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CHAPTER V
Kinetics of Surfactin Production by Bacillus subtilis in a 5 L Stirred-tank

Bioreactor

5.1. Introduction EC}

Surfactants, either chemically or biologically produced, are defi surface active
agents with attractive wide-ranging properties (Al-Araji et 007). Surfactants

m can be synthesized

i 7Wiog ‘of yarious carbon

produced by biological synthesis are known as biosurfacign

by a variety of bacteria, yeasts, and fungi throug
feedstocks (Chen et al., 2007). Biosurfactants offer S‘iou adfant s’s(u‘}&r as being

less toxic, more biodegradable, and environment rien(}ly cofhpargd™to chemical

NQ th i@hysiochemical
' O(é é

surfactants, and unlike chemical surfactants, theydo

properties at different temperatures and pH@d/l
Among the many classes of biosurfa# t%«%’eﬁti@oup is attracting great
78

interest because of its high surface& afrd th a‘f)g& potential (Nitschke ez al.

2006). Surfactin is one of the osY‘chie,t bi I1‘f Bhts known so far and belongs

to the lipopeptide group (Wei e,a/, mBJ;Q actin exhibits diverse biological

activities such as antimiw&%l @es a?a/., 2007), hemolytic, antifungal,
0

N

antiviral, and antimyc Nna m\i ‘_ibs “gSmgh et al. 2004). B. subtilis is a
sporulating rod bac thaf is he most studied Gram-positive bacteria
(Driks, 2002). It '%d in“tlﬁ's)(;l is known to be non-pathogenic in humans,
and has a widegla of application‘&&ylweers et al., 2008). The ability of B. subtilis
strains to @ipopeptide has been well documented over the last 50 years (Xiao
et al. %‘d has shown great potential for application in pharmaceutical and
biotechnological fields in recent years (Mulligan 2005; Kowall et al, 1998).
Therefore, finding new strains of surfactin producers and knowledge of the kinetics of
surfactin production can improve surfactin yield efficiency and can assist in reducing

the total cost of surfactin production.
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In all previous studies, analytical data were compared using the relationship between
bacterial growth and surfactin concentration (Isa ef al, 2007). However, a kinetic
model should be developed to explain substrate and product evolutions under
operational fermentation conditions (Rodrigues et al, 2006). This cun?%tudy is
aimed to elucidate the basic concept of kinetic model describing bio; \ell growth,
substrate (glucose) consumption, and surfactin production in the*u fermentation
process by B. subtilis MSHI1 and B. subtilis ATCC 21322 using Ystirred submerged

bioreactor. V

5.2. Materials and Methods '

5.2.1. Preparation of Culture Media

A defined mineral salts medium (MSM) described%)op ;:g/ ’(I-D?l) was used
as fermentation media throughout this study. Th dld\qk ed@ H4NOs3, 0.05

M' NavHPO4, 0.04 M; KH:PO4, 0.03 M; 4° 7HWO 4. OXIO(’
M: EDTA., 4.0x10° M; MgSOx, 8. ono\ and 4% /v)@ucose (Davis et al.,

2001; Isa et al.,  2008). All cnemg sed%%f @y‘ucal grade. Prepared

medium was sterilized prior to fern 48:'

N ot
5.2.2. Culture Conditons an@lta"t on
13

B. subtilis MSHI1 and B. wls
obtained from MlClOb og, L

ele used in this study and were

y, C,@éulty of Science and Technology,

Universiti Sains Islar ays o { M)C'B subtilis MSH1 was isolated from oil
contaminated soil tedpi jangXSelangor), Malaysia and was identified by
Slmmaq and ls 13) as a sur facku%}l. oducer with the presence of 16s rDNA gene

s10n no. JX080184.1), and sfp gene sequensing (accession

n0.CP002M3I™Y, respectively (Shannaq and Isa, 2013). Meanwhile, B. subtilis ATCC
2133208 mmercial strain and a confirmed surfactin producer as according to
previous studies (Shannaq and Isa, 2013). Stock culture was maintained on nutrient
agar. Two loopfuls of grown bacterial cells from the nutrient agar were transferred to
25 mL of nutrient broth containing 40 g/L glucose, followed by the incubation of the

culture broth on an orbital shaker at 200 rpm at 30°C for 24 h (Isa et al., 2007). A
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volume of 5 mL of culture broth was then transferred to a conical flask containing 45
mL of Cooper’s medium (Cooper et al, 1981). A total of five conical flasks were
prepared. All flasks were incubated under the same conditions ag_previously
described, for 16 h. A total volume of 250 mL was used to inocu z:)\%) mL of

Cooper’s media (Isa et al., 2007).

A submerged bioreactor (Sartorius Stedim, Germany) with a W;lg volume of 5 L

h

was employed for fermentation to produce surfactin. 10reactor included an

agitation system with two impellers on a single dri

Agitation speed, dissolved oxygen, and pH were c%vlle byja fi
Y .

unit. The pH of the culture broth was maintaine

NaOH and 1.0 M HCI (Isa et al., 2007). The felmat' ditj ogs were set at the
temperature of 30°C, agitation speed of 10% r on m™', and pH 7 for
55 h. B. subtilis MSHI and B. subtilis ATC 2% c&@ated under the same

dg Was pe foa;aed using a low level of

]
dissolved oxygen (isa et al., 2007). re br mpl vere withdrawn aseptically

at regular time intervals for det Von 4f ter @owth surfactin concentration,
and glucose consumption. % J

NI
5.2.3. Analytical Meth \

&
3 %
5.2.3.1. Measureme y
¥ g easure by

eﬁt.agbn control

c@onoflOM

ut

conditions, in which batch fermentati

Bacterial growth 4 {¥rmining the biomass concentration (gram of
dry cell weig r liter of cultuxe}edlum) at different time intervals up to 55 h.
Fixed vol the culture samples were withdrawn aseptically and transferred to
centrifug % for centrifugation at 10,000 rpm for 10 min. The supernatant was
withdrawn and biomass left at the bottom of the tubes was dried using an oven at

105°C. The dry cell weight was then measured using a balance until constant reading

achieved.
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5.2.3.2. Measurement of Surfactin Concentration
Culture samples were withdrawn aseptically at various time intervals and centrifuged
at 10,000 rpm for 10 min. The supernatant was then filtered through a 0.45 um nylon

filter membrane for surfactin and glucose analyses. Surfactin conceggration was

measured using high-performance liquid chromatography ( Agilent

Technologies, 1200 Series, USA) equipped with Chromolith® high §erfdrmance RP-

18 (100 mm x 4.6 mm, 5 pm) and detected at 205 nm with a wepigble wavelength

detector (VWD). Mixtures of mobile phase consisted of aceﬁq@x:fACN) and 3.8

mM trifluoroacetic acid (TFA) solution at the ratio of :fﬁVere pumped with an

isocratic mode at a flow rate of 2.2 mL/min. The sar n) &cti 1‘1 was set at 30 pL

and the duration of each analysis was within 8 min. Sygfact1 svfnd 'pﬁ&gﬁsed from
g

Sigma, with 98% purity, was used as a standard. P

5.2.3.3. Measurement of Glucose Concentr,
Glucose was measured by HPLC equipped@ hromo
4.6 mm, 5 pm) and detected at 195 nm \%a V@R}"
o
&El

mM TFA and was pumped with an i G gjd‘ ﬂAle'rate of 0.5 mL/min. Total
) S

elution time for analysis was withi

5.2.3.4. Calculation of Kin &'Kl’a!a
Substrate conversion was, &Nlat
’
(Eq. 3). c‘)
el WS
DY FPH N (Eq. 3)
VT

where S, is the iftadglucose conceh&%tion and S is the glucose concentration in the

samples at cag interval.

N

The volumetric productivity (P, and Px) was calculated as the ratio of maximum
surfactin (Pmax) or cell concentration (Xmax) to the fermentation time when the

maximum concentration of surfactin was achieved (tpmax and txmax, respectively):

Pp — P"l(l.\' (Eq. 4)

tpmax
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Xmax
Px - txmax (Eq 5)
The yield of surfactin on glucose (Yps, g/g) was defined as: ?
Pr—P,

bl =s (Eq. g

The yield of cell mass on glucose (Yxss, g/g) was defined as:

Xp—Xo
Yass = Sf=So %7)
The yield of surfactin on cell mass (Ypx, g/g) was de m{ .
P
Fo/x = 3pe E 8)

where F,, X,, S, are the initial mr@ centlatlon biomass
. . -

dmon Pr, X and S¢
a@ncentratlon and glucose
spe&ﬂ/ely




5.3. Results and Discussions
5.3.1. Bacterial Cell Growth in Cooper’s Medium (—}

Figure 9: Production of surfactin by B. subtlis ATCCY’H.
B subllisATCC 21332 o
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Figure 10: Production of surfactin by B. subtlis MSHI.

B. subtilis MSH1
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50

; iop/ s ATCC 9372 (Neves et al. 2007), B.
subtilis C9 (Kim et al, ), B. subyi 5@41005 (de Oliveira et al., 2013) and B.
subtilis 20B (Joshi 208, e kBen reported as surfactin producer. In spite of
ability to produévpetitive amou@6f surfactin, B. subtilis MSH1 is a local strain
that has not% extensively studied and used for the production of surfactin
(Shannau@ 2013). In contrast, B. subtilis ATCC 21332 is commercially known as
a surfactin producer and is able to produce surfactin in different types of substrate and
media, such as potato substrate (Fox et al., 2000), clarified cashew apple juice (de
Oliveira et al. 2013), and Cooper’s media (Isa et al, 2007; Cooper et al, 1981).

Cooper’s media with 4% (w/v) glucose was used because it has been designed to

supply nutrients for bacterial cell growth and surfactin synthesis by Bacilius strains
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strains  (Isa et al., 2007; Cooper et al., 1981; Davis et al., 2001; Yakimov et al,
1997). The pH of fermentation broth was maintain at pH 7 to prevent the acidification
of culture medium and reduction of pH level to less than pH 5 will cause precipitation
of surfactin due to lost of its solubility (Wei et al., 2003). \Y~
5

Figure 9 and Figure 10 show bacterial cell growth for B. subtilis Nﬂ%and B. subtilis
ATCC 21332, repectively. The beginning of cell growth (lag se) for B. subtilis
btilis ATCC 21332,
1 *eeded less than 5 h

p

MSHI was short (approximately 5 h) compared with that fo
which lasted approximately 10 h, implying that B. subtilis

to adapt to the medium. An obvious pattern of the lag p cah b fQr B. subtilis
ATCC 21332, in which the strain needed 10 h to a the i 11’1.@5 lag phase
showed almost no apparent cell growth, due to a onof icrqx}ganism to the

. b, o
envir t.
new environmen \’ 1 ‘S\

Later, cell growth entered the exponenti@jase, \e}l {'éﬂ number increased in a

qu O‘ﬁ exponential phase for B.
, Wi The @hemial phase for B. subtilis
[n{]ﬂs P!ks?bout 65% of the initial glucose
axipdum glucose consumption occurred
\ ; r BeSNbtilis MSHI1 (23 h) than B. subtilis

ATCC 21332 (35 h), ytfighting tha lf.@h’s MSHI1 achieved the maximum cell
growth 12 h earlier . subgL }TC'&I?)SZ. As is evident in Figure 9 and Figure
10, the stationar&&wth phase for@ubn’/z’s MSHI1 began after 28 h of incubation,
while the sta@phase for B. subtilis ATCC 21332 began after 45 h of incubation.

logarithmic pattern. As shown in Fig
subtilis MSH1 was between 5 t
ATCC 21332 was between 10

(So) was consumed by botl;Qins a‘l
in this phase. This phasawa¥ sh

Cooper WQ‘)SI) and Kim et al. (1997) suggested biosurfactant production by B.
subtilis strains was highly related to microbial cell growth, while Shepard and
Mulligan (1987) stated that biosurfactant production mainly occurred at the end of the
exponential phase or in the stationary phase of microbial growth. Based on Figure 9

and Figure 10, the production of surfactin was closely related to the growth of strains
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where the maximum production occurred at the end of the exponential growth phase

for both strains.

5.3.2. Relationship Between Surfactin Production, Cell Growth, and Glucose

Consumption
Both strains were able to produce surfactin with approximately t e pattern,
except in the log phase. Surfactin production by B. subtilis M nd B. subtilis

ATCC 21332 started in the early exponential growth phase (FiguY? and Figure 10).
Cell growth was slow and glucose consumption was alsow low in the early
exponential growth phase, where about 10% of S, wasfagnyumgd by both strains,
considering the fact that surfactin is categorized as a dary 1 lite (Georgiou

et al, 1992). For B. subtilis ATCC 21332, surfactif¥gas pgpdu c' &xaggll growth

started to enter the stationary phase, and the maxg congeht io%Was attained at
the end of the exponential phase, as the glucege ¢®nc n b%g;xe lower due to
consumption by the cells (Davis et al., 1 *Jhe maxghm é&factin concentration

(Pmax) for both strains was attained in t

) ws ﬁt.h the values as high as
44726 mg/L and 226.17 mg/L for 3

2 2 and B. subtilis MSHI,

. & .
respectively. The same pattern was&exl q@rilis LBS5a, where maximum

surfactin production was attai%z the ﬁﬂy@se by using cassava waste as
. B

fermentation media (Nilscthct 1/.‘ g@és, a previous fermentative study
using B. subtilis ATCC 0 righs m@¢Ha showed that the highest surfactin
concentration was attai @t e %t 'cmlat'}‘:%fxase (Isa et al., 2007; Isa et al., 2008;
Shanaq and Isa, 2@3 tl’i p :s ; Y@t of the glucose feedstock (S,) had been

consumed by the st4ains \g}'

\

The Pmax “%‘ubti/is ATCC 21332 was approximately two times higher than that
for B. szMSHI under the same fermentation conditions. B. subtilis MSH1, which
had a short lag phase, was able to quickly adapt to Cooper’s media, which caused it to
achieve Pmax in a shorter time than B. subtilis ATCC 21332. A previous fermentative
study using B. subtilis LAMIO0S showed that the initial concentration of medium

affected maximum cell concentration (de Oliveira et al., 2013).
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Table 9 shows the results obtained from kinetic studies of bacterial growth, glucose
consumption, and surfactin production by B. subtilis MSHI and B. subtilis ATCC
21332, It was found that the growth rate of B. subtilis MSH1 varied from 0.106 h' to
0.224 h”', while that of B. subtilis ATCC 21332 varied from 0.048 h' to 0.087 h".
The biomass specific growth rate (max) for B. subtilis MSHI was as hl sh ay0.224 h!,
which two times higher than that for B. subtilis ATCC 21332 (0.08 1is implied
that B. subtilis MSH1 was better adapted to Cooper’s medium. T#khest biomass

concentration (Xmax) achieved by B. subtilis MSH1 was 2. 90 1le that achieved

by B. subtilis ATCC 21332 was 2.62 g/L, confirming the h?i max for B. subtilis
MSHI.

As shown in Table 9, the biomass yield (Yxs) pro y B st lls_@?—l'l (0.107
g/g) was 27% higher than that for B. subtilis AT 3 (6 g/ggr.ldlcating that
B. subtilis MSH1 showed higher growth ki s ongpar w1t%ﬁ subtilis ATCC

%xm Th ct@espon51ble for this

behavior, among which we should mer(gs 1s the

contribute to this phenomena whel btifls
\

medium compared with B. s’ubtihs‘e %

/‘7

21332, with higher values of tmax, Xmaxs

0 msm being used can

N
l§ ily adapted to Cooper’s

The initial production of sur tm MSHI and for B. subtilis ATCC

21332 were 9.56 mg/L a v@ m e ectt\;&/y when 33% of the total glucose had

{ in'w Xh%(?ell concentration (X) and volumetric
biomass productivi m iy a @nmeasmg sugar consumption during the
fermentation time, % the maxxm YI)lomas.s (Xmax) was reached. As shown in

Table 9, Pmm;Nled by B. suhnlzs ATCC 21332 and for B. subtilis MSH1 were

been consumed. The

438.64 + g/l and 226.17 + 5.62 mg/L respectively. Davis et al. (Davis et al.,
2001), \A@iied the production of surfactin by B. subtilis ATCC 21332 achieved a
Pmax of around 439 mg/L, which is similar to the results obtained in this work. Other
authors were able to achieve the higher Pmax of 583 mg/L under the same experimental
conditions (Isa er al, 2007). This set of fermentation data for the production of
surfactin by B. subtilis ATCC 21332 showed similar trends to previously reported
studies (Isa et al., 2007; Davis et al., 2001). It seems that B. subtilis MSH1 was unable
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to compete with B. subtilis ATCC 21332, whose Pmax Was approximately two times
greater than that of B. subtilis MSHI.

Glucose is a good carbon source for fermentative study of biosurfactant production by
Bacillus strains and is widely used in previous studies (Isa et al., 2007 (Ooper et al.,
1981: Davis et al., 2001; Isa et al., 2008; de Oliveira et al., 2013; 7\(1[., 1999).
The carbon source supplied is able to assist the production of surfactin¥de Oliveira et
al., 2013). It must be supplied in the medium up to the optiggum¥evel of 65.04 g/L.
Considerable amount of glucose was consumed by both str%en the P, increased

for both strains was
\Q@ yield of
s’a-ﬁ‘é@ful volume-

1 an&\B subtilis ATCC

to Pmax during the course of fermentation process, when

attained. Alternatively, surfactin production can be, evdWat
biosurfactant on cell mass (Yx) (de Oliveira ef a ), wt
independent parameter for scaling up the biopr
obtained was 0.178 g/g and 0.119 g/g for FWgili
21332, respectively. The studies conductmN e Oliv

al. (1999) showed that the Y« valu d ®‘$O S

o
subtilis LAMIO05 and B. subtilis 2 yete @l’tivated, depending on the

o ufi . )
intial substrate concentration in th?kure'n : ‘e\
P

The value of Yyis shows &Natioh ; surfactin production and glucose

consumption (Table @ o 9 f w90.008 g/g and 0.015 g/g for B. subtilis
MSHI and B. subtilig® T 2/3 :

consumed a high t of“;gmze (&2 %) compared with B. subtilis MSH1. High
substrate (gluc onsumption b)‘aa,acterial cells (93%) was not limited by the
carbon sou% the culture medium, because only 66% of glucose had been

consum the Puax Was obtained. Davis et al. (1999) found that the cultivation

@g to 0.075g/g when B.

e§§0ively. B. subtilis ATCC 21332 efficiently

of B. subtilis ATCC 21332 in medium with at least 30 g/L glucose was enough to
avoid carbon limitation during fermentative activity. Since an increase in cell
concentration with higher product formation was observed when sugar consumption
was increased, it is possible that another nutrient in the culture medium was used by

the bacteria cells.



66

The ry/X reflects the activity of the microorganism in surfactin production (Rodrigues
et al., 2006). As shown in Table 9, B. subtilis ATCC 21332 showed a high value of
rp/X (9.105 mg/Lh) compared with B. subtilis MSHI1 (0.991 mg/Lh), implying the
higher efficiency of B. subtilis ATCC 21332 in surfactin production (10 times)
compared with B. subtilis MSHI1. Surfactin production by both strains was closely
related to bacterial growth (Cooper et al. 1981; Kim et al. 1997) and in wion, the
type of organism and the culture medium are known to be the Ytors for
microbial growth pattern (de Oliveira et al. 2013). It can be obse in Figure 9 and
Figure 10 that cell growth, surfactin production, and glucose &gxmption showed

similar profiles for both strains, consistent with a previo Ny conducted using

different types of Bacillus strains (Kim et al. 1997; de &;alet al. 2013). There

was a strong correlation between surfactin productionwggeti ng)mass kinetics

during bacterial growth. Therefore, in the cor%@ elv;ﬂ d @Ye. surfactin
1

production by B. subtilis ATCC 21332 and B. siripiidis w assg,%.lated with cell
growth. There was relationship between surfadw odaftio cell@g;vth, and glucose
utilization (Kim et al,, 1997). Growth-ass®wey ta pr 101 oé?osurfactant has been

reported for Bacillus licheniformis ] F—I%n et N ,,ésubri/is C9 (Kim et al.,

1997), and B. subtilis LAMIOOS ve'ﬂl e cd.,%\S). A direct relationship

between biosurfactant productio% A an@\tarbohydrate utilization was

observed during the produclior% surt;:ttal PS/ qubtf/is C9 (Kim et al., 1997).
NS}

5.4. Conclusion

N

N | (‘)(.;
This model could be 51» tof assgs r\d ctivity of any bacterial strain to produce
surfactin through @ivon“( Dp01 concentration, surfactin concentration and

glucose consun at various stag&}’ in fermentation process. The results obtained
showed B. s‘% MSHI can be a good alternative for surfactin producer through
utilizatioq oper’s media formulation. B. subtilis MSH1 and B. subtilis ATCC
21332 were able to grow in Cooper’s medium and produce surfactin in a stirred-tank
bioreactor. In spite of the high consumption of glucose of approximately 93% by both

bacterial strains studied, no carbon limitation was observed.

Throughout this study, B. subtilis MSHI1 showed higher growth cell kinetics, exhibited
higher values of Hmax, Xmax, and Yys compared with B. subtilis ATCC 21332. The
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biomass cell productivity of B. subtilis MSH1 was found to be approximately three
times higher compared with B. subtilis ATCC 21332. While, B. subtilis ATCC 21332
showed higher surfactin production kinetics, with higher values of ryx, Pmax, and Y
compared to B. subtilis MSHI1. The maximum surfactin production of B. subtilis
ATCC 21332 was found to be approximately two times higher cor ¥w1th B.
subtilis MSH1 under the same fermentation conditions. It was fo u t B. subtilis

MSH1 had a short lag phase, was able to quickly adapt to Cooperggnedia and causing
it to produce the Pmax in a shorter time than B. subtilis ATC!Q& In addition, B.
subtilis MSHI1 was unable to compete with B. subtilis A C 2 in terms of yield
effiCIGI’lcy Of Yp/s, Yx/s and Yl)/x.
i
1S

ib@fhe kmétics process

Yb

J‘

A basic kinetic model had been suggested to analy@ desc

of fermentation of surfactin producer strains of B i 1

, 2;\ and B. subtilis
MSHI. The kinetic model proposed usin Q m value of kinetic
&en a te

shown in Table 9 can adequately explam t Qon of all parameters

involved in the fermentation course Hh u y \fldes some significant
1]

knowledge of important parameter 1ts cOwglgtion ards surfactin production.

Findings of this study can be rt xte!;:?kl JQr\ surfactin producer strains of
W

higher productivity, and should esgghtially’ same kinetic trend.
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