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System

Here is presented the batch growth of a two-organism culture on two substrates, in
which both species can utilize both substrates (Kim et al., 1988), but where the
organisms have opposing substrate preferences.

The two bacterial species involved are: Klebsiella oxytoca (XA) and Pseudomonas
aeruginosa (XB). The two substrates are glucose (Y), which is preferred by K.
oxytoca, and citrate (Z), which is preferred by P. aeruginosa.

| Xa XB

Fig. 1. Organism X, prefers substrate Y, and organism X; prefers substrate Z.
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Model Assumptions

¢ The overall individual growth rate of each species at any time is the sum of the rate

of growth on glucose plus the rate on citrate.

¢ The specific growth rate on each substrate depends on the concentration level of

some key enzyme responsible for the rate-controlling step E.

¢ An inhibitor | is produced from the growth of K. oxytoca (Bacteria-A) on glucose
and inhibits the growth of P. aeruginosa (Bacteria-B) on citrate. The inhibitor is

thus a growth-associated product.
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The growth rates, y;, for each organism are the sums of the growth rates on
glucose and citrate. The subscripts i and j have the following meaning: i refers
to the organisms (K. oxytoca - A and P. aeruginosa = B) and j refers to the
substrate (glucose =Y and citrate = Z). The levels of the key enzymes are
denoted by E.

The biomass balances for the batch system are
dXa
i = (RAY +U1aZ) XA

dXpg
—Jt = (UBY + MBZ) XB
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The specific growth rate equations for the two organisms on each substrate are
given by :

U SvE
UAY = maxAYPYFAY
Ksay +Sy
u S7E
i = mKaxAZ zEaz
SAZ 57
U SyvE
Uy = maxBY2Y*~BY
Kspy +Sy
S-E K
Upz = HmaxBZX ZEBZ I
KSBZ+SZ K]+I

The substrate balances are given by :

dS 1 (01
—X =—HAYXA[ + }— CBY Xp
dt Ysay Yi Yspy

dSz MUBZ HAZ
dt = ~Yssz XB ~ Ysaz XA
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Inhibitor ( | ) production is growth associated to organism A, and its decay is
proportional to the cell concentration. The balance for the inhibitor is

dI
dJr = Ouay Xa-BXa

The balances for the key enzymes, which control the growth on secondary
substrates are given by :

dEAZ SZ K
e RAZ __ kpazE
t PAZ Krisi+8s KaantSs pazZ Eaz
and
dEpy S K ~
—dt = kepy X RBY __ kppy Epy

Kgpy +Sy Krpy +3y
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The oxygen uptake rate (OUR), carbon dioxide evolution rate (CER) and dissolved
oxygen tension (DOT) are given by :

OUR = [2AY . _»«mewmw]xﬂ
YDAY Yoa

 Yopy Yomz

'8
CER = an KAz
YE&V Ycaz
r-lm' LBz
YI:BY Ycnz

DOT = 100|1- UUR,
KLECQ

The cell mass fractions are given by :

R
+mCAY+mCA2]XA

+mMcpy + Mepz )XB

XA
Fp=———
XA+XB
Fg = 1 -Fjy
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Program

Function file

. . . . _
|function dy = comwensa func(t,y,UMAY, UMAZ, UNBY, UMBZ,KSAY, K342, KSBY, KSBZ, YSAY, YSLZ, YSEY, YSBZ, YOLY, YOLZ, YOBY, YOBZ

: 4l
£ o dy = zeros(7,1):

i

&= ULT = UMAT*y(6) *EAY/ (E3LT+y (6] ) ;

g ULE = UMAZ®g (7] %y (4)/ [KSLI4+7(7)):

= UBY = UMBY*y(6) %y (5)/ (KSBT+y(6)):;

= UBZ = [(KI*UMBZ*y(7)*EBZ)/ ((KSBZ + v(7))*(EI + ¥(3))):

8

= dyil) = (UAY 4+ ULZ] *¢(1);

10)= dyi2) = (UEY + UBZ) *v(2):

1L = dyi3) = ALPHL*ULV*¥ (1) - BETL*vil);

I = if (y(3)=0)

150 = v(3)=0; end;

14 = dyid) = (EPAZ*¢(7)*KRAZ)/((KELZ + ¢(7))*(KRAZ + wi7))) - (KPLE*v(4)):

o5 = dy(5) = [(EPBEY*y(6) *KREYT)/ [ (KEEY + v(6)) *(EREY 4+ wi6))) - (EPEY*y(5));

1Ei= dyigl = [(-ULT*g (1)) #(1/(T3LY) + (ALPHA/YI))-v(Z)%(UBY/YSET): i
17 = if (g(6)=<0)

g == vi6)=0; end;

8= dy(7) = -y(2)T(UBZ/Y3SBE] - v(1) *(ULZ/TILI);

2= if (g(7i<0)

2l - v{71=0; end; 5
: — b,
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Command File

= UMAY = 0.933; UMALZ = 0.926; I
3 = UMBY = 0.497; UMBZ = 0.532; W
<= KSLY = 0.004; KSLZ = 0.001;

s KSEY = 0.004; KSEZ = 0.001;

HE YSLY = 0.503; ¥SLZ = 0.3;

o YSEY = 0.33; YSEZ = 0.37;

A YOLY = 2.25; YOLZ = 2.32:

g YOBY = 1.5&; YOBZ = 2.1; =
5l |= YCLY = 1.6; YCLZ = 0.9;

il YCEY = 0.85; YCEZ = 0.93;

ek | = ¥I = 0.05:;

e KPLZ = 0.4; KPEY = 0.12;

i = ALPHL = 0.7; BETA = 0.001;

e MOLY = 0.0; MOLZ = 0.1;

i | = MOEY = 0.06; MOEZ = 0.0;

i MCLY = 0.11: MCLZ = 0.08;

i) = MCEY = 0.1; MCEZ = 0.0;

g e KI = 0.0001;

18l = EAY = 1.0; EEZ = 1.0;

| KELZ = 0.001; KEEY = 0.001;

| = KRLZ = 0.00001; KREY = 0.3;

ol KLACO = O.585;

2| ALGO = 0.0; =
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Command File

25 — ¥A0 = 0.001: EEO = 0.01: E
S = I0 = 0.0;

A ELZO0 = 0.1: EE¥O = 0O.1;

FE = S¥0 = 0.74; 3Z0 = 0.8;

ek Cinit = [Xa0, XBO, IO, EAZO, EEBYO, 3Y¥0, 3Z0]:;

34

o Tint = 0.1:

36 - Tfin = 8.2:

T Tspan = linspace(0,Tfin, TEfin/Tint) ;

38

ki [T C] = ode45(@(t,¥) commensa func(t,y, UMALY, UMAZ, UMEY, UMEBZ, KSAY, KSAZ, ESBY, KSBE, YSAY, Y34Z, Y3BY, Y3BEZ, YOLY, YOLZ, YOB
a0 = ploc(T,Ci:,1),"'-r.',T,Ciz,2)," ' —g.',T,C(,3),'-hb.'", T,Ci{:,2),'-%.', T,C{:,5),'-k.'", T,C{t,8),"'-m. "', T,Cl:,7),"'-c."]

A = title(['¥ield Constant for Inhibitor- ALPHL = ' ,numZstr (ALPHAL) ' kalkg']);

4z = ®*label{' Time, h','fontsize',1Z,'fontweight','kb'};:

43 — vlabel (' Concentrations XA, XB,I,EALAZ,EBY,3Y,3Z, kg w"3','fontsize', 12, 'fontweight','k');:

44 — b= It pili T ER T ER VT T B T EEY AT BT 0

45 — set (h, 'font=size!' 11);

48

47 — Fh = C{:,1)./(C{:z,1) + Ci:,2)):

48 — FBE = C{:,2)./(Cl{:z,1) + Ci:,2)):

43

Ll = figure

51

g = ploc (T, F4,'-rx' T, FE,'—ogvw')

Lo = title(['¥ield Constant for Inhibitor- ALPHL = ', numZstr (ALPHAL) ' ko'l =]
54 — ®*label{' Time, h','fontsize',1lZ,'fontweight', 'kb'}:

G = vlabel ('Cell Mass Fractions, FA, FB','fontsize',1lZ,'fontweight','kb']:

L6 — h = legend|('Oxytoca Cell Mass Fraction FAL','Aheruginosa Cell Mass Fraction FB',0):

BN set (h, 'fontsize!' 11);

LR = setititle, 'fontsizse’' 12, 'fontweight', 'kb') =
4l I ﬂ_‘
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Symbols
CER Carbon dioxide evolution rate kg/(m3 h)
DOT Dissolved oxygen tension %
F Cell mass fractions -
| Inhibitor concentration kg/m?3
K Saturation and inhibitions constants kg/m?3
K.,aC, Oxygen transfer rate kg/(m3 h)
OUR Oxygen uptake rate (normalized) kg/(m?3 h)
S Substrate concentration kg/m?3
X Biomass concentration kg/m?3
Y Yield coefficients kg/kg
E Level of key enzyme -
M Specific maintenance rates kg/(kg h)
Qa Yield constant for inhibitor kg/kg
B Consumption rate constant for inhibitor | kg/(kg h)
M Specific growth rate 1/h

Chungnam

National University



Nomenclature

Indices

Refer to K. oxytoca

Refer to P. aeruginosa

oW |>

Refer to carbon dioxide

Refer to inhibitor

Refer to maximum

Refer to oxygen

Refer to dilution due to cell division

Refer to repression

Refer to substrate

Refer to glucose

N<»w x|V |O | =

Refer to citrate

ol
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Exercises

1) First test the model for each species separately. Run the simulation with the
initial concentration of one species equal to zero. Graph the cell concentration , the
substrate concentrations and the key enzyme levels for growth on the secondary
substrate against time for the two runs. Notice the substrate preferences for each
organism and the differences in key enzyme production.

Init. Concentr. Oxytoca - xA0 =0 Aeruginosa - #B0 = 0.01 (kgImS)
0.8 T T T T T T T T

Www’ —— A
L “M -
0. B

|

06 .
EAZ

——EBY| |
—— Y

08¢

Concentrations XA XB.LEAZ EBY,SY SZ, kg.fn?

0.1
1]
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Exercises

1) First test the model for each species separately. Run the simulation with the
initial concentration of one species equal to zero. Graph the cell concentration , the
substrate concentrations and the key enzyme levels for growth on the secondary
substrate against time for the two runs. Notice the substrate preferences for each
organism and the differences in key enzyme production.

oA s

07k ""’w\\‘ i |7
M, gt

06} -
EAZ
o ——EBY| |
—— ¥
04t SZ |-

Concentrations XA XB.|EAZ EBY,SY ,SZ, kg.fn:l

0.1
]
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2) Run the simulation for mixed-culture growth. Graph the parameters as above.
What differences do you see in the production of the two key enzymes? Graph the
cell fraction versus time; what are the final levels? What does this tell you about the
possibilities of continuous culture under these conditions?

0.7

Concentrations XA XB.,|LEAZ EBY,SY,SZ, kg!rﬁ

0.8 -

06

(N 3

0.4+

Concentration for Mixed-Culture Growth

—— XA "‘-\
— XB
—_— |
EAZ \
—— EBY¥

0.1
o

Cell Mass Fractions, FA, FB

ey

0.9 =
0at 1 R e
0.7 r
0Br
05F
04r
0ar
02t
3] —— Uineytoca Cell Mass Fraction FA
— Aeruginosa Cell Mass Fraction FB
Wz 3 4 5 B 7§ @

Concentration for Mized-Culture Grawth

Time, h
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Exercises

3) Vary K, from 0.00001 to 0.001. What effect does this have on the final cell
fractions for the two organisms?

Inhibition Constant - KI = 0,001 kga’m3 Inhibitian Constant - kI = 0.001 kg;’m3

0.8

Dl?.w —— A i 0.9 Fowra,, |l

—ti M,
D E | =l °"'~.-.-u.__”+ 3 _|
| : EA7

a5k \ —— EBY| |

[}
oo

£

]
T
&
1

=
ol
T
|

]
T
T

Cell Mass Fractions, FA, FB
o i
(9] (8]

=
b
T

—+— Owytoca Cell Mass Fraction FA |

“— Aeruginosa Cell Mass Fraction FB

_D‘] L L L L L L L L D 1 1 1 1
] 1 2 3 4 g B 7 g g a 1 2 3 4 & B 7 g =

Time, h Time, h

Concentrations XA, XB,|LEAZ EBY ,SY.SZ, kg.fn?
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Exercises

3) Vary K, from 0.00001 to 0.001. What effect does this have on the final cell
fractions for the two organisms?

Inhibition Constant - K1 = 1e-005 kgfmS Inhibition Constant - Kl = 1e-005 kgfm3
DB B o T T T T T T T T 1 T T T T T T T

_‘_}{’,’_\‘

07+ . E) f
~— X8 . o~

0B - ca7 | ] —+— Owytoca Cell Mass Fraction FA
Aeruginosa Cell Mass Fraction FB ||

=
oo

=t
-1
T

a5k —— EBY| |

o
ol
T

Cell Mass Fractions, FA, FB
=
m

Concentrations XA XB.|.EAZ EBY .SY.SZ, kgrrﬁ

0.4 B
I 03} .
i G-
021 ’ &
7 01 3 B
_D‘] 1 L L 1 Il L 1 1 D 1 1 L L 1 1 1 L
0 1 2 3 4 5] B 7 g S| 0 1 2 3 4 5 B 7 g 9
Time, h Time, h




[H‘l Chungnam

Exercises

4) Vary a. between 0.0007 and 0.07. What happens to the cell fractions and the rate
of inhibitor production? What effect does this have on key enzyme level production?

Yield Caonstant for Inhibitor- ALFHA = 0.07 kgky ‘field Constant far Inhibitor- ALPHA = 007 kglkg

08 e 1
KA 0.9 Fee,,
e | ok :
B " —— Dyvtoca Cell Mass Fraction FA
AL —— Agruginosa Cell Mass Fraction FB
EBY | | 07k 5 eruginosa Cell Mass Fraction i
s
570

06| /

Cell Mass Fractions, FA, FB

Concentrations XA, XB,|LEAZ EBY,SY,SZ, kg!n?

_D"] | 1 | 1 | 1 | | D 1 | 1 | 1 1 1 1
0
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4) Vary a. between 0.0007 and 0.07. What happens to the cell fractions and the rate
of inhibitor production? What effect does this have on key enzyme level production?

Concentrations XA XB,|LEAZ EBY,SY,SZ, kgfn:?
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mpf——
06|
05t
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ield Constant for Inhibitor- ALPHA = 0.0007 kgfkg
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Yield Constant for Inhibitor- ALPHA = 0.0007 kg/ky
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—+— Owytoca Cell Mass Fraction FA
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Exercises

5) Vary the ratio kp,, /kpgy. What effect does this have on the time necessary to
exhaust citrate?

Ratio KPAZKPEY = 2 Ratio KPAZKPEY = 2

‘FE DB - T T T T 1 T T T T

g 07 -_ “"M — }{ﬂ\ i i . |
N — 3B

Cﬂ__ e {]

Sl | m DEF .
n EAZ LIS

E a5l —+— EEY| | E 07+ .
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N s 2 0Bt .
i 1 % ns
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= | e

< W ]
> | @

% = 03f |
= i @ b

E O nzt i
o s 07 —+— Ohotoca Cell Mass Fraction FA i
g — Aeruginosa Cell Mass Fraction FB
U _D“] Il 1 Il Il Il Il 1 Il D Il 1 1 1 1 1 1

] 1 2 3 4 5 2] i o 4 a 1 2 3 4 5 B i o 4
Time, h Time, h
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5) Vary the ratio kp,, /kpgy. What effect does this have on the time necessary to
exhaust citrate?

Concentrations XA, XB LEAZ EBY . SY ,SZ, kg!ﬁ

=
fue]
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—

Ratio KPAZKPEY = 0.5

B

——

Cell Mass Fractions, FA, FB
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Ratio KPAZKPEY = 0.5
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Time, h
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6) Vary the ratio of initial concentration of substrates from 0.1 to 10. At which values
do the changes between runs become evident? Why?

Concentrations XA XB,|LEAZ EBY,SY ,SZ, kglnq

0.5

oy

0B

05

04 r

-0.1
]

Ratio of Initial Substrate Concentrations SY0O/S20 = 10

™

—¢—}{‘ﬂ\

B

=

EAZ | |
—— EBY| |

=remhl

57

Cell Mass Fractions, FA, FB

(HRE Y
0.8

0.7

Ratio of Initial Substrate Concentrations 5Y0/570 =10

W

—— Owytoca Cell Mass Fraction FA
— Aeruginosa Cell Mass Fraction FE ||

ot gt g
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Exercises

6) Vary the ratio of initial concentration of substrates from 0.1 to 10. At which values
do the changes between runs become evident? Why?

Ratio of Initial Substrate Concentrations SYO/SZ0 =05 Ratio of Initial Substrate Concentrations SYO/S0 =05

‘FE 15| T T T T T T T T 1 T T T T T T T T
2 1.4} ' - Lalt 09 po.

N — WB o,

0 ]

i _ m 08F

“w EAZ L

E g —+— EBY| | E 07+

L === o

N 2 0Bt

<< gl S S

LIJ * ——

R © o5t

2 s =

g g 04F

o D4t 2

g = 03r

Fee ar

= (2 PR T (S N ot
.E O gzt i

o [hssaasidids 0.1 —— Oxytoca Cell Mass Fraction FA
g — Aeruginosa Cell Mass Fraction FE
U _Dz 1 1 1 1 1 1 1 1 D 1 1 ] 1 1 ] 1

0 1 2 3 4 =) b 7 g 9 0 1 2 3 4 5 b 7 g 9
Time, h Time, h
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Exercises

6) Vary the ratio of initial concentration of substrates from 0.1 to 10. At which values
do the changes between runs become evident? Why?

Ratio of Initial Substrate Concentrations SY0/S0= 0.1 Fatio of Initial Substrate Concentrations SYO/S20 = 0.1
8| T T T T T T T 1 T T T T T T T
) = ] 08
*B
B = ] 08t
EAL
. —+— EBY 07F
b5y
DB}
57 )

Cell Mass Fractions, FA, FB
j o
[y

04+
2 L -
03+
. M i 021
(13 St hies Lsiiisiii - 1 —— Oxytoca Cell Mass Fraction FA

Concentrations XA XB | EAZ EBY,SY ,SZ, kg.frﬁ
e

— Aeruginosa Cell Mass Fraction FE

' 1 1 1 1 1 1 1 1 1 1
] 1 2 23 4 ' & 7 g o ] 1 2 3 4 5 B i g o
Time, h Time, h




National University

[H'I Chungnam

Exercises

7) Vary the ratios of the initial cell concentrations and the initial substrate
concentration.

AADMAB0 =10 and 3¥0/520 = 10 AAOMMBO =10 and SY0/320 = 10

1W
4 097

IR

e
oo
T
1

£
|
T
I

—— Oxytoca Cell Mass Fraction FA i
Aeruginosa Cell Mass Fraction FB

=
o
T

Cell Mass Fractions, FA, FB
=
n

Concentrations XA XB,LEAZ EBY ,SY ,SZ, kg.fn?

0.4 B
1 03t .
] 0.2 &
1 01k .
_D‘] 1 Il 1 1 1 Il 1 1 D Il Il (I TIPS ETPETTE Ve eTey
0 1 2 3 4 5 B ¥ 8 9 0 ] 2 3 4 = B 7 8 g
Time, h Time, h
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Exercises

7) Vary the ratios of the initial cell concentrations and the initial substrate
concentration.

AA0MXB0 =01 and SYO/SA0 =001 ®ADMBO =01 and SYD/520 =001
E B | T T T T T 1 T T T T
2 i ——xa || o |
g —
> gl —%—) i m 08t _
(72} EAT T8 k o
o ool —— e8| | < o7} ]
i —w—=L ;
N 2 nRt .
< 57 <
w - :g %
= O 5t |
2 3t ] &
3 04 -
= @
a < ] g
g = 03 r =
— L *
o 1 N 7 h“.\...--.\ B R A
-E O gat bt 4
e U s 0.1 —— Owytoca Cell Mass Fraction FA |4
g Aeruginosa Cell Mass Fraction FB
U _1 1 1 Il Il L L 1 1 D Il 1 1 1 1 1 1
0 1 2 3 4 g B 7 g a ] 1 2 3 4 5 B 7 g 3
Time, h Time, h
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Exercises

8) Alter the model for continuous culture.

Agruginosa Initial Concentration- XB0O = 0.01 kg]frn3
I:IB B T T T T T T T T

Concentrations XB,EBY ,SY,5Z, kg;!'rn3

-I:I1 1 1 1 1 1 1 1 1
0




