CHAPTER V
RESULTS AND DISCUSSION

5.1 Morphology /. /s
Z

Bacillus subtilis TISTR25 that was culﬁml.cd in agar-based culture showed

opaque white coloniesWith rd“ugil fim. [{S"mature growth fully developed

within 24 hours and 1 “1:1::1{?11}' into alight"brown one as shown in Figure
5-1. In non-rotated

broth. On the other

) th, it i_}u;p'led a thin ‘eandle-drop-like over the clear
v;eif-in a rotated condition, because oxygen was
lE;I'tF’ 'y ;;IPIGK medium [28], morphological growth
uitient hmﬂf:‘-* Ifi microscopic observation, it had a single

rod shape rather than in ch: anﬂ %ndﬁsﬂé&#was found in stationary phase as shown

in Figure 5-2. ~— —a

Figure 5-1 Colony forming of Bacillus subtilis TISTR 25



(B)

Figure 5-2 Microscopic observation of B. subtilis TISTR 25

(A) 400x - Enlargement (B) 1000x - Enlargement
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5.2 The effect of controlled pH on growth and protease production in batch
fermentation
The purpose of this experiment is to clarify the optimum pH for growth and
protease production. The experiments were set up as batch fermentation processes by
using 0.1 % KH;PO4, 0.05% MgS0:.7H;0 and 0.001% CaCl;,.2H,0 as mineral
substances together with 1.8 % starch hydrolysate and 2.0 % soy bean coupling with
d nitrogen source, respectively. During
y“ .0) and temperature (37.0°C) were

sunflower seed hydrolysate as a carb

batch processes, pH (6.0, 655 7.0
controlled beyond maximu ' ition (Appendix B). Periodically,
broth sample was withdsa centgation, glucose concentration and
protease.
e growth pattern in the

tely, its lag phase lasted 2 hours

Bacillus subtilig
experimental pH range (Fip
which there was no pf
scientifically detected
bacillus consumed gl ‘
other phases. Considering on'4 be g of protease production was

active protease is always
r enzymes. In log phase, the
ell concentration comparing to

obviousiy found at the easly log phe ally not associated with cell

concentration. Accopdtng to-product and growth relationehip, this protease production
A £9
behavior is termed uﬂ s is because the product is

generated between log I}m and stationary Jhasc Around the 18" hour, the bacillus
cell reached 1 | almost all pH range
except for pm{m&m ook 'p around late stationary
phase and ) V) i d is why cell
mncenalmmm’nimsﬂ ;1 éﬁﬂ-hm
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Figure 5-3 Batch Fergie " \ ISTR 25 at controlled pH of 6.0
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Figure 5-4 Batch Fermentation of B. subtilis TISTR 25 at controlled pH of 6.5
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Figure 5-6 Batch Fermentation of B. subtilis TISTR 25 at controlled pH of 7.5
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Figure 5-7 Batch Terg ' dof Bl
ﬂd._a-f d
Main cause of thé dgath ig fR4t 6€ll lysis tat€ was faster than cell duplication

. —=——=—a

rate. In spite of the fact that g ‘consumed in the late stationary phase,
it decreased. It shows that glucose

gas employed to maintain the

the cell concentration was
consumed in the st
cell. It can be concluded ¢ 1€ not suitable to be cultivated

in such alkali condition.

AIEIONIFI) b 3 a1 e —
much as oth 6/0 Was not an economically

optimum condition for th wth. Investi varibuds experimental pH
otk OIS ke DA TNV .
system nut only provided the maximum cell concentration (0.789 g/1) but also
provided it the most quickly (14™ hour). For cultivation in acid pH range (6.0 and
6.5), it took 30 and 22 hours to reach its maximum cell concentration, respectively.
Furthermore, it took about 18 hours in the base pH range (8.0) for the maximum
value. For neutral pH (7.0 and 7.5), it is faster than that of both acid and base pH
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range and it was at the hour of 14 and 10, respectively as shown in Figure 5-8. The
obtained graph resembled a statistically normal distribution histogram graph.

Being mixed growth association, protease production would follow the cell
concentration, for instance, protease production decreased as well as the cell
concentration did at pH 6.0, 6.5, and 7.0. As far as all batch experiment concerned, the
best pH range for protease production is also at pH 7.0 which is the same as cell

production. The combination effectiof cell and protease production is available

at Figure A-3 in Appendix A, he maxindulybediease production was found in pH 7.0
batch experiment in the s c€ll concentration that it is not only
pH 7.0 system provid unit/ml) but also provided it

the most quickly (14% af g1¢ le"S*1 and Figure 5-8. The major

converted to a new kinetic para

ey
=,
o

the maximum pmdlﬁ cmﬂﬁ i iyation time. From Figure 5-9,

Figure 5-8.

Mm@upé@mﬂw%’m YR

60 9 0.681 |34 0.020
6.5 0.764 | 22 0.035
7.0 0.798 | 14 0.057
7.5 067122 0.031
8.0 0.614 |26 0.024




)

Cell concentration (g/l)
Protease (unit/mil

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10 -

0.614

0.00
8.0

v o ¢ o v
ARIANNIUARIINE IR Y

Figure 5-8 Maximum cell concentration and maximum activity of
protease among experimental pH range.
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The best condition which gave the highest protease productivity was also at

controlled pH of 7.0 as shown in Figure 5-9.

Another kinetic parameters based on maximum protease production were also
compared among experimental pH range. The cell concentration yield over substrate
(Yxs) and  protease yield over substrate (Yps) had the same profile among

experimental pH range that the highest, peak was found at pH 7.0 (0.616 g-cell/g-

glucose and 0.663 Act/mg-glucase ively). Moreover, not only cell
concentration but also it Guality whic .ﬁnm as protease yield over cell

concentration (Ypx) affecied thesprotease produclio e graph of protease yield over

cell concentration also gaw® the sinilar profile which the highest peak was found at

With the highestand {astgs > specific growth rate, specific
product rate, and specifig npti 112 : at pk Was investigated to show kinetic

Glucose was firstly nunsumed n-_-:a-e ace eell and the highest specific consumption

I pH 7.0 in batch fermentation.

p phase as reported in Figure 5-11.

rate (1.101 g-glucose/g r) was Spo ."‘ hour. After the cell was
generated with the bia J322 hr') at the 4™ hour, the
glucose was lastly cgsum protease aﬁch the maximum specific
product rate (0.316 unit/mgscell-hr) was noticed at 8 " hour. The specific product rate

e e A VI VORI et i

growth rate whith the shift eﬁ'ect‘,was not excess the stauu zone of specific

AR ﬁﬂ’ﬁ?ﬂfﬂﬁﬂﬂmﬁﬂ*

As far as all kinetic parameters confirm, the best condition for cell and product
cultivation is at controlled pH at 7.0 in batch fermentation pmr:ess.
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Figure 5-9 Protease productivity based on maximum protease
comparison between various experimental pH range.
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Figure 5-11 Specific growth rate, specific product rate,

and specific consumption rate at pH 7.0
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5.3 The effect of initial glucose concentrate on growth and protease production

in batch fermentation.

The aim of this experiment is to clarify the optimum initial glucose
concentration for protease production together with retrieving the growth curve of
Bacillus subtilis TISTR 25 from varying starch hydrolysate concentrations

(equivalent to 1.0, 1.8, 3.2. 4.5, and 7.5 g/I of glucose) in batch fermentation. During

condition, Periodically, the Breth s ithdrawn to analyze parameters as

same as that of pH-varying

Obviously, an’inc oncentration from 1.0 to 7.5 g/l
affected the growth @

stationary phases of

Mlustrated in Figure 5-12, the
¢ the effect of initial glucose
glucose depleted. After both of
ell concentration of each batch

concentration. In log phiasg
them approached to stati
was obtained around at the#! &;;:.: 10 ur. The higher initial glucose was
employed, the higher cell conc: ed. After that, the cell concentration
started to level off &t th gf 4.5 g/l. In Figure 5-13, the

initial glucose concér ily) did not show consistent

relationship bem'eengch other. aximum @ease activity (0.798 unit/ml)
was obtained in 1.8 gflainitial glucosey goncentration experiment in which the

N N 1O ECTE T ———

stated in shakenMlask fermentation gxperiment [28]
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In Kinetic parameter investigation, both Yps and Yy had the same profile
which both highest peak (0.663 unitt/mg-glucose of Ypss and 1.076 unit/mg-cell of
Ypix) were obtained at the 1.8 g/l initial glhcose concentration. But Yys had a
increasing profile with initial glucose concentration from 1.0 to 4.5 g/l, but there came
a little decrease since the glucose concentration of 7.5 g/l as plotted in Figure 5-14.

The cell productivity and protease productivity were also observed as shown in Figure

showed the identical profil initial glucose concentration, there
came little bit difference (hatWwas & sharperstope 10g cell productivity but not exist in
Y xss curve. Furlhermn e [rQ: E‘ mbled both Yps and Ypx when

\ highest protease productivity

= 9\0&\ \

Figure 5-16 the maxjfug el of¥ -- ic product rate and specific

it was plotted against
was (0.057 unit/ml-hr.F
rate and initial gl

hip between specific growth
iowed the same profile. From

101 g-glucose/g-cell hr at the

In conclusion, as mueh=as miar eters dealt with protease were
confirmed by their wiaximum value, the hest initiat shielsé concentration for protease
production was 1.8 g/ -"i ‘r- cell production rate was not

much.

m:‘;,ummmmﬁﬁ - o
SR AR AR

respectwely The evaluated constants from Lineweaver-Burk plot (Ks = (.98 g/l and
Hmax = 0.52 hr™') was closed to those from growth curve estimation (Ks = 1.0 g/l and
Hmax = 0.52 hr'") as shown in Figure 5-18.
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Flgure 5-14 Yy, Yy, and Y among various initial glucose concentration.
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Figure 5-15 Cell productivity and Product productivity

among various initial glucose concentration.
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Figure 5-16 Specific product rate, specific growth, and specific consumption

among various initial glucose concentration.
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Figure 5-17 The Lineweaver-Burk plot of Bacillus subtilis TISTR 25 growth
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Figure 5-18 The growth curve of Bacillus subtilis TISTR 25
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5.4 The study of microfiltration characteristics

Ceramic membrane filter type 1M-1, Japan was equipped with a continuous
fermenter as a microfiltration unit. The study for characteristics took place over 4 cell
concentrations whereas 5 pressure drop and 3 recirculation flow rate were varied. A
calculated permeate flux was an effective criteria to show the performance of the

microfiltration membrane which w

glated by dividing the permeate flow rate

~Z.

with filtration area (0.2030 m’

5.4.1 The effect of

eate flux was non-linearly
increased with increasing )%t0 0.8" kgs/em” because the so-
called concentration polari ade an increasing resistant which is
resulted from increasing the apphied p: e more pressure was introduced to a
system, the less increasing neate flux - d agillustrated in a less slope at

high applied press yT:‘

For higher cehcentration, the permeate flux ﬂs almost constant over a high
applied press m 2 iﬁ\ ntation of 8.70 and 14.42 g/l.
The reason x:a eﬁm t im ﬁjayer was formed over
filtration areas and acted as gel réSistance which would lessefithe permeate flux.
Altheua pﬁs&agﬂ | Mfm:]tgnmlg :]eati gel. The higher
pressure :Iwas introduced, the thicker gel accumulated on membrane surface was found
and this made permeate flux reach a certain maximum point, then became relatively

constant with any further applied pressure; however, higher concentrations would

lessen the permeate flux comparing to the lower ones as shown in Figure 5-20
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Figure 5-19 The effect of applied pressure on permeate flux of

distilled water and fermentation broth

- Operating temperature of 37 °C
- Recirculation flow rate of 0.4 m*/hr

84



Permeate flux (m/hr) x 107

2.5

o
o

-
L4,

-

.

o
"

o
(3

0.0

' — i - - . .
0.00 0.10 0205030 € 050 060 0.70 0.80 0.90

ure (kgdem?)

- .
|

96 07 08 09
s infet (kgdcm?)
o

8 TR WP o s
RINNTUUNININY

Figure 5-20 Permeate flux of fermentation broth

as a function of applied pressure

- Operating temperature of 37 °C
- Recirculation flow rate of 0.4 m’/hr

85



86

It was indicated that the applied pressure of more than 0.0" kggem® would
not only cause rapid fouling of :nembrane but also cause an increase in AP which
enhanced the fluid velocity and shear force, subsequently. The more shear force
applied on microbial cell, the more breaking opportunity of cell appeared [30]. From

these two reasons, the applied pressure of 0.0 kg/em® was selected for a further

WL

correct the real applied presSlife"The iflet JEESS -_ fauge should have indicated more
than zero value while fluid A6 wet throl '\ pipe.and should be at least equal to the

experiment of studying the mﬂwanc A ulation flow rate.

The plus supers ressure was defined in order to

pressure drop in that pips lany parameters such as Reynold

mﬁhmmkwa4mhm\
?\\\\

erefore, the plus superscript
over the applied presstl; h-scaled inlet pressure gauge

by adding the pressure

5.4.2 The effect of recirCuldatitn flow ) n permeate flux

The pe: mgate X increased with ' ation flow rate (0.4, 0.5 and
0.6 m’/hr) as illust :5;" [in Figure 5-21 \;

As far E the theory of mlcmﬁltrauo ncerned, the mass transfer
coefficient (k) m miﬂm ow rate in laminar flow
and almost be@ ﬁ. ijlﬁmn flow rate enhanced

fo e membrane sufface, hence the thickness and-fesistance of the gel
e B VAV O 0TI et v

rate wm:'ld lessen the pressure drop across membrane (transmembrane pressure,
APTM). But the previously mentioned effect was very low in comparison with the
effect of reducing gel resistance and increasing the mass transfer coefficient.
Therefore, the permeate flux increased with recirculation flow rate . The higher cell
concentration was introduced, the less permeate flux was obtained. Such the high
turbulent condition at employing 0.5 and 0.6 m’/hr of recirculation rate, there came
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some problems that were difficulty in level control in fermenter, foaming of the broth
and disintegrated microorganism. Although the foam problem could be diminished by
introducing antifoam into the fermentor, the antifoam agent always lessened the
performance of oxvgen transferation by reducing its coefficient which caused the
microorganism suffocated. So the selected recirculation flow rate for application in

cell recycle system was set at 0.4 m’/hr.

5.4.3 The effect of cell congentration/ufl gameate flux

Under the appliedpressure of 0.0 kepem™and the recirculation flow rate of
0.4 m¥hr, a set of expgriffis ,__-4 g the effect of four cell
concentrations (1.81, 4.2408 0 duc neate flux was reduced with

According to“gel ‘ - theg ‘ \ 1 function of the bulk cell
concentration following igure 5-23. The slope (2.86 x
107 m/hr) obtained from I
C; could be evaluated frofl exitapolaied 3 the permeate free position which
was approximately 230 g/l . (H -.

he mass transfer coefficient and

|7
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as a function of recirculation flow rate
- Operating temperature of 37 °C
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as a function of cell concentration

- Operating temperature of 37 °C

- Applied pressure of 0.0" kg#em?®

- Recirculation flow rate of 0.4 m*/hr
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Figure 5-23 Permeate flux of fermentation broth as a function of In Cy,
- Operating temperature of 37 °C
- Applied pressure of 0.0* kgdem®
- Recirculation flow rate of 0.4 m*/hr
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5.5 The effect of dilution rate on growth and protease production in continuous
fermentation coupling with microfiltration

The dilution rate of 0.11, 0.20, and 0.30 hr’' were varied via the permeate flow

rate to show their effect on growth and protease production.

From Figure 5-24, in the h~slart -up fermentation, the highest cell

concentration was achieved at ¢ the maximum protease was obtained

in late stationary phase (0.5 time, glucose depleted from 1.71
g/l to 055 g/l. Then

fermentation, glucose i

mto a totally recycled batch
ed so there was not enough

m
;;l// / %\\\‘x the protease. Next, the system was

glucose for cell to signid \
switched into continuo o u ) uf which retained cells were

Yo Te:

turned to the ferment€r infor Il in fermenter. Obviously, the
cell concentration rosefip até, At the dilution rate of 0.20, the cell
2fo1d 2h)rom the dilution rate of 0.11.
e (0.103 unit/ml) more than at

concluded that protease production

concentration rose up abo

Protease was signifi cantly 0
stationary phase (0.940
depended on the a. of cells and glucose concentratior e glucose depleted from
1.00 g/l to 0.04 g/l Softhere was gmwasmuasmproduce
protease. At the dllu rate of 0.30, the cell concerr tmn rose up about 1.94-fold
(9.13 g/l) fro mﬁ tl}r found at the early
log phase (0. ;ﬁjj/ m unit/ml) with the same
reason. The relauunshl between ilution ratessamong cell cbrcentration, glucuse
UL (a VR ARG TE T Ik i Lok X T
rate of ﬂ!& was stopped because further expected dilution rate could not achieved. The
previous study on natto (a non-salted fermented soybean food) producing strain
Bacillus subtilis [32] indicated that gamma-polyglutamate (viscous biomaterial) was
synthesized by utilization of soybeans which is the same raw material in this thesis.

This viscous biomaterial can lower the microfiltration performance and subsequently,

lower the dilution rate.
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The kinetic parameters were investigated among three dilution rates. The
increase of dilution rates brought about the increase of concentration and productivity
of cell together with protease according to Figure 5-25. Besides that, the study of the
relation between dilution rates and cell yield over glucose (Yxs) also showed the
increasing of the parameter with experimental dilution rate as illustrated in Figure 5-
26. During the dilution rate of 0.10-0.20 hr”', the cell yield over glucose (Yys) all
of Yps and Ypx decreased while the
dilution rate of 0.20-0.30. The fact
ith dilution rate indicated the
y addition, Figure 5-27 showed

consumption rate, specific

increased. However, the slope of

slope of the Yys curve still ig
that product yield had a e
lowering protease prod
the relationship amo
product rate and diluti owed high increment during
the dilution rate of 0. tly small increment during the
dilution rate of 0.20-0.304In £ofitrast 1 st * wik: rate: and specific consumption
rate increased betweefi th p£:0.10-0.20 but subsequently decreased
- 1dould be stated that at the dilution rate of

e of the age of cell --the binary

between the dilution raté of i}
0.20-0.30 the specific growth "

fission of old cell was less tha the ence, the specific consumption rate

and specific products V"m sequeiidy decicased. ‘

Due to the problem of old cell, another ex ent which was focused on

AR
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5.6 The stability of protease production at constant suitable dilution

The purpose of this experiment was to clarify the stability of protease
production by prolonging cultivation time at the dilution rate of 0.3 hr'' including the

influence of twice cell bleeding.

In batch-startup-process, the maxi protease was obtained in late stationary

phase where cell concentration reached V91 ¢/l At the same time, glucose depleted
from 1.6 g/l to 43 g/l a5 i ﬁo

was still consumed b

iously, in stationary phase glucose
‘other bioproduct production as

same as presented i \'\ the system was switched into
a totally recycled ba
depleted while the aaly

amount of protease proghtice I ;‘ sed insigni Y. Next, the system was switched

to 0.8 g/l and continuously

se consumption, However, the

whichyretained cells were totally turned
> up about 16.72-fold (9.98 g/1) as
relatively constant at mid stationary
ificar lgg phase (0.202 unit/ml) and at
stationary phase (0L Y50 unit/mi A 4s the pervious dilution rate-
varying experimen@ ‘ @ protease production, it was
indicated that there wa;qﬂativcly cnnWmductinn at stationary phase for the 30-

hour expmnﬁ%m %thw done to show the effect

of fresh cultur8] First, the culture was bleeded out at the ratio of 0.345 per working

R TR LTSN IN BT e e

consum@d. The reasons why 1t reached a new steady state are because the initial cell is
more than that of the beginning of D = 0.3 hr”' and growth inhibitor is filtered and
withdrawn by the microfiltration permeate.

into continuous with migfofiltratic
back to the fermenter. Thg'
glucose depleted from 1.47 _,t..'.l“'
onwards. Protease was significantly f
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Figure 5-28 The effect afiwime cell bleeding effect on growth and protease production at the dilution rate of 0.3 hr™".
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A little protease was detected at the early log phase, but significant amount of
it was found at stationary phase (0.204 unit/ml). Again, the culture was secondly
bleeded out at the ratio of 0.689 per working volume, the same profile protease
production was noticed but higher amount (0.290 unit/ml) was achieved whereas cell
concentration rose up to the same stationary phase. These twice cell bleeding effect

resembled the batch fermentation but a much more cell concentration was achieved

with continuous protease productior gver, the protease concentration was not

much comparing to the normal batch. a to compare these two systems is

5.7 Protease producli agison bet cen batch fermentation and

The results of : 0 beh atch fermentation and continuous

fermentation coupling with milcrbfiltration ¢ illustrated in Table 5-2 and Figure 5-

29. The use of microfiltrati i eonting sfinentation can improve the protease
production. The protease p ;j eontinuous fermentation coupling with
microfiltration whieh has tWiee eéll bleeding i811:53-fold higher than that of batch

fermentation (based=or ime). af fthe productivity of batch
fermentation is calc@ ﬁlﬁﬁd by cultivation time or
process time whereas tlp roductivity of ntmuuus fermentation is calculated from

e B P16 it s, b

batch productiffity is typically hasad on total pmoess time (mcludmg preparation

= RS AN T
consequently the productivity is definitely much Tower of continuous

fermentation coupling with microfiltration comparing to that is calculated by

cultivation time.
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Table 5-2 Protease activity and productivity comparison between batch fermentation

and continuous fermentation coupling with microfiltration

Protease activity 0.290
(unit/ml)
Protease productivity ' 0.087
(unit/ml-hr)
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