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In this study, Plackett-Burmandesignwas used to identify themost influential parameters affecting PUFAproduction byKocuria sp.
BRI 35 isolated from Antarctic water sample. Amongst 10 variables evaluated, magnesium chloride, protease peptone, glucose, and
temperature were significant. Response surface methodology consisting of a central composite design was developed to study the
interactions between the variables and to determine optimal values of significant variables. A quadraticmodel (R=0.9652, F = 14.64,
P < 0.0001) was built.The contour plots indicated that the isolate producedmaximumPUFA at lower concentrations of magnesium
sulfate (0.9 g/L) and higher concentrations of protease peptone (5 g/L) and glucose (10 g/L) at 15∘C. MgSO

4

and glucose exhibited
quadratic as well as interactive effect on PUFA production whereas protease peptone and temperature showed interactive effects
only. After optimization, PUFA production per unit biomass increased from 0.94mg/g to 11.12mg/g. This represented an increase
from 3% to 58.62% of the total fatty acids. Among PUFAs, the yield of 𝜔-6 fatty acids increased from 9.66mg/L to 107.71mg/L with
significant increase in linoleic acid (20.36mg/L) whereas 𝜔-3 fatty acids increased up to 12.37mg/L with DHA being the major 𝜔-3
fatty acid produced.

1. Introduction

Research on production and purification of polyunsaturated
fatty acids (PUFAs) has gained a lot of significance due to
their role in human health and nutrition. PUFAs are fatty
acids that havemore than one double bond in their back bone
structure. Based on the position of their double bonds they
are grouped as 𝜔-3, 𝜔-6, and 𝜔-9 fatty acids. Amongst these
𝜔-3 fatty acids (alpha linolenic acid (ALA), eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA)) and 𝜔-6 fatty
acids (linoleic acid (LA), gamma linolenic acid (GLA), and
arachidonic acid (AA)) are of importance in human health
[1].Moreover humans lack the enzymes required for synthesis
of these acids [2]. Hence the only way to obtain these fatty
acids is through nutrition. Deficiencies of 𝜔-3 and 𝜔-6 fatty
acids are known to adversely affect the development and
proper functioning of brain and central nervous system.
Lack of these acids may lead to neurological disorders like
attention deficit hyperactivity disorder (ADHD), dyslexia,

dyspraxia, and autism [3]. Apart from neurological disorders
PUFA deficiency has also been linked to various cardiovas-
cular, cerebrovascular, autoimmune diseases and cancers [4].
𝜔-3 fatty acids are also known for their anti-inflammatory
properties [5]. Widespread awareness about the benefit of
PUFAs has led to increase in commercial production of
PUFAs.

Fish oil is the most widely used source for obtaining
PUFAs. However, this oil gets easily oxidized and hence is
often associated with unpleasant taste and odor [6]. Besides,
decrease in fish population and contamination of marine
ecosystems with chemicals, heavy metals, and so forth are
other factors that hamper the use of fish oil for PUFA
production. Even though vegetable oils like corn oil, soybean
oil, palm oil, and so forth provide an alternative source for
PUFAs, they are often a complex mixture of various fatty
acids [7]. Hence, extensive purification procedures become
a necessity if these oils are to be used for obtaining PUFAs
[8]. As a result, cost of PUFA production is greatly increased.
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In order to alleviate these problems other sources of PUFAs
are now being explored. In light of this, microorganisms
prove to be very promising alternative source. The superi-
ority of microbes lies in the fact that they produce single
PUFA in high quantities with high oxidative stability lead-
ing to reduced production and purification cost. Moreover,
microorganisms are renewable source for PUFAs [9]. Thus,
microbes not only surpass the disadvantages of other sources
but also offer a quick and economical alternative for obtaining
PUFAs.

Several fungi and bacteria are known to produce
commercially important PUFAs. EPA production has
been reported from Moritella (25mg/g) [10] and Pythium
(90mg/L) [11], whereas Thraustochytrium [12] produces
DHA (23mg/L). Among 𝜔-6 fatty acids, Klempova et al.
[13] have reported GLA production (217mg/L) from
Umbelopsis isabellina CCF 2412. On the other hand
Mortierella alpina produces AA (40–43% of total fatty acids)
[14]. Bacteria especially from cold regions like Antarctica
produce high amounts of PUFAs as an adaptation to
the habitat [1]. However the arena of bacterial PUFAs is
relatively new. To name a few, Shewanella species (10.3%
of total fatty acids) [15], Aureispira sp. (21.5mg/L of
AA) [16], and Photobacterium sp. [17] are the examples
of PUFA producing bacteria. Nichols et al. [18] have
reviewed PUFA producing bacteria from the Antarctic
region.

Considering importance of PUFA in human health and
suitability of microbial sources, many researchers have pub-
lished work on optimization of PUFA production from
microorganisms [10, 19, 20]. Traditionally, a method of
varying one parameter at a time has been employed for
this. However, the method is time consuming and costly.
The method does not evaluate the effect of interaction
between variables and the influence of more than one vari-
able simultaneously. Therefore, other statistical methods that
allow such studies are preferred. The most commonly used
statistical method for optimization of various parameters
under study is response surface methodology (RSM). Use
of RSM has great advantage since (i) significant variables
can be easily identified, (ii) large amount of information
about the system under study is obtained, (iii) it requires
relatively fewnumber of experiments, (iv) it allows interactive
study of variables, (v) it is computationally less demanding,
(vi) it predicts repose for conditions other than those under
study, (vii) and it is less time consuming and economical
[21]. So far several reports that highlight the use of RSM
for optimization of PUFA production are available. Stud-
ies reporting use of RSM have been published by Zhou
et al. [19] for DHA production from Schizochytrium sp.,
Elrazak et al. [20] for EPA production from marine bacteria,
and so forth.

In this paper we report optimization of PUFA production
from Kocuria sp. BRI 35. The most significant variables were
identified using Plackett-Burman design. These variables
were further optimized using RSM. To our knowledge this is
the first report on optimization studies for PUFA production
from Kocuria species.

Table 1: Variables studied using Plackett-Burman design.

Variable Code High value
(+1)

Low value
(−1)

NaCl (g/L) Y1 80 40
Yeast extract (YE) (g/L) Y2 10 1
MgSO4 (g/L) Y3 9.6 0.9
MgCl2 (g/L) Y4 7 0.7
Protease peptone (P.Pep.) (g/L) Y5 5 0.5
KCl (g/L) Y6 2 0.2
Glucose (g/L) Y7 10 1
CaCl2 (g/L) Y8 0.3 0.03
Temperature (∘C) Y9 25 15
pH Y10 8.5 6.5

2. Materials and Methods

2.1. Chemicals. All the media components and chemicals
were purchased from Sigma Aldrich, Hi Media, and Merck
(Mumbai, India) and were of analytical grade.

2.2. Organism. BRI 35was isolated frommarinewater sample
(latitude S 51∘0634.4 and longitude E 57∘3540.2). The
isolate was maintained on marine salt medium (MSM)
(composition per litre: 81.0 g NaCl, 10.0 g yeast extract, 9.6 g
MgSO

4
, 7.0 g MgCl

2
, 5.0 g protease peptone, 2.0 g KCl, 1.0 g

glucose, 0.36 g CaCl
2
, 0.06 g NaHCO

3
, 0.026 g NaBr, and 15 g

agar with pH adjusted to 7.0 ± 0.2). BRI 35 was identified
using 16S rRNA gene sequencing.

The organism was grown in MSM at 25∘C and 120 rpm
for 48 hours (h) and was further used for inoculation in
all the experiments at 10% concentration. For measurement
of microbial biomass (g/L) the cell pellets were lyophilized.
For determination of lipid content, lipids in the cells were
extracted, dried, andweighed according tomethod described
by Bligh and Dyer [22]. Estimation of lipids was carried out
using phosphovanillin reagent [23].

2.3. Analysis of PUFA Production

2.3.1. Preparation of FAMEs. For all the experiments cellmass
was obtained by centrifugation at 10,000 rpm for 10 minutes.
1 g of cell mass was boiled for 20min in 0.5N methanolic
sodiumhydroxide solution. Further 5mL of boron trifluoride
(methanolic) was added to the mixture. This was followed
by vortexing and 15 minutes of incubation. The FAMEs thus
prepared were extracted in 1mL heptane [24].

2.3.2. GC-FID for FAMEs. A gas chromatograph equipped
with a 60m × 250𝜇m × 0.25 𝜇m gas capillary column
and a flame ionization detector was employed for FAMEs
analyses. Nitrogen was used as a carrier gas at a pressure of
19.865 psi. 1 𝜇L of sample was injected using splitmode. Initial
temperature of the column was 110∘C which was increased
up to 250∘C at a rate of 3∘C per minute. The column was
maintained at 250∘C for 2 minutes. The fatty acids present
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Table 2: Plackett-Burman design for evaluating the significant variables for PUFA production by Kocuria sp. BRI 35.

Run Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10 Dummy
PUFA production

(% of total fatty acids)
[mean ± standard error]

1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 20.5 ± 0.56
2 +1 +1 −1 −1 −1 +1 −1 +1 +1 −1 +1 1.0 ± 0.16
3 +1 +1 −1 +1 +1 +1 −1 −1 −1 +1 −1 1.69 ± 0.08
4 +1 −1 +1 +1 +1 −1 −1 −1 +1 −1 +1 0.95 ± 0.20
5 −1 +1 +1 +1 −1 −1 −1 +1 −1 +1 +1 13.29 ± 0.62
6 0 0 0 0 0 0 0 0 0 0 0 3.0 ± 0.06
7 −1 +1 −1 +1 +1 −1 +1 +1 +1 −1 −1 1.36 ± 0.41
8 +1 −1 +1 +1 −1 +1 +1 +1 −1 −1 −1 22.37 ± 0.61
9 −1 +1 +1 −1 +1 +1 +1 −1 −1 −1 +1 2.51 ± 0.59
10 −1 −1 −1 +1 −1 +1 +1 −1 +1 +1 +1 2.57 ± 0.26
11 +1 −1 −1 −1 +1 −1 +1 +1 −1 +1 +1 7.94 ± 0.68
12 −1 −1 +1 −1 +1 +1 −1 +1 +1 +1 −1 1.83 ± 0.50
13 +1 +1 +1 −1 −1 −1 +1 −1 +1 +1 −1 3.25 ± 0.47

Table 3: Statistical analysis of Plackett-Burman design.

Variables Coefficient 𝑃 value
NaCl 1.13 0.1413
Yeast extract −1.22 0.1256
MgSO4 2.30 0.0406
MgCl2 1.97 0.0541
Protease peptone −2.35 0.0388
KCl 0.26 0.6399
CaCl2 1.60 0.0789
Glucose 2.90 0.0261
Temperature −3.24 0.0211
pH 0.028 0.9593

were detected by comparison of the retention time with those
of standards.

2.3.3. Determination of Significant Variables for PUFA Pro-
duction. The significant variables affecting PUFA production
from Kocuria sp. BRI 35 were identified using the Plackett-
Burman design. In all, 8 nutritional factors, namely, sodium
chloride (NaCl), yeast extract (YE), magnesium sulfate
(MgSO

4
), magnesium chloride (MgCl

2
), protease peptone

(P.Pep), potassium chloride (KCl), glucose, and calcium
chloride (CaCl

2
), along with 2 physical parameters, namely,

temperature and pH, were evaluated. Each factor was studied
at two levels. The variables studied and their high (+1) and
low levels (−1) are presented in Table 1. A design for 12
experiments was generated using Design-Expert version 8.0
(Stat-Ease, Inc., Minneapolis, USA) software (Table 2). An
additional experiment where the variables were maintained
at values equal to those in MSM was included in the design
along with the standard 12 experiments. The organism was
cultivated in 100mLmedium in 250mLErlenmeyer flasks for
48 hours. All the experiments were carried out in triplicate

and the response was measured in terms of the amount of
PUFA produced by the organism. The variables with P value
< 0.05 were considered to be significant.

2.3.4. Central Composite Design (CCD). The significant vari-
ables identified using the Plackett-Burman design were
optimized using response surface methodology. A central
composite design (CCD) matrix for 4 significant variables
was generated. The total number of experiments generated
was 2𝑘 + 2𝐾 + 𝑛

0
(where 𝑘 is the number of independent

variables and 𝑛
0
is the number of experiments carried out at

central point values of variables). The matrix consisted of 6
central points and included experiments where one variable
was set at extreme ±2 level and the other variables were
maintained at central point level. In experimental runs where
the software generated negative values, that component was
not added in the medium. Table 4 summarizes the coded
levels of the variables and their actual values. Table 5 gives
the design matrix and the response, that is, amount of PUFAs
produced.The coding of the variables was done in accordance
with the following equation:

𝑦
𝑐
=

𝑌𝑐 − 𝑌𝑐𝑝

Δ𝑦𝑐

, (1)

where 𝑦
𝑐
is coded level, 𝑌𝑐 is actual value, 𝑌𝑐𝑝 is real value

of central point, and Δ𝑦𝑐 is the step change. The amount of
PUFAs produced can be expressed by the quadratic equation

𝑋 = 𝛽
0
+∑𝛽

𝑐
𝑦
𝑐
+∑𝛽

𝑐𝑐
𝑦
2

𝑐

+∑𝛽
𝑐𝑏
𝑦
𝑐
𝑦
𝑏
, (2)

where 𝑋 is predicted response; 𝛽
0
is the intercept; 𝛽

𝑐
, 𝛽
𝑐𝑐
,

and 𝛽
𝑐𝑏

are linear, quadratic, and interactive coefficients,
respectively.

The responses generated were analyzed using Design-
Expert version 8.0.Theywere subjected tomultiple regression
analysis for calculation of the coefficients. The significance
of the model was determined for testing its efficiency.
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Table 4: Coded and real values of variables selected for CCD.

Variable Symbol Unit Coded levels
−2 −1 0 +1 +2

MgSO4 𝐴 g/L −3.45 0.90 5.25 9.60 13.95
Protease Peptone 𝐵 g/L −1.75 0.50 2.75 5.0 7.25
Glucose 𝐶 g/L −3.50 1.00 5.50 10 14.50
Temperature 𝐷

∘C 10 15 20 25 30

Table 5: CCD matrix of variables with response.

Run MgSO4 Protease peptone Glucose Temperature

PUFA production
(% of total fatty acids)
[Mean ± standard error]

Actual values Predicted values
1 −1 +1 −1 −1 57.86 ± 0.92 58.45
2 −1 −1 −1 +1 10.11 ± 0.96 9.48
3 +1 +1 −1 −1 38.13 ± 1.19 33.80
4 0 0 0 +2 11.78 ± 0.79 4.6
5 0 0 0 0 17.26 ± 0.34 17.25
6 +1 +1 +1 −1 6.53 ± 0.46 13.86
7 +1 −1 +1 −1 18.57 ± 0.60 11.90
8 0 0 0 0 16.78 ± 0.85 17.25
9 +1 +1 +1 +1 2.32 ± 0.30 0.98
10 0 0 0 0 19.6 ± 0.52 17.25
11 0 0 +2 0 44.81 ± 0.86 42.76
12 −1 −1 −1 −1 9.97 ± 0.09 8.70
13 +1 +1 −1 +1 7.96 ± 0.05 18.13
14 −1 +1 +1 +1 11.42 ± 0.29 14.22
15 +2 0 0 0 29.81 ± 0.41 26.49
16 +1 −1 +1 +1 42.66 ± 0.86 48.69
17 −2 0 0 0 31.25 ± 0.19 30.54
18 0 −2 0 0 14.52 ± 0.20 19.01
19 +1 −1 −1 +1 56.26 ± 0.45 51.88
20 0 +2 0 0 29.57 ± 0.55 21.04
21 −1 −1 +1 +1 26.37 ± 0.68 28.09
22 0 0 0 0 16.29 ± 0.24 17.25
23 −1 +1 +1 −1 58.62 ± 0.35 60.39
24 0 0 0 0 18.35 ± 0.51 17.25
25 0 0 −2 0 45.99 ± 0.49 44.01
26 0 0 0 0 15.28 ± 0.42 17.25
27 +1 −1 −1 −1 14.07 ± 0.08 17.89
28 −1 +1 −1 +1 5.42 ± 0.52 9.48
29 −1 −1 +1 −1 28.15 ± 1.70 24.60
30 0 0 0 −2 13.65 ± 0.28 16.79

The model under study was considered to be fit for opti-
mization if it had a significant 𝐹 value and a good multi-
ple correlation coefficient (𝑅). The fermentation conditions
to obtain maximum PUFA production from BRI 35 were
predicted using numerical optimization in the software. The
factors under study were varied and the remaining variables
were kept at level equal to those in MSM.

3. Results and Discussion

3.1. Organism. BRI 35 was maintained on MSM slants. The
DNA was extracted using standard protocols and the isolate
was identified using 16S rRNA gene sequencing. The results
indicated it belonged to the genus Kocuria (99% similarity,
1288 bp) (GenBank accession number: KF366396) [25].



BioMed Research International 5

Table 6: ANNOVA for quadratic model.

Source Sum of squares df 𝐹 value 𝑃 value
Model 7151.88 14 14.64 <0.0001
𝐴 24.60 1 0.71 0.4142
𝐵 6.20 1 0.18 0.6793
𝐶 2.34 1 0.067 0.7990
𝐷 222.77 1 6.39 0.0232
𝐴𝐵 1144.81 1 32.81 <0.0001
𝐴𝐶 478.95 1 13.73 0.0021
𝐴𝐷 1108.56 1 31.77 <0.0001
𝐵𝐶 194.74 1 5.58 0.0321
𝐵𝐷 2466.61 1 70.70 <0.0001
𝐶𝐷 7.81 1 0.22 0.6429
𝐴
2 217.32 1 6.23 0.0247
𝐵
2 13.19 1 0.38 0.5478
𝐶
2 1170.40 1 33.55 <0.0001
𝐷
2 73.68 1 2.11 0.1668

3.2. Determination of Significant Variables for PUFA Pro-
duction. Plackett-Burman design was used to identify the
significant variables affecting PUFAproduction fromKocuria
sp. BRI 35. Eight nutritional and two physical parameters
were studied at high and low levels. Table 2 demonstrates the
experimental design and the response generated in terms of
the amount of PUFAs produced. The effect of each variable
was determined by the following equation:

𝑋 =

2 [∑𝑅
+

− 𝑅
−

]

𝑁

, (3)

where X is the effect of the tested variable, 𝑅+ and 𝑅− are the
responses for high and low values, respectively, and 𝑁 is the
total number of experiments.The final equation generated in
terms of actual factors was

𝑅 = +4.90846 + 1.13250 ∗ NaCl − 1.21750 ∗ YE

+ 2.29917 ∗MgSO
4

+ 1.97083 ∗MgCl
2

− 2.35417 ∗ P.Pep + 0.26083 ∗ KCl

+ 1.59917 ∗ CaCl
2
+ 2.89750 ∗ Glucose

− 3.24083 ∗ Temperature + 0.027500 ∗ pH.

(4)

The results thus obtained were subjected to statistical analysis
using Design-Expert software. The variables were segregated
on the basis of their 𝑃 value at the confidence level of
95% (𝑃 value < 0.05) and those with 𝑃 value < 0.05
were considered to be significant. Table 3 shows analysis of
variance (ANNOVA) for PUFA production. Based on the
results of ANNOVA, MgSO

4
(𝑃 = 0.0406), protease peptone

(𝑃 = 0.0388), glucose (𝑃 = 0.0261), and temperature
(𝑃 = 0.0211) were identified as variables that significantly
affect PUFA production from Kocuria sp. BRI 35. On the
other hand, variables like NaCl, YE, MgCl

2
, CaCl

2
, and pH

exhibited 𝑃 values > 0.05 and hence were considered to be
insignificant for PUFAproduction. Literature review suggests

that amount of PUFA produced by microorganisms is greatly
influenced by the temperature at which the microorganism is
cultivated. Generally, microorganisms tend to produce more
amounts of PUFAs at lower temperatures (5–25∘C) [2, 26, 27].
Along with temperature, the amount of carbon and nitrogen
sources, that is, C : N ratio [28], and the concentrations of
salts like MgSO

4
, CaCl

2
, and so forth in the medium are also

known to affect the type and amount of PUFAs produced
[29]. Our observations are in-line with these findings. The
significant parameters thus identified were selected for fur-
ther optimization of PUFA production.

3.3. Central Composite Design. Response surface methodol-
ogy was used to optimize the concentrations of the significant
parameters identified by Plackett-Burman design. In order to
evaluate the interactive effect of the variables, experiments
involving different combinations of variables were designed.
Accordingly, CCDmatrix consisting of a factorial designwith
6 replications of the central point was developed. Multiple
regression analysis of the experimental data generated the
following equation for PUFA production in terms of actual
factors:

𝑅1 = −23.76481 − 5.53477 ∗MgSO
4

+ 27.97817 ∗ P.Pep

− 1.82401 ∗ Glucose + 2.86810 ∗ Temperature

− 0.86424 ∗MgSO
4

∗ P.Pep − 0.27950 ∗MgSO
4

∗ Glucose + 0.38270 ∗MgSO
4

∗ Temperature

− 0.34457 ∗ P.Pep ∗ Glucose − 1.10367 ∗ P.Pep

∗ Temperature + 0.031056 ∗ Glucose ∗ Temperature

+ 0.14875 ∗MgSO
4

2

+ 0.13700 ∗ P.Pep2 + 0.32258

∗ Glucose2 − 0065558 ∗ Temperature2.
(5)

The statistical significance of the quadratic model built
was studied by 𝐹-test and analysis of variance (ANNOVA)
(Table 6). The efficiency of the model was determined by
studying its characteristics. The model was found to have
𝐹 value of 14.64 indicating that there is only 0.01% chance
that such a high model 𝐹 value could occur due to noise.
The 𝑃 value of the model was less than 0.0001. This clearly
identifies a reliability of 99.9%.Multiple regression coefficient
𝑅 and coefficient 𝑅2 of the model were also determined. The
closer the value of 𝑅 to 1, the better the correlation between
experimental and predicted values [30, 31]. In the case of this
model, multiple regression coefficient 𝑅 had a value of 0.9652
illustrating a very good correlation between the experimental
and predicted values (Table 5).The𝑅2 was 0.9318 whereas the
value of adjusted 𝑅2 was 0.9078. This suggests that around
94% of variation is due to the independent variables and only
6% of the variation cannot be explained by the model. Also
the standard deviation was 5.91 which is less than 10. Hence,
the model is highly significant and can be efficiently used for
response prediction.
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Table 7: Increase in PUFA production after optimization.

Design % PUFA produced
[mean ± standard error] PUFA produced (mg/L) Dry cell weight (g/L) PUFA produced per

unit biomass (mg/g)
Original medium 3.0 ± 0.06 9.66 10.3 0.94
RSM 58.62 ± 0.35 120.08 10.8 11.12

Table 8: Yield of 𝜔-3/𝜔-6 fatty acids produced in MSM and optimized medium.

Fatty acids
𝜔-6 𝜔-3

18:2 (trans) 18:2 (cis) 18:3 20:2 20:3 20:4 22:2 18:3 20:3 20:5 22:6
MSM

PUFAs (% of
total fatty acids) 0.85 ± 0.42 0.56 ± 0.35 0.0 0.0 1.06 ± 0.55 0.53 ± 0.09 0.0 0.0 0.0 0.0 0.0

PUFAs
produced
(mg/L)

0.67 1.14 0.0 0.0 4.30 3.55 0.0 0.0 0.0 0.0 0.0

Optimized medium
PUFAs (% of
total fatty acids) 44.26 ± 0.56 5.01 ± 0.38 0.49 ± 0.04 0.0 0.0 0.23 ± 0.15 0.0 0.24 ± 0.08 0.14 ± 0.05 0.06 ± 0.02 8.19 ± 0.50

PUFAs
produced
(mg/L)

84 20.36 2.60 0.0 0.0 0.75 0.0 0.77 0.22 0.1 11.28
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Figure 1: Response surface plot of PUFAs produced (% of total fatty
acids) as a function of MgSO
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(g/L) and protease peptone (g/L).

Our results indicated that variables𝐴 and 𝐶 had not only
quadratic (𝐴2:𝑃 < 0.0247; 𝐶2:𝑃 < 0.001) but also interactive
effect on PUFA production (Table 6). On the other hand
variables 𝐵 and𝐷 were found to have interactive effects only.
Amongst the interactive effects, interaction between𝐴𝐵,𝐴𝐷,
and 𝐵𝐷 (𝑃 < 0.0001) was found to be the most significant
followed by 𝐴𝐶 (𝑃 < 0.0021) and 𝐵𝐶 (𝑃 < 0.0321).
The optimal values of the variables were determined by
constructing three-dimensional plots.The shapes of the plots
are suggestive of the significance of the interaction between
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Figure 2: Response surface plot of PUFAs produced (% of total fatty
acids) as a function of MgSO

4

(g/L) and glucose (g/L).

variables with respect to the response obtained. Elliptical
plots indicate a significant interaction whereas circular plots
indicate that the interaction between the variables is not a
considerable contributor to the response obtained [32]. Here,
% PUFAs obtained were plotted as function of significant
interactive variables. The interactive effects of MgSO

4
(𝐴)

with protease peptone (𝐵), glucose (𝐶), and temperature
(𝐷) on PUFA production are demonstrated in Figures 1,
2, and 3, respectively. The plots clearly indicate that lower



BioMed Research International 7

15.00  
17.00  

19.00  
21.00  

23.00  
25.00  

0.90
3.07

5.25
7.42

9.60

5  

10  

15  

20  

25  

30  

35  

D: temperature  A: MgSO4

PU
FA

 p
ro

du
ce

d

Figure 3: Response surface plot of PUFAs produced (% of total fatty
acids) as a function of MgSO

4

(g/L) and temperature (∘C).
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Figure 4: Response surface plot of PUFAs produced (% of total fatty
acids) as a function of protease peptone (g/L) and temperature (∘C).

concentrations ofMgSO
4
are beneficial for PUFAproduction

fromKocuria sp. BRI 35 withmaximumproduction at 0.9 g/L
MgSO

4
. Kang et al. [33] have reported maximum overall

PUFA production (67.10%) in medium without MgSO
4
from

Thraustochytrium aureum ATCC 34304. However, the same
bacterium produces DHA optimally at 4.5 g/L of MgSO

4

[34]. Thus, MgSO
4
plays a critical role in overall PUFA

production as well as synthesis of individual fatty acids. This
may be attributed to its function as a cofactor for enzymes
involved in fatty acid synthesis. Hence its addition at proper
concentration may increase the efficiency of the enzymes
involved in fatty acid synthesis [35].

The interactive effects of temperature (𝐷) with MgSO
4

(𝐴) and protease peptone (𝐵) are shown in Figures 3 and
4, respectively. As depicted in the plots maximum PUFA
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Figure 5: Response surface plot of PUFAs produced (% of total fatty
acids) as a function of protease peptone (g/L) and glucose (g/L).

production is observed at lower temperature of around 15∘C.
The amount of PUFA produced was found to decrease
considerably with increase in temperature. Similarly, Nichols
et al. [36] have reported maximum EPA (12.2%) production
at 15∘C from a psychrophilic bacterium isolated from the
Antarctic sea. Optimum temperature of 10∘C was observed
by Chodok et al. [2] for overall PUFA production from
Physcomitrella patens.

Figure 5 shows the interactive effect of protease peptone
(𝐵) and glucose (𝐶) on PUFA synthesis from BRI 35. The
isolate produced PUFAs optimally in presence of protease
peptone and glucose at 5 g/L and 10 g/L concentration,
respectively. Similarly, Jang et al. [28] have reported optimum
C :N ratio of 2 : 1 for PUFA production from Mortierella
alpina. However authors have used starch as carbon source
andKNO

3
and yeast extract as nitrogen sources. C : N ratio of

25 : 7 was found to be optimum for production of ARA from
Mortierella alpina CBS 754.68 [37]. Higher C :N ratio (5 : 1)
for DHA production had been reported by Wu et al. from
Schizochytrium sp. S31 [38].

Thus, analysis of RSM plots indicated that maximum
PUFAs are obtained from Kocuria sp. BRI 35 under the
following fermentation conditions: MgSO

4
0.94 g/L; pro-

tease peptone 5 g/L; glucose 10 g/L; temperature 15∘C. The
optimization strategies resulted in significant increase in the
amount of PUFAs produced. In original medium PUFAs
represented only 3% of total fatty acids produced. This
corresponded to 0.94mg/g of biomass. In the optimized
medium more than 50% of fatty acids produced were PUFAs
which accounted for 11.12mg/g of biomass.Thus, the amount
of PUFA’s increased from 9.66mg/L to 120.08mg/L (Table 7).
Kocuria sp. BRI 35 exhibited the ability to produce higher
amounts of PUFAs in optimized medium without significant
increase in the overall lipid content. Earlier Chodok et al.
have reported maximum PUFA production of 75.11mg/L by
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Physcomitrella patens in medium optimized using Plackett-
Burman design [2]. Use of sugarcane molasses for PUFA
production has been documented by Li et al. They have
reported PUFA production of 5.74 g/L from Mucor recurvus
under optimized conditions [39]. Presence of increased
amounts of PUFAs from Kocuria sp. BRI 35 (this work) in
optimized medium is a unique finding since saturated and
monounsaturated fatty acids have beenmainly reported from
the genus Kocuria [40, 41].

Table 8 demonstrates % increase and quantity (mg/L)
of individual PUFAs produced from BRI 35 following opti-
mization. The amount of 𝜔-6 fatty acids increased from
9.66mg/L (3% of total fatty acids) to 120.08mg/L (50.23% of
total fatty acids). Specifically, yield of linoleic acid increased
from 1.14mg/L to 20.36mg/L under optimized conditions.
Along with 𝜔-6 fatty acids, our isolate exhibited the ability to
produce 𝜔-3 fatty acids particularly DHA (11.28mg/L) under
optimal conditions. Similarly, Morita et al. have reported
maximum DHA production of 13.4mg/L from Moritella sp.
[42]. Along with DHA and LA Kocuria sp. BRI 35 also
produced several beneficial 𝜔-6 (ARA, GLA) and 𝜔-3 (EPA,
ALA) PUFAs (Table 8).

4. Conclusion

Optimization of culture conditions for production of PUFAs
from Kocuria sp. BRI 35 was accomplished using Plackett-
Burman design and response surface methodology. MgSO

4
,

protease peptone, glucose, and temperature were found to be
themost significant parameters.Under optimized conditions,
BRI 35 produced nutritionally important PUFAs like EPA,
DHA, ARA, LA, GLA, and ALA. Thus BRI 35 exhibits the
potential for commercial production of PUFAs.
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