World Aquaculture Society.

Avnimelech, Y., & Kochba, M. (2009). Evaluation of nitrogen uptake and 
excretion by tilapia in bio floc tanks, using 15 N tracing. Aquaculture, 
287(1), 163–168.

Azim, M. E., & Little, D. C. (2008). The biofloc technology (BFT) in indoor 
tanks: Water quality, biofloc composition, and growth and welfare 
of Nile tilapia (Oreochromis niloticus). Aquaculture, 283(1–4), 29–35. 
https​://doi.org/10.1016/j.aquac​ulture.2008.06.036

Azim, M. E., Verdegem, M. C., van Dam, A., & Beveridge, M. C. (2005). In 
M. E. Azim, & D. a. A. Van (Eds.), Periphyton: Ecology, exploitation and 
management. Scotland, UK: CABI publication.

Bachère, E. (2000). Shrimp immunity and disease control. Aquaculture, 
191, 3–11. https​://doi.org/10.1016/S0044-8486(00)00413-0

Ballester, E. L. C., Wasielesky, W., Cavalli, R. O., & Abreu, P. C. (2007). 
Nursery of the pink shrimp Farfantepenaeus paulensis in cages with 
artificial substrates: Biofilm composition and shrimp performance. 
Aquaculture, 269(1), 355–362. https​://doi.org/10.1016/j.aquac​
ulture.2007.04.003

Bratvold, D., & Browdy, C. L. (2001). Effects of sand sediment and 
vertical surfaces (AquaMats TM) on production, water quality, 
and microbial ecology in an intensive Litopenaeus vannamei cul‐
ture system. Aquaculture, 195(1), 81–94. https​://doi.org/10.1016/
S0044-8486(00)00538-X

Burford, M. A., Thompson, P. J., McIntosh, R. P., Bauman, R. H., & 
Pearson, D. C. (2004). The contribution of flocculated material to 
shrimp (Litopenaeus vannamei) nutrition in a high‐intensity, zero‐ex‐
change system. Aquaculture, 232, 525–537. https​://doi.org/10.1016/
S0044-8486(03)00541-6

Campa‐Córdova, A. I., Hernández‐Saavedra, N. Y., De Philippis, R., & 
Ascencio, F. (2002). Generation of superoxide anion and SOD activ‐
ity in haemocytes and muscle of American white shrimp (Litopenaeus 
vannamei) as a response to β‐glucan and sulphated polysaccharide. 
Fish and Shellfish Immunology, 12(4), 353–366.

https://orcid.org/0000-0003-0653-2967
https://orcid.org/0000-0003-0653-2967
https://orcid.org/0000-0002-2638-479X
https://orcid.org/0000-0002-2638-479X
https://orcid.org/0000-0002-2638-479X
https://doi.org/10.1590/S1517-83822009000200033
https://doi.org/10.1016/j.jembe.2007.03.012
https://doi.org/10.1016/j.jembe.2007.03.012
https://doi.org/10.1016/j.fsi.2012.08.019
https://doi.org/10.1016/j.aquaculture.2013.09.051
https://doi.org/10.1016/j.aquaculture.2013.09.051
https://doi.org/10.1007/s10499-012-9585-6
https://doi.org/10.1111/are.12984
https://doi.org/10.1016/j.aquaculture.2009.03.049
https://doi.org/10.1016/j.aquaculture.2009.03.049
https://doi.org/10.1016/S0044-8486(99)00085-X
https://doi.org/10.1016/S0044-8486(99)00085-X
https://doi.org/10.1016/j.aquaculture.2008.06.036
https://doi.org/10.1016/S0044-8486(00)00413-0
https://doi.org/10.1016/j.aquaculture.2007.04.003
https://doi.org/10.1016/j.aquaculture.2007.04.003
https://doi.org/10.1016/S0044-8486(00)00538-X
https://doi.org/10.1016/S0044-8486(00)00538-X
https://doi.org/10.1016/S0044-8486(03)00541-6
https://doi.org/10.1016/S0044-8486(03)00541-6


     |  13KUMAR et al.

Cerenius, L., Lee, B. L., & Söderhäll, K. (2008). The proPO‐system: Pros 
and cons for its role in invertebrate immunity. Trends in Immunology, 
29(6), 263–271. https​://doi.org/10.1016/j.it.2008.02.009

Crab, R., Defoirdt, T., Bossier, P., & Verstraete, W. (2012). Biofloc 
technology in aquaculture: Beneficial effects and future chal‐
lenges. Aquaculture, 356, 351–356. https​://doi.org/10.1016/j.aquac​
ulture.2012.04.046

De, D., Ananda, R. R., Ghoshal, T. K., Mukherjee, S., & Vijayan, K. K. (2018). 
Evaluation of growth, feed utilization efficiency and immune param‐
eters in tiger shrimp (Penaeus monodon) fed diets supplemented with 
or diet fermented with gut bacterium Bacillus sp. DDKRC1. isolated 
from gut of Asian seabass (Lates calcarifer). Aquaculture Research, 
49(6), 2147–2155.

De Schryver, P., Crab, R., Defoirdt, T., Boon, N., & Verstraete, W. (2008). 
The basics of bio‐flocs technology: The added value for aquaculture. 
Aquaculture, 277(3–4), 125–137. https​://doi.org/10.1016/j.aquac​
ulture.2008.02.019

Deng, M., Chen, J., Gou, J., Hou, J., Li, D., & He, X. (2018). The effect of 
different carbon sources on water quality, microbial community and 
structure of biofloc systems. Aquaculture, 482, 103–110. https​://doi.
org/10.1016/j.aquac​ulture.2017.09.030

Ebeling, J. M., Timmons, M. B., & Bisogni, J. J. (2006). Engineering anal‐
ysis of the stoichiometry of photoautotrophic, autotrophic, and het‐
erotrophic removal of ammonia–nitrogen in aquaculture systems. 
Aquaculture, 257(1–4), 346–358.

Ekasari, J., Azhar, M. H., Surawidjaja, E. H., Nuryati, S., De Schryver, 
P., & Bossier, P. (2014). Immune response and disease resistance 
of shrimp fed biofloc grown on different carbon sources. Fish and 
Shellfish Immunology, 41(2), 332–339. https​://doi.org/10.1016/j.
fsi.2014.09.004

Emerenciano, M., Ballester, E. L., Cavalli, R. O., & Wasielesky, W. 
(2011). Effect of biofloc technology (BFT) on the early postlarval 
stage of pink shrimp Farfantepenaeus paulensis: Growth perfor‐
mance, floc composition and salinity stress tolerance. Aquaculture 
International, 19(5), 891–901. https​://doi.org/10.1007/s10499-010- 
9408-6

FAO (2018). Global Aquaculture Production 1950–2016. In: FAO Fishery 
Statistical Collections. Rome, Italy. Retrieved from http://www.fao.
org/fishe​ry/stati​stics/​globa​laqua​cultu​re-produ​ction/​query/​en.

Farzanfar, A. (2006). The use of probiotics in shrimp aquaculture. FEMS 
Immunology and Medical Microbiology, 48(2), 149–158.

Ferreira, L. M., Lara, G., Wasielesky, W. Jr, & Abreu, P. C. (2016). Biofilm 
versus biofloc: Are artificial substrates for biofilm production nec‐
essary in the BFT system? Aquaculture International, 24(4), 921–930. 
https​://doi.org/10.1007/s10499-015-9961-0

Funge‐Smith, S. J., & Briggs, M. R. (1998). Nutrient budgets in intensive 
shrimp ponds: Implications for sustainability. Aquaculture, 164, 117–
133. https​://doi.org/10.1016/S0044-8486(98)00181-1

Gaona, C. A. P., de Almeida, M. S., Viau, V., Poersch, L. H., & Wasielesky, 
W. Jr (2017). Effect of different total suspended solids levels on a 
Litopenaeus vannamei (Boone, 1931) BFT culture system during bio‐
floc formation. Aquaculture Research, 48(3), 1070–1079.

Hargreaves, J. A. (2006). Photosynthetic suspended‐growth systems in 
aquaculture. Aquacultural Engineering, 34(3), 344–363. https​://doi.
org/10.1016/j.aquae​ng.2005.08.009

Hari, B., Kurup, B. M., Varghese, J. T., Schrama, J. W., & Verdegem, M. C. 
J. (2004). Effects of carbohydrate addition on production in exten‐
sive shrimp culture systems. Aquaculture, 241, 179–194. https​://doi.
org/10.1016/j.aquac​ulture.2004.07.002

Hart, J. P., Lovis, W. A., Schulenberg, J. K., & Urquhart, G. R. (2007). 
Paleodietary implications from stable carbon isotope analysis of 
experimental cooking residues. Journal of Archaeological Science, 34, 
804–813. https​://doi.org/10.1016/j.jas.2006.08.006

Jantrarotai, W., Sitasit, P., & Rajchapakdee, S. (1994). The optimum car‐
bohydrate to lipid ratio in hybrid Clarias catfish (Clarias microcephalus 

× C. gariepinus) diets containing raw broken rice. Aquaculture, 127, 
61–68.

Ju, Z. Y., Forster, I. P., Conquest, L., Dominy, W., Kuo, W. C., & David, 
H. F. (2008). Determination of microbial community structures 
of shrimp floc cultures by biomarkers and analysis of floc amino 
acid profiles. Aquaculture Research, 39, 118–133. https​://doi.
org/10.1111/j.1365-2109.2007.01856.x

Kautsky, N., Ronnback, P., Tedengren, M., & Troell, M. (2000). 
Ecosystem perspectives on management of disease in shrimp 
pond farming. Aquaculture, 191, 145–161. https​://doi.org/10.1016/
S0044-8486(00)00424-5

Keshavanath, P., Gangadhar, B., Ramesh, T. J., Van Rooij, J. M., Beveridge, 
M. C. M., Baird, D. J., … Van Dam, A. A. (2001). Use of artificial 
substrates to enhance production of freshwater herbivorous fish 
in pond culture. Aquaculture Research, 32, 189–197. https​://doi.
org/10.1046/j.1365-2109.2001.00544.x

Khatoon, H., Yusoff, F. M., Banerjee, S., Shariff, M., & Mohamed, S. 
(2007). Use of periphytic cyanobacterium and mixed diatoms coated 
substrate for improving water quality, survival and growth of Penaeus 
monodon Fabricius postlarvae. Aquaculture, 271(1–4), 196–205. https​
://doi.org/10.1016/j.aquac​ulture.2007.06.036

Kim, S. K., Pang, Z., Seo, H. C., Cho, Y. R., Samocha, T., & Jang, I. K. (2014). 
Effect of bioflocs on growth and immune activity of Pacific white 
shrimp. Litopenaeus Vannamei Postlarvae. Aquaculture Research, 45(2), 
362–371.

Kumar, S., Anand, P. S. S., De, D., Deo, A. D., Ghoshal, T. K., Sundaray, 
J. K., … Lalitha, N. (2017). Effects of biofloc under different carbon 
sources and protein levels on water quality, growth performance and 
immune responses in black tiger shrimp Penaeus monodon (Fabricius, 
1978). Aquaculture Research., 48(3), 1168–1182.

Kumar, S., Anand, P. S. S., De, D., Sundaray, J. K., Raja, R. A., Biswas, G., 
… Muralidhar, M. (2014). Effects of carbohydrate supplementation 
on water quality, microbial dynamics and growth performance of 
giant tiger prawn (Penaeus monodon). Aquaculture International, 22(2), 
901–912. https​://doi.org/10.1007/s10499-013-9715-9

Kumar, S., Anand, P. S. S., Ravichandran, P., Panigrahi, A., Dayal, J. S., 
Raja, R. A., … Ponniah, A. G. (2015). Effect of periphyton on microbial 
dynamics, immune responses and growth performance in black tiger 
shrimp Penaeus monodon Fabricius, 1798. Indian Journal of Fisheries, 
62(3), 67–74.

N.R.C., (1993). Nutrient requirements of fish. National Research Council 
(114 pp). Washington, DC: National Academy Press.

Ray, A. J., Dillon, K. S., & Lotz, J. M. (2011). Water quality dynamics and 
shrimp (Litopenaeus vannamei) production in intensive, mesohaline 
culture systems with two levels of biofloc management. Aquacultural 
Engineering, 45(3), 127–136. https​://doi.org/10.1016/j.aquae​
ng.2011.09.001

Ray, A. J., Lewis, B. L., Browdy, C. L., & Leffler, J. W. (2010). Suspended 
solids removal to improve shrimp (Litopenaeus vannamei) production 
and an evaluation of a plant‐based feed in minimal‐exchange, super‐
intensive culture systems. Aquaculture, 299(1–4), 89–98. https​://doi.
org/10.1016/j.aquac​ulture.2009.11.021

Rengpipat, S., Rukpratanporn, S., Piyatiratitivorakul, S., & Menasaveta, 
P. (2000). Immunity enhancement in black tiger shrimp (Penaeus 
monodon) by a probiont bacterium (Bacillus S11). Aquaculture, 191(4), 
271–288.

Ringo, E., Jose, R. E. O., Vecino, L. G., Wadsworth, S., & Song, S. (2012). 
Use of immunostimulants and nucleotides in aquaculture: A review. 
Journal of Marine Science Research Development, 2, 1–22.

Rodrıguez, J., & Le Moullac, G. (2000). State of the art of immunological 
tools and health control of penaeid shrimp. Aquaculture, 191, 109–
119. https​://doi.org/10.1016/S0044-8486(00)00421-X

Schveitzer, R., Arantes, R., Baloi, M. F., Costódio, P. F. S., Arana, L. V., 
Seiffert, W. Q., & Andreatta, E. R. (2013). Use of artificial substrates 
in the culture of Litopenaeus vannamei (Biofloc System) at different 

https://doi.org/10.1016/j.it.2008.02.009
https://doi.org/10.1016/j.aquaculture.2012.04.046
https://doi.org/10.1016/j.aquaculture.2012.04.046
https://doi.org/10.1016/j.aquaculture.2008.02.019
https://doi.org/10.1016/j.aquaculture.2008.02.019
https://doi.org/10.1016/j.aquaculture.2017.09.030
https://doi.org/10.1016/j.aquaculture.2017.09.030
https://doi.org/10.1016/j.fsi.2014.09.004
https://doi.org/10.1016/j.fsi.2014.09.004
https://doi.org/10.1007/s10499-010-9408-6
https://doi.org/10.1007/s10499-010-9408-6
http://www.fao.org/fishery/statistics/globalaquaculture-production/query/en
http://www.fao.org/fishery/statistics/globalaquaculture-production/query/en
https://doi.org/10.1007/s10499-015-9961-0
https://doi.org/10.1016/S0044-8486(98)00181-1
https://doi.org/10.1016/j.aquaeng.2005.08.009
https://doi.org/10.1016/j.aquaeng.2005.08.009
https://doi.org/10.1016/j.aquaculture.2004.07.002
https://doi.org/10.1016/j.aquaculture.2004.07.002
https://doi.org/10.1016/j.jas.2006.08.006
https://doi.org/10.1111/j.1365-2109.2007.01856.x
https://doi.org/10.1111/j.1365-2109.2007.01856.x
https://doi.org/10.1016/S0044-8486(00)00424-5
https://doi.org/10.1016/S0044-8486(00)00424-5
https://doi.org/10.1046/j.1365-2109.2001.00544.x
https://doi.org/10.1046/j.1365-2109.2001.00544.x
https://doi.org/10.1016/j.aquaculture.2007.06.036
https://doi.org/10.1016/j.aquaculture.2007.06.036
https://doi.org/10.1007/s10499-013-9715-9
https://doi.org/10.1016/j.aquaeng.2011.09.001
https://doi.org/10.1016/j.aquaeng.2011.09.001
https://doi.org/10.1016/j.aquaculture.2009.11.021
https://doi.org/10.1016/j.aquaculture.2009.11.021
https://doi.org/10.1016/S0044-8486(00)00421-X


14  |     KUMAR et al.

stocking densities: Effects on microbial activity, water quality and 
production rates. Aquacultural Engineering, 54, 93–103. https​://doi.
org/10.1016/j.aquae​ng.2012.12.003

Sharma, S. K., Shankar, K. M., Sathyanarayana, M. L., Sahoo, A. K., Patil, 
R., Narayanaswamy, H. D., & Rao, S. (2010). Evaluation of immune 
response and resistance to diseases in tiger shrimp, Penaeus monodon 
fed with biofilm of Vibrio alginolyticus. Fish and Shellfish Immunology, 
29(5), 724–732. https​://doi.org/10.1016/j.fsi.2010.07.016

Simon, M., Grossart, H. P., Schweitzer, B., & Ploug, H. (2002). Microbial 
ecology of organic aggregates in aquatic ecosystems. Aquatic 
Microbial Ecology, 28(2), 175–211. https​://doi.org/10.3354/ame02​
8175

Smith, V. J., & Söderhäll, K. (1991). A comparison of phenoloxidase activity 
in the blood of marine invertebrates. Developmental and Comparative 
Immunology, 15(4), 251–261. https​://doi.org/10.1016/0145- 
305X(91)90018-T

Solorzano, L. (1969). Determination of ammonia in natural waters by the 
phenolhypochlorite method 1 ATS (11–1) GEN 10, PA 20. Limnology 
and Oceanography, 14(5), 799–801.

Sritunyalucksana, K., Gangnonngiw, W., Archakunakorn, S., Fegan, D., 
& Flegel, T. W. (2005). Bacterial clearance rate and a new differen‐
tial hemocyte staining method to assess immunostimulant activity 
in shrimp. Diseases of Aquatic Oorganisms, 63(1), 89–94. https​://doi.
org/10.3354/dao06​3089

Tan, B., Kangsen, M., Shixuan, Z., Qicun, Z., Lihe, L., & Yu, Y. (2005). 
Replacement of fish meal by meat and bone meal in practical diets 
for the white shrimp Litopenaeus vannamei. Aquaculture Research, 36, 
439–444.

Tassanakajon, A., Somboonwiwat, K., Supungul, P., & Tang, S. (2013). 
Discovery of immune molecules and their crucial functions in shrimp 

immunity. Fish and Shellfish Immunology, 34(4), 954–967. https​://doi.
org/10.1016/j.fsi.2012.09.021

Thompson, F. L., Abreu, P. C., & Wasielesky, W. (2002). Importance 
of biofilm for water quality and nourishment in intensive shrimp 
culture. Aquaculture, 203(3), 263–278. https​://doi.org/10.1016/
S0044-8486(01)00642-1

Xu, W. J., & Pan, L. Q. (2013). Enhancement of immune response and 
antioxidant status of Litopenaeus vannamei juvenile in biofloc‐based 
culture tanks manipulating high C/N ratio of feed input. Aquaculture, 
412, 117–124.

Zheng, C. N., & Wang, W. (2017). Effects of Lactobacillus pentosus on 
the growth performance, digestive enzyme and disease resistance 
of white shrimp, Litopenaeus vannamei (Boone, 1931). Aquaculture 
Research, 48, 2767–2777. https​://doi.org/10.1111/are.13110​

Ziaei‐Nejad, S., Rezaei, M. H., Takami, G. A., Lovett, D. L., Mirvaghefi, A. 
R., & Shakouri, M. (2006). The effect of Bacillus spp. bacteria used 
as probiotics on digestive enzyme activity, survival and growth in 
the Indian white shrimp Fenneropenaeus indicus. Aquaculture, 252(2), 
516–524.

How to cite this article: Kumar S, Shyne Anand PS, De D, 
Ghoshal TK, Alavandi SV, Vijayan KK. Integration of substrate 
in biofloc based system: Effects on growth performance, 
water quality and immune responses in black tiger shrimp, 
Penaeus monodon culture. Aquac Res. 2019;00:1–14. https​://
doi.org/10.1111/are.14256​

https://doi.org/10.1016/j.aquaeng.2012.12.003
https://doi.org/10.1016/j.aquaeng.2012.12.003
https://doi.org/10.1016/j.fsi.2010.07.016
https://doi.org/10.3354/ame028175
https://doi.org/10.3354/ame028175
https://doi.org/10.1016/0145-305X(91)90018-T
https://doi.org/10.1016/0145-305X(91)90018-T
https://doi.org/10.3354/dao063089
https://doi.org/10.3354/dao063089
https://doi.org/10.1016/j.fsi.2012.09.021
https://doi.org/10.1016/j.fsi.2012.09.021
https://doi.org/10.1016/S0044-8486(01)00642-1
https://doi.org/10.1016/S0044-8486(01)00642-1
https://doi.org/10.1111/are.13110
https://doi.org/10.1111/are.14256
https://doi.org/10.1111/are.14256

