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Abstract
The optimization of solid-substrate medium and fermentation conditions for the production of enzyme 

carrageenase by a Pseudomonas aeruginosa ZSL-2 was achieved for the first time by employing an orthogonal 
array testing strategy (OATS). Of the four different substrates tested, wheat bran showed maximum production 
of carrageenase enzyme. The factors that influence the solid-substrate fermentation (SSF) conditions such as, 
moisture content, moistening agent, temperature, pH, inoculum size, additional carbon source and the fermentation 
period for the production of enzyme were studied by one-factor at a time and also by L9(34) an orthogonal array 
method. The maximal production of k-carragenase (7.44 U/g) dry bacterial bran was achieved at moisture level 
1:2.5 (w/v; wheat bran to moisture level), moistening agent IV, inoculum size (10%), temperature 37°C and 48 h 
of fermentation. The effects of various parameters like medium, inoculum size, temperature, moistening agent, 
moisture level, incubation period, and supplementation of other carbon sources on the production of carrageenase 
by SSF using OATS is investigated and the results are presented and discussed. 
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Introduction
The submerged fermentation (SmF) has been used traditionally 

for the production of industrially important enzymes as it allows 
greater control of environmental factors such as, temperature, pH, 
oxygen supply, ease of handling and study the rheology of the culture 
medium but, it demands expensive instrument, medium and the 
cumbersome downstream purification of product due to very high 
volume. However, solid-substrate fermentation (SSF) is viewed as an 
interesting alternative over SmF as the downstream process is less 
expensive [1-4]. SSF is preferred to SmF for it shows high production of 
better quality product, simple and environmental friendly process, low 
capital investment, low levels of repression [5] and most importantly it 
makes use of cheap and inexpensive agricultural wastes or by-products 
for the production of high value products [4,6-8]. 

Bacterial systems are being increasingly investigated for the 
production of enzymes and metabolites by SSF, as it offers advantages 
over SmF; including economy, simplicity of the space needed for 
fermentation media; easier scale up of processes; lesser volume of 
solvent needed for product recovery; superior yields; absence of foam 
build-up; and easier control of contamination due to the low moisture 
level in the system [8-13]. SSF systems appear to be simulating the 
natural habitats of microbe, thus this system may prove to be more 
efficient for the production of certain enzymes and metabolites [11-14]. 
SSF process are usually simpler, that uses inexpensive raw materials like 
by-products of food-processing and agricultural industry as substrates, 
such as, gram bran, wheat bran, rice bran, banana waste, sugarcane 
bagasse, defatted soybean cake, groundnut cake etc, for the production 
of various enzymes by different microorganisms [15-17].

Carrageenans are the main cell wall components of various marine 
red algae (Rhodophyceae) and are widely used as thickening and gelling 
agents in structural and functional applications of foods and generally 
regarded as safe (GRAS) by the Food and Drug Administration in the 
United States. Marine microorganisms that hydrolyze carrageenans 
have been of enormous interest for their potential applications in 
food, cosmetic and pharmaceutical industry. κ-Carrageenase (EC 

3.2.1.83), hydrolyzes β-1, 4 linkages in κ- carrageenan, is a useful tool 
for the isolation of protoplast from red algae and also finds significant 
application in the structural analysis of the cell wall carrageenans 
[18]. The production of carrageenases by submerged fermentation 
using several bacterial genera including Pseudomonas carrageenovora 
[19,20], Cytophaga [21,22], Alteromonas carrageenovora [23,24], 
Vibrio sp. [25] and Zobellia galactanovorans [22,26] has been reported. 
Owing to the potential biotechnological applications in the field of sea-
weed biotechnology, the improvement in the bioprocess technology for 
the large scale production of κ-carrageenases gained current interest. 
There is an urgent need to develop a feasible bioprocess technology 
for the large scale production of this enzyme system. Therefore, the 
best and economically viable strategy for the large scale production 
of κ-carrageenases is to increase its productivity by optimization of 
the medium and fermentation conditions prior to its scale up as, the 
optimization of media composition with a balanced proportion of 
various nutrients is regarded as an essential corollary for the maximum 
growth of biomass for high quantity and quality product yield. Extensive 
efforts are still needed to enhance the performance of SSF bioprocess 
by optimizing the nutritional requirement and environmental 
conditions to increase the effectiveness factor and yield coefficient. The 
optimization of fermentation medium and environmental factors by 
one factor at a time involves change of one of independent variables 
like moisture, temperature, pH etc., while fixing the others at certain 
levels. The single dimensional search is laborious and time-consuming 
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especially, when one needs to optimize large number of variables [27]. 
Therefore decisive statistical methods are preferred for bioprocess 
optimization as, they reduce the total number of experiments that help 
to pinpoint unerringly the optimal levels of combinations of various 
nutrients, environmental conditions and the combination there of for 
better biomass production and enzyme yield by SSF. 

In the present investigation we have made an attempt to explore 
the potentials of marine carrageenolytic bacterium, Pseudomonas 
aeruginosa ZSL-2 for the maximal production of carrageenase by 
optimization of media and culture conditions by SSF. The fermentation 
conditions were optimized using a combination of one factor at a time 
and statistics based orthogonal array testing strategy (OATS) to test the 
pair-wise interactions among the culture parameters. 

Methods
Microorganism and culture media

An agarolytic Pseudomonas aeruginosa ZSL-2 isolated from marine 
environment was inoculated in minimal mineral salts (MMS) medium 
composed of (g/l) K2HPO4 (0.38), MgSO4 (0.20), NaNO3 (1.0), FeCl3 
(0.05) and agar (3.0). This strain was routinely maintained and stored 
at 4°C on MMS-agar slants in the laboratory. Seed culture was prepared 
from 24 h grown culture on MMS liquid broth at 180 rpm and 37°C 
[28]. The bacterium was also capable of utilizing carrageenan as sole 
source of carbon and energy. It was acclimatized to carrageenan for 
four months by growing in MMS media containing carrageenan (0.3%) 
as the carbon source.

Induced inoculum preparation

A Pseudomonas aeruginosa ZSL-2, which was capable of utilizing 
agar as sole carbon source was adapted to grow on mineral-salts 
medium supplemented by carrageenan (0.3% w/v). The freshly 
inoculated bacterial culture was incubated on a rotary shaker shaking 
at 170 rpm and 30°C for 24 h. A 16-18 h grown bacterium, which 
was induced for the production of carrageenase enzyme, was used as 
inoculum for SSF.

Enzyme production by SSF

A 10 g of solid substrate (wheat bran, wheat straw, gram bran or 
paddy straw) was dispensed into 250 ml Erlenmeyer flasks, the substrate 
was moistened by MMS medium and the flasks were sterilized by an 
autoclave at 121°C for 60 min. The flasks were then inoculated by a 
freshly grown induced P. aeruginosa cultures (10% v/w), the cultures 
were mixed thoroughly and incubated at 37°C in dark for different time 
incubations. 

Enzyme extraction

The fermented bacterial bran’s at different incubation periods were 
extracted with 20 ml of Tris-HCl buffer (20 mM; pH 7.5; 4°C). The 
extracts were sieved by a 300 Ф mesh, filtered by a Guchi (ceramic, 
70-100 µ mesh) filter, permeate filtered by a 0.2 µm membrane filter 
(Millipore) and was then centrifuged at 10000 rpm for 15 min and 4°C. 
The clear supernatant thus obtained was used as crude enzyme source 
for the assay of carrageenase activity.

Enzyme assay

Carrageenase assay was carried out by neocuproine reagent [29] 
using κ-carrageenan (0.3%) as substrate. In brief, the 1 ml assay mixture 
contained 20 mM Tris-HCl buffer of pH 8, 0.5 ml of carrageenan (0.3% 
in Tris-HCl buffer) and 50 μl suitably diluted enzyme. The assay mixture 

was incubated for 10 min at 40°C and the reaction was arrested at 10 
min by the addition of 1 ml of alkaline copper reagent (4% Na2CO3, 
1.6 % glycine and 0.045% CuSO4). A 1 ml of 5 mM neocuproine–HCl 
reagent was added to the tube and was kept in a boiling water bath for 10 
min. It was necessary to add ethanol (50 % v/v) to the reaction mixture 
before measuring the absorbance. One unit of the enzyme activity was 
defined as the amount which liberated 1 μmol galactose equivalent per 
minute under the assay conditions. Carrageenase production by SSF 
is expressed as units per gram of dry bacterial bran (U/g DBB). The 
results are the mean of three values obtained from three independent 
experiments

Optimization of process parameters using one factor at a 
time method

The different process parameters such as, substrate, temperature, 
pH, moistening agent, moistening levels, incubation period, addition of 
different carbon sources that influence the production of carrageenase 
by SSF were optimized over a wide range. The strategy adopted for 
standardization of fermentation parameters was to evaluate the effect 
of an individual parameter and to incorporate it at standardized level 
before standardizing the next parameter.

Effect of different moistening agents

The MMS solutions of different compositions (g/l) were used as 
moistening agents; MMS I: MgSO4·7H2O, 0.5; K2HPO4, 1.5; pH 8; 
MMS II: MgSO4·7H2O, 0.5; K2HPO4, 1.5; yeast extract, 2.0; peptone, 
2.0; pH 8; MMS III: K2HPO4, 0.1; (NH4)2H2PO4, 1.0; MgSO4·7H2O, 
0.5; CaCl2·2H2O, 0.1; FeSO4, 0.1; MnSO4·7H2O, 0.1 pH 8 and MMS IV: 
K2HPO4, 0.38; MgSO4, 0.20; FeCl3, 0.05; NaNO3, 1.0; pH 8. Wheat bran 
moistened separately with four different mineral salts solutions was 
inoculated with bacterium. The carrageenase activity was analyzed in 
the extracts of fermented wheat bran’s at 48 h incubation. 

Effect of moisture level

The influence of moisture level on the enzyme titer was evaluated 
by varying the ratio (w/v) of wheat bran to mineral salt media from1:1 
to 1:3.

Effect of temperature

The influence of incubation temperature on production of the 
carrageenase was evaluated by performing SSF at different temperatures 
ranging from 20°C to 50°C. The carrageenase activities were assayed in 
the crude extracts at 48 h of incubation.

Effect of inoculum size

The influence of inoculum size on the production of carrageenase 
was studied by the inoculation of freshly grown bacterium (5% to 20%, 
v/w) into conical flasks containing 10 g of sterilized, moistened wheat 
bran medium. The levels of enzyme and the assays were investigated 
as said earlier.

Effect of fermentation period

The effect of incubation period on the production of enzyme 
using SSF by P. aeruginosa in wheat bran (10 g, moistened with MMS) 
medium was investigated at different incubation periods. The crude 
enzyme from the fermented bran’s was extracted at different incubation 
times and the levels of carrageenase were investigated as shown earlier.

Statistical approach

For the optimization of SSF parameters such as, medium and 
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culture conditions for the maximum production of carrageenase, an 
orthogonal array testing strategy (OATS) was applied for testing pair-
wise interactions among the culture parameters. Based on the single 
factor experiments, the orthogonal L9 (34) was used to obtain optimal 
conditions. This permits to determine the precise point (concentrations) 
in the important factors (medium, pH, temp, moistening agent, 
moisture level etc) that lead to the best possible response [30,31]. The 
levels of the factors are listed in the Table 2. All the experiments were 
performed in triplicate and the data were expressed as mean ± SD 
that was analyzed statistically by ANOVA method using the software 
Origin 8.

Effect of additives

The effect of different additives was studied by co-supplementing 
wheat bran by glucose, galactose, sucrose, lactose, agar or carrageenan 
at an initial concentration of 1% (w/w). The individual co-supplements 
were dissolved separately in MMS medium and were supplemented to 
the wheat bran. The sterilized bran was then inoculated by the bacterial 
culture. The control experiments were performed similarly but were 
devoid of any additives.

Repression of carrageenase production by glucose

The effect of glucose on carrageenase production by the bacterium 
in SSF conditions was studied by incorporating glucose at initial 
concentrations of 1%–5%, (w/w) into the SSF medium. This was 
prepared by dissolving glucose in MMS-IV medium to achieve a final 
concentration of glucose to wheat bran ratio between 1% and 5% 
(w/w), filter sterilized by a 0.22 µM membrane filter (Millipore) and 
supplemented into sterilized wheat bran.

Results and Discussion
In light of the numerous advantages of SSF over SmF, the 

production of enzyme carrageenase by a P. aeruginosa ZSL-2 was 
attempted by SSF using various naturally occurring agricultural raw 
materials as substrates. The ideal solid substrate that is used in SSF 
should be particulate, water insoluble and also provide all the necessary 
nutrients. The solid substrate that is impregnated in water leaches its 
nutrients into the surrounding water; this nutrient-enriched water in 
turn supports the growth and the metabolic activity of the microbe. 
Thus, the selection of an appropriate solid substrate is critical to the 
efficient SSF process [1]. Of the four natural solid-substrates tested for 
SSF (Figure 1) wheat bran was found to support maximum production 
of carrageenase by the bacterium as it is compared to wheat straw 
(WS), gram bran (GB) and paddy straw (PS). It is evident from the 
figure that WB showed 5.8 units of enzyme per gram of dry bacterial 
bran (DBB), whereas, WS, GB, and PS showed 2.7 U, 1.2 U, and 1.5 
U of enzyme per gram DBB respectively. The universal suitability of 
wheat bran may be due to the fact that it contains sufficient nutrients 
and is able to remain loose even in moist conditions, thereby providing 
a large surface area [10,32].

We have investigated the effect of different moistening agents on 
the production of carrageenase by P. aeruginosa by SSF. Among the 
four different moistening agents tested, MMS-IV showed maximum 
production of carrageenase (5.6 U/ g DBB) as it is compared to that of 
other moistening agents which showed activity ranging between 3.4 to 
3.8 U/ g DBB (Table 1). 

It is apparent from Figure 2 that the moisture content happens to 
be a critical parameter under successful SSF for the production of high 
levels of enzymes. It is evident from the figure that a maximum enzyme 

level of 6.4 U/g DBB was achieved under SSF at an initial ratio of WB 
to MMS IV medium of 1:2.5 (w/v). It was observed that the production 
of enzyme levels under SSF increased with the increase in the levels 
of moistening agent to WB until it reached 1(WB): 2.5 (MMS IV), 
however, a further increase in the levels of moistening agent to 3 showed 
a drastic decrease in the enzyme production (3.2 U/g DBB). Generally 
bacteria require high water activity for their growth and metabolism. 
The water impregnated solid-substrate leaches the nutrients into the 
absorbed and surrounding water. The nutrient enriched necessary 
moisture also enhanced the possible oxygen transfer thus, supports the 
growth of the bacterium and enzyme production [33]. A low level of 
moisture fails to impregnate and swell the solid substrate, which limits 
the nutrient enrichment of MMS and also decreases water activity. The 
sub-optimal water activity and nutrient limitation limits the bacterial 
growth and metabolism which in turn decrease the production of 
enzyme [32,34,35]. However, a higher than optimum moisture level 
promotes stickiness (gummy) in the texture of bran which lead to the 
change in particle structure causing decrease of porosity which, may 
limit the oxygen transfer and thus the growth and the metabolism of 
bacterium [5,36].

The influence of incubation temperature on the production of 
carrageenase is growth associated. The increase in the incubation 
temperature from 30°C to 37°C showed the increase in the production 
of enzyme levels from 4 U/g DBB to 6.4 U/g DBB respectively, 
however, a further increase in the incubation temperature to 45°C  
and 50°C caused the decrease in the enzyme production to around 3 
U/g DBB (Figure 3). The growth and the metabolism of the bacterium 
are linked to the optimal temperature under standard SSF conditions 
[8]. In this case the bacterium produced maximum enzyme at 37°C 
and the production decreased at 45°C and 50°C, this may be due to 
the low biomass production and decrease of metabolic activity at 
high temperature. It has also been reported that the metabolic heat 
generated during microbial cultivation in SSF exerts harmful effects on 
the microbial activity [37] and thus the initial set temperature is vital. 

The effect of inoculums size on the production of carrageenase 
by P. aeruginosa under SSF evidences that an optimal inoculum size 
of 10% produced maximum enzyme levels of 6.4 U/g DBB (Figure 
4). The SSF system (WB:MMS IV,1:2.5) showed a gradual increase in 
the enzyme production as the inoculums size was increased from 5% 
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Figure 1: Carrageenase production by Pseudomonas aeruginosa ZSL-2 on 
various solid substrates by SSF. Culture conditions: Moistening media MMS-
IV with moisture content, 1:2; incubation temperature, 37°C; Inoculum size, 
10% (v/w); fermentation period: 48 h.Values are means ± SD of triplicate 
determinations.
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to 10% whereas, a sharp decrease in the level of enzyme production 
observed when the inoculums level is increased to 15%. This may be 
due to the limiting nutrient levels available at higher inoculums size 
[8] in the water core of SSF system as the nutrient leaching is a gradual 
process and high initial bacterial population may have caused a vacuum 
for nutrients where in the bacterium may prefer maintenance rather 
than production of secondary enzyme. 

In the SSF condition, the production of carrageenase by the 
bacterium increased with the increase in the incubation time and 
reached maximum at 48 h (6.5 U/g DBB) of incubation (Figure 5). 
A further increase in the incubation time resulted in the decreased 

levels of enzyme production under similar SSF conditions. A 4.2 U, 
2.8 U and 2.2 U of carrageenase were produced by the system at 72 
h, 92 h and 120 h respectively. Most of the reported studies employed 
a fermentation period of 48 h for bacteria and 5-9 days for fungus 
[38,39]. The incubation time is governed by characteristics of the 
organism and is based on growth rate and production [40,41]. The 
P. aeruginosa ZSL-2 also produced extracellular protease (data not 
shown) thus the decline in carrageenase levels after 72 h of incubation 
may be due to the hydrolysis of enzyme by extracellular proteases 
produced by same organism and also due to the lysis of bacteria. Our 
results on the decreased levels of carrageenase enzyme after prolonged 
incubation are in agreement with [42-44], where in authors reported 
the decline in protease activity upon prolonged incubation may be due 
to autolysis of the enzyme. 

The orthogonal matrix method was obviously a bioprocess 
engineering design to simultaneously investigate precise levels of 
different parameters for bioprocess design. The orthogonal experimental 
design technique is a mathematical method that enables one to study 
the relationships among various factors [27,30,45]. The Latin square 
used to optimize the nutritional factors was L9 (34) (Table 2), where 
L9 indicates a Latin square with nine combinations of variables and 
(34) denotes four factors with three levels. Appropriately selecting the 
factor can improve the quality of the product, especially when at least 
two quality characteristics are to be simultaneously considered. The 
selection of the factor should account for the objectives of the study 

Moistening agent Enzyme production (U/g DBB)
Moistening agent I 3.42 ± 0.1026
Moistening agent II 3.81 ± 0.1143
Moistening agent III 3.60 ± 0.1080
Moistening agent IV 5.60 ± 0.1208

*Refer the material and method section for the composition of the moistening 
agents
DBB = dry bacterial bran

Table 1: Carrageenase production by P. aeruginosa ZSL-2 under SSF using 
various moistening agents.
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Figure 2: Effect of moisture level on carrageenase production in SSF. Culture 
conditions: MMS-IV; Incubation temperature, 37°C; Inoculum size, 10% (v/w); 
fermentation period, 48 h. Values are means ± SD of triplicate determinations.
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Figure 3: Effect of temperature on carrageenase production in SSF. Culture 
conditions: Wheat bran to moistening ratio, 1:2.5; Inoculum size, 10% (v/w); 
fermentation period, 48 h.
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Figure 4: Effect of inoculum size on carrageenase production in SSF. Culture 
conditions: Wheat bran to moistening ratio, 1:2.5; Incubation temperature, 37°C; 
fermentation period, 48 h. Values are means ± SD of triplicate determinations.
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Figure 5: Effect of fermentation period on carrageenase production in 
SSF. Culture conditions: Wheat bran to moistening ratio, 1:2.5; Incubation 
temperature, 37°C; Inoculum size, 10% (v/w). Values are means ± SD of 
triplicate determinations.
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and feasibility and ease of handling the optimization process [46]. 
In present study, four factors optimized were fermentation period, 
temperature, inoculums volume and substrate to moisture level. 
The three levels of the factors associated with the orthogonal matrix 
(Table 2) were set based on the concentration levels of each factor. The 
smallest orthogonal array was selected with minimum experiments 
that can assign all the design variables to their columns. The chosen 
four factors are assigned to columns A–D; that is, the columns are 
mutually orthogonal without overlapping. 

The fermentation results of carrageenase production by the 
orthogonal matrix method are given in Table 3. The variance in 
factor/level combination shows the range over which the maximum 
carrageenase production changed with levels for each factor. The effects 
of these control factors on carrageenase production were determined 
by the analysis of variance technique to establish statistically significant 
factors. Intuitive analyses and statistical calculations based on 
historical data analysis are shown in Table 4. The data obtained from 
the orthogonal array method represents the response table for means 
(larger is better). The last two rows in the Table 3 document the delta 
values and ranks for the system. Rank and delta values help to assess 
which factors have the greatest effect on the response characteristic of 

interest. Delta measures the size of the effect by taking the difference 
between the highest and the lowest characteristic average for a factor. 
The higher the delta value, greater is the effect of that component on 
carrageenase production. Rank, orders the factors from the greatest 
effect (based on the delta values) to the least effect on the response 
characteristic. According to the magnitude of order of delta, the order 
of effect of these factors on carrageenase production was temperature 
> time > inoculum > moisture. The optimum culture conditions 
obtained from the statistical analysis were A2B2C2D2. The optimal 
culture conditions for carrgeenase production were calculated to be 
temperature 37°C, incubation time 48 h, inoculums size 10% and WB 
to moistening agent (1:2.5, w/v). The results of ANOVA (Table 4) 
revealed that the temperature has significant influence on carrgeenase 
production by the bacterium under SSF conditions. Further, based on 
the optimal culture conditions revealed by the statistical approach of 
OATS, the production of carrageenase levels by the SSF system was 
performed and validated at 7.44 ± 0.37 U/g DBB, which is higher than 
that of the basal culture conditions.

The synergistic effects on carrageenase production can be examined 
in medium optimized with the optimal condition of temperature, 
inoculums size and substrate to moisture level. In addition, the 
orthogonal matrix can simultaneously investigate many more factors, 
for instance central composite design, and thus facilitates economical 
benefit, experimental convenience, while being competitively rapid 
and precise. It means that the orthogonal matrix method is a useful 
tool for optimizing the determination conditions of carrageenase 
production in a solid state fermentation process. Some researchers 
have successfully applied it to optimization of culture media for the 
production of primary and secondary metabolites in fermentation 
processes [27,41,45,47,48].

The effect of additional carbon sources on carrageenase production 
by the bacterium in SSF was tested in MMS-IV medium supplemented 
with 1% carbohydrate (Figure 6). The supplementation of carrageenan 
(1%) in SSF (WB moistened with MMS IV) showed 6.94 U of 
carrageenase per gram DBB as compared to control (6.48 U/g DBB). 
The addition of different carbon sources however, did not influence 
significantly on the production of enzyme. Moreover, glucose, 
which completely repressed carrageenase production in submerged 
cultivation (data not shown), was tolerated in SSF up to 2% without 
lowering the enzyme titre, while beyond this level, the production was 
found to be declined (Figure 7). These results revealed that wheat bran 
itself acts as a source of carbon, nitrogen and minerals as well as growth 
factors.

Conclusion
Using the one factor at a time method and orthogonal matrix 

method, it was possible to determine optimal conditions to obtain 
high yield of carrageenase. This is the first report on the production of 

Factors Temperature
A (oC)

Time 
B (h)

Inoculum
C (%)

Moisture 
D (w/v)

level 1 30 24 5 1:2
level 2 37 48 10 1:2.5
level 3 45 72 15 1:3

Each factor is denoted by symbols A, B, C, and D.
The optimum level for each factor is obtained by concentration experiment of each 
factor.

Table 2: Factors and their levels employed in the L9 (3
4) Orthogonal Array of 

Taguchi Experimental Design for Carrageenase production by P. aeruginosa ZSL-
2 in SSF.

S.No. A B C D Carrageenase 
activity (U/g)

1 1 1 1 1 1.17 ± 0.0117
2 1 2 2 2 2.16 ± 0.0216
3 1 3 3 3 0.96 ± 0.0096
4 2 1 2 3 6.24 ± 0.0624
5 2 2 3 1 7.02 ± 0.0702
6 2 3 1 2 5.88 ± 0.0588
7 3 1 3 2 1.14 ± 0.0114
8 3 2 1 3 1.44 ± 0.0144
9 3 3 2 1 0.96 ± 0.0096

a K 1 4.29 8.55 8.49 9.15
K 2 19.14 10.62 9.36 9.18
K 3 3.54 7.8 9.12 8.64

b k 1 1.43 2.85 2.83 3.05
k 2 6.38 3.54 3.12 3.06
k 3 1.18 2.6 3.04 2.88
c ∆ 5.2 0.94 0.29 0.18
R 1 2 3 4

Optimization A2 B2 C2 D2

The assignments of column A, B, C, and D were performed by orthogonal array 
consisted of nine experiments corresponding to the nine rows and four columns.
a ki = ∑ k of all experiment at the same factor level. 
b Average of ki. 
c ∆ = max{average of ki}- min{average of ki }. 
Values are mean of triple determinations with standard deviation (±).

Table 3: L9 (34) Orthogonal Array of Taguchi Experimental Design and 
corresponding Carrageenase production by P. aeruginosa ZSL-2 under SSF.

Sum of 
squares df Mean of 

square F value Critical value Significance

Temperature 17.201 2 8.6005 3.887276
Time 0.474 2 0.237 0.10712
Ionoculum 0.0044 2 0.0022 0.000994
Moisture 0.0204 2 0.0102 0.00461
error 17.6998 8 2.212475

* Significant terms.

Table 4. ANOVA of Orthogonal Array test data.
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carrageenase by P. aeruginosa using SSF process. SSF is an economically 
viable process as the substrate used is inexpensive. The findings suggest 
that there is possibility of microbial technology for the production 
of carrageenase by this bacterium under SSF bioprocess conditions 
for its application in industry. The bacterium grows luxuriantly and 
produces high levels of carrageenase on wheat bran under SSF without 
demanding for any additional carbon source thus cutting down the 
production cost. 
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Figure 6: Effect of additional carbon sources on carrageenase production in 
SSF (Blank: - mineral salt medium without any additional carbon sources). 
Values are means ± SD of triplicate determinations.
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Figure 7: Effect of glucose on carrageenase production in SSF. Culture 
conditions: Moisture content, 1:2.5; Incubation temperature, 37°C; Inoculum 
size, 10% (v/w); fermentation period, 48 h. Values are means ± SD of triplicate 
determinations.
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