P\

Growth

Herbert-Pirt (Extended)
Including product formation

sugar Herbert-Pirt formulation
without non-catabolic product
s = o 41| [ = QO 8
S Mg 1l s K, +C.

"~ \/ max
YSX

onoeLal dI[oqeuyY

4 parameters: YoM, mg , M, Kg

* (Qprate is a linear function of p only!!!
 All g, rates are governed by p rate

For growth with non-catabolic product ?

#3.1_qSMu

Extension of Herbert-Pirt Eqg. is needed

An additional kinetic function for g, Is needed
A modified p = f(Cg) relation

Other Herbert-Pirt relations
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(L ] _ IBE
Growth with non-catabolic product ?

Various g, = f(n) functions
« Many different possibilities and case specific
 For catabolic products g, = f(u) Is linear
* (p = f(u) function can easily be estimated
In chemostat or fed batch, like q5 = f()

Jp

Non-catabolic pro

Kinetic functions for gp

Assuming: single substrate limited conditions

Then g, =1 (Cs). But Cq Is difficult to measure
However for a given, u, Cqis also fixed as Cq = f(u)
by eliminating C; = g, =f(n)

This is the g, = f(u) concept - Extended Herbert-Pirt Eq.

#3.1_qSMu Marc Deront (Sirous Ebrahimi) 2
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- Extended Herbert-Pirt Eq.

sugar

sugar sugar sugar

UOT}OBAI JI[OqRIR))
UOI}0BII OT[OqRUY

uo1)oBaI dI[0qEBIR))

aondealr 1onpotd

product

Growth \P:oduct formation

\

_qS = max
SX

L+

1

max
SP

p + Mg

Substrate consumption:

sugar

UOI}OBAI OI[0qeIR))

Co,

Maintenance

1. Herbert-Pirt (not-extended) rate for growth and catabolic products
2. Extended Herbert-Pirt rate for non-catabolic products
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P\

All other g; rates

All other rates follow from stoichiometric growth-catabolic coupling &
substrate Herbert-Pirt equation. From known:

qs = f(Cg) hyperbolic
dp = f()

Growth stoichiometry
Extented Herbert-Pirt
Eq. for substrate

Bwh e

EX: —gs=2u+15q,+0.01 [kgS.kgXt.h?];

Qcoz=---
Jp=...
Joo2=---
qheat:' .

Oh20 =
etc...

dp = 0.049 [kgP.kgX-1.h-1] (independent of )
u=0.02 [h1]

Thus Y™ = 0.5 [kgX.kgS?]; Y™ =0.66 [kgP.kgS1]; mg = 0.01 [kgS.kgX-1.h1] ...
Y¢p = 0.39 [kgP.kgSH]

2> Yoy =0.16 [kgX.kgS?];

And substrate is consumed for:

32% -> biomass production: (2*0.02) / [(2*0.02)+(1.5*0.049) + 0.01]
60%-> product formation: (1.5*0.049) / [0.1235]
8% —>maintenance: 0.01 / [(2*0.02)+(1.5*0.049) + 0.01]

#3.1_qSMu
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W™ Extended Herbert-Pirt (non-catabolic product) g; rates =
Lysine (C;HsN,0O,*) fermentation from glucose (C4H,,0,) and ammonia (NH,*).
Available data: 1/Y ¢,/ = 0.333 [kgC_moleX.moleS1]; 1/Y M = 1.5 [moleP.moleS];

mg = 0.025 [moleS.C_moleXt.h-t]

Catabolic reaction: -1 C,H,,0,—-6 O, + 6 CO, + 6 H,0

Global growth reaction (which needs energy):
—0.333CH,,0,—-0.2NH,*-0.950,+1C;H; ;OysN,,+0.2H*+1CO, +1.4H,0
Catabolism for growth: 0.95/6*(—- 1 C;H,,04,— 6 O, + 6 CO, + 6 H,0)
- —0.158 C6H1206_ 0.95 02 +0.95 C02 +0.95 HZO Substrate for anabolism 0.333 - 0.158 = 0.175
Anabolism: — 0.175 C4H,,0¢ — 0.2 NH,* + 1 C;H, 404 5N, , + 0.2 + H* + 0.05 CO, + 0.45 H,O

Product reaction (global which needs energy):
-1.5C4H,04- 2 NH,*- 2 O+ 1 CHcN,O,+ 3 CO, + 2 H*+ 5 H,0

Catabolism for product production: 2/6(— 1 C;H,,0,—6 O, + 6 CO, + 6 H,0)

- —0.33 C,H,0,—2 O, + 2 CO, + 2 H,0 Substrate for Product synthesis 1.5 - 0.33 = 1.17
Product synthesis: - 1.17 CH,,04- 2 NH,*+ 1 C;H,:N,O,* + 1.02CO, + 1.08 H* + 2.98 H,O

#3.1_qSMu Marc Deront (Sirous Ebrahimi) 5
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'™ Extended Herbert-Pirt (non-catabolic product) g; rates ™
Lysine (C;H,sN,0O,*) fermentation from glucose (C4H,,0O,) and ammonia (NH,*).
Available data: 1/Y g™ = 0.333 [moleS.kgC_moleX-1]; 1/Y M = 1.5 [moleS.moleP-1];

mg = 0.025 [moleS.C_moleX-t.h-t]

Substrate rate Herbert-Pirt (Extended) Eq.: — ¢ = 0.333 p +1.5 g + 0.025

Catabolic reaction -1 C,H,,0,— 6 O, + 6 CO, + 6 H,O

Global growth reaction (which needs energy) at U rate
—0.333 CgH;,05— 0.2 NH,* - 0.95 O, + 1 C;H; g0y sNy,+ 0.2 H* + 1 CO, + 1.4 H,0

Product reaction (global which needs energy) at g, rate

- 1.5 C¢H,0¢- 2 NH,*- 2 O,+ 1 CsH,:N,O0,"+ 3 CO, + 2 H*+ 5 H,0

Thus all g; rates are given by Herbert-Pirt linear expressions: q; = f(u,9p)
—(qs =0.333p +1.50,+0.025 with g, = function (u)

—(o, =095p+2qgs+60.025

+0coz =1u+30p+60.025 O =020 +20p

—Qqy =02p+2qp + Quoo=14pn+50p+60.025

—~>Hence all g; and Y;; are complex functions of u, g, [or only p, If (gp = ()]

#3.1_qSMu Marc Deront (Sirous Ebrahimi) 6
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"™ Extended Herbert-Pirt (non-catabolic product) Y; yields =

From q; rates are given by Herbert-Pirt linear expressions: d; = f(u,gp)
—Qgs =0.333p +1.50p+0.025

—Jpy =095p+20gp+60.025 :0-: //
If from measurements g, = f(u) Is given: - l/ -
0o =(0.03. )/ (0.03+ p) [moleP.C_moleX1hl] |

-y |9 0.03w/(0.03+1) _la. |- 0.031/(0.03+p)
Thus: v.- .| 0.333p+1.5%0.03u/(0.03+11)+0.025 Yor= Oop| 0.95p+2*0.03/(0.03+1)+0.15
05 4
0.4 - Which optimal p to choose, 0.02 or 0.03 h-1?
Yse M0le/mo ) ol 1. For best productivity on substrate
03 _ose criterion, p should be 0.02 ht
024 o Yop mole/mole 2. But often, oxygen mas transfer are limited
0.1 2 In bioreactor, in this case, the best lysine
0 > production of Lysine per consumed O,
T i0.03 ' ' — ;
0 0.02 005 0.1 0.15 1 (W) 0.2 should be p'=0.03 h*

#3.1 gSMu Marc Deront (Sirous Ebrahimi) 7
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L ({3 | . .
Black box Kinetics

“Beyond single substrate limited growth”

Up to now, one assumption: Only one limited substrate
(all others non limiting )

What about:
> T, pH
What is the kinetic effect of temperature and pH?
» Multiple substrates
What about Kinetic effects of other compounds than substrate?
» Death/inhibition/activation
Micro-organisms death?

What about the “corpses”?
» Mixed substrates

What if the micro-organism “sees” more than one substrate?

#3.1 gSMu Marc Deront (Sirous Ebrahimi)
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P\

Temperature effect on kinetic parameters

- Affinity constants (K, etc.) are weakly dependenton T

« Rate constants (qs™*, mg, g™, etc.) depend on T

-> Arrhenius Eq.

with R =8.314 J/mol K

Increase with T: rate constants double for each AT =~ 10 °C

And collapse at high T

#3.1_qSMu

Growth rate

Psychrophile

Example:

Palaromonas vacuolat;

Rate _ Cst(T) = Rate _ Cst, ., * exp {

rate

constant

69000 ( 1 1 !
R (298 T

Thermophile Hyperthermophile
Example: Example: .
Bacillus stearothermophilus  Thermococcus celer Hyperthermophile
. Example:
Mesophile Pyrolobus fumarii
Example:

Escherc|

60°C
106°C

\

30 40 50 60 70 80 90 100 110 120

Temperature °C

Marc Deront (Sirous Ebrahimi) 10
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m pH effect on kinetic parameters

Rate
A
o _ constant
Often empirical functions

- see also enzymatic kinetics

Optimal pH

Cell Growth at pH Extremes

« Most natural environments have pH’s of 5-9

« Most organisms have a growth pH range of 2-3 units
Organisms that grow at low pH are called acidophilic
Organisms that grow at high pH are alkaliphilic

Very few organisms grow below pH=2 or above pH=10
Neutrophils [pH= 7 (pH= 6-8)]

#3.1 gSMu Marc Deront (Sirous Ebrahimi)
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(L ] .. ) IBE
Multiple substrate limitations

What about the effect of other compound concentrations
than Cg, on kinetics (Cg,, Cypgss---)

H,O
y H"

. H CO,
Growth requires substrates, O,, NH,*, etc... N\C‘HIQ./ oo
If one is missing, Cy, =0 0or Cyn4s =0, etc, Substrate ™ Biomass
. . ' _>
Rates stop! But the decrease i1s continuous... s H=dx

/ Product
0, Jo2 quﬁﬁ\‘

Heat

The hyperbolic Switching Function C./(K+C,) can often be used.
(Already seen in ASM modeling):

C; = 0 Switching function =0 0 = ™ Cq Co Cy
C, » K; Switching function = 1 c Ki+C, Ky+C, Ky +C,
Substrate O, Ammonia

term term term

#3.1_qSMu Marc Deront (Sirous Ebrahimi) 12
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P\ IBE

Multiple substrates: Inhibition

Irreversible inhibition — Death of biomass Use ofsimple
. - ' iri tions!
By reactive/toxic chemicals empirical equations

Reversible inhibition — Activity of micro-organisms drops

Due to high concentrations of :
« Substrates (phenol)
 Products (lactic acid, ethanol) qs (inhibited)

» Unspecific (salts, O, for denitrifiers) ds (uninhib.)
A

Js 4 uninhibited 1F

g (inhibited) = qs(uninhibited)*(1 - Ci / KIJ

or *(1 - %)or *exp(-C, / Ky)
I

...............................

» C,
(S)ubstrate inhibition (P)roduct inhibition
(Haldane kinetics) (on substrate consumption)

#3.1_qSMu Marc Deront (Sirous Ebrahimi) 13
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it Inert Organic Matter production /Active Biomass
(Microbial death - For more see ASM 1 Process#4 (p. 9))
Particularly relevant for : - Biological waste water treatment (high SRT)
- High cell density fermentation
Mechanism (Concerning Cy Active Biomass) As decay rate Ky = cst [KgX geq) -kgXL.hr]
Growth: Cs — Cy (M rate) and f = C, o/ Xpeag = €St [KIC nert-KIX geacy ]
Death: Cy—> Cs+C,..  (decay rate) 1-f = Cg/Xpeaq = CSt [KgCs KIX geaey ]
with Cg = (1-)Cx Re-consumed Biomass lysis produces C and C, .., at cst rates:
aNnd Cper =FCy Cellwall+ ¢ rate qg, = kg (1-F) = k| [kgCskgX-Lhr1]
polymeric residues CInert . rate q, = kd'f = k| [KICper-Kg Xt hri]

Inerts from biomass lysis can be seen as a “non-catabolic” product, at rates:

Ext. Herbert-Pirt kinetic 1
qS 1 1 _qS = max ﬂ- kSI + mS
[kgCq.kgX.hr] Yoy
d, (=gp) kinetic (cst and independent of 1) q =(g.)=k

[kgCInert' kg X, hr-l]

#3.1_qSMu Marc Deront (Sirous Ebrahimi) 14
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P\

Inert Organic Matter production / Active Biomass

(Microbial death - For more see ASM 1 Process#4)

1
_qS = max ,U' kSI + mS
Yox 1
SRT =~
q, = (qp) = k| 1)

Y, vield of Inerts I on Substrate

limit =
(ms 'k3| )

4 Yo SRT K,
—qs 1+ Yo *SRT (ms-kSI )

1 — SRT

1l
Conclusion: At high SRT

» active biomass fraction decreases strongly
* inert fraction increases strongly

? What about mineral suspended solids in WWTP ?

#3.1_qSMu

1 Active biomass fraction

T 1
g+ p 1+ kSRT

05F

1 1
M K|

— SRT

Yield of active biomass on substrate

.................. Yo M ymax [ 1

- 'sX
_qs

0.5 Y

Marc Deront (Sirous Ebrahimi)
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P\

Glucose

Ethanol !

Growth observation in batch reactor, high

Mixed substrates / diauxy

Oxygen

glucose & high ethanol:
1. Substrate with highest um is preferred, - Simple kinetic approach

repressing the enzymes required for the
2¢d substrate (which are inhibited by 1%t

substrate).

2. At low glucose concentration ethanol
consumption is initiated.

#3.1_qSMu

Cs

I

glucose

AN

ethanol

— time

Marc Deront (Sirous Ebrahimi)
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I

¥

\)

A
a‘ﬂég 2 ‘(\

v

A
.
5%

—> time

time period needed to

induce ethanol processing

€NZymes

Extended Herbert-Pirt
+ Substrate inhibition
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il Mixed substrates / diauxy

Cs

glucose Cx A
Glucose Oxygen | \ 1 \,\m’é’“’g v
A /
ethanol &7 /1
\)
Ethanol ,

time period needed to
induce ethanol processing

Substrate-uptake rates (Substrate Cg, Is preferred enzymes
and inhibits Substrate C., consumption)

Cs; “Product”
max CSl max Cs 2 1

Ocy = ey . O<, = Qea. _ inhibition
s1 s1 K81+C81 S2 S2 Kk, +Csz 1+C% or
! Inversed Switching
Growth rate comes from Extended Herbert-Pirt Eq: function
lLl — Ysr?_;x .qSl +st;a))<( .qsz - Kd —0s :Yn];ax pA Mg = (—0g — M )Y Ky =Yg " mg

#3.1_qSMu Marc Deront (Sirous Ebrahimi) 17
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I Mixed substrates

Supposing 2 substrates Cg, and Cg, on which grows biomass

A~ Mmax C51 __ R~ Mmax CSZ
qSl B qSl | KSl +CSl qSZ B qSZ | KSZ +C82

Growth rate comes from Extended Herbert-Pirt EQ:

max max 1 L o
ﬂ :YS].X -qSl —I_YSZX -qsz - Kd _qs :YST(aX :u+ms;/u:(_qs_ms)YSX ’kd :YSX mS

EX: 05, = gs,"* = 0.5; Ky= 0 ; Kg; = Kg, =20mg/L
Yg1x = 0.59X/gS1; Y, = 0.2 gX/gS2

Cs; =133mg/lCy, =0mg/l > p=0.1
S>U=050y+020s,+0 & Comg oo
h=U. qSl : qSZ Cop =5mg/l Cg =20mg/l > p=0.1
Os; =0.1 s, =0.25
Cs; =22mg/l Cg, =60mg/l - p=0.1
0s; =0.05 ds, =0.375

#3.1_qSMu Marc Deront (Sirous Ebrahimi) 18
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me Mixed substrates / Conclusion

I « The same high 1 Is maintained at lower

Cs;=13.3mg/l C5,=0mg/l > p=0.1 Cs,, due to substrate C, availability

s fgrzn P =0 )  Lower g, is compensated by g,
s1=95mg Cs,=20mg/l > n=0.1 i

4o, = 0.1 4o, = 0.25 « Simultaneous uptake of many substrates

Ce;=2.2mg/l Cg,=60mg/l > u=0.1 allows high p at very low Cg; individual

Os: =0.05 g5 =0.375 substrate concentrations

Thus, growth under mixed substrates:

1. Gives competitive advantage because high i is possible even
at low substrate concentrations > )2

2. Is an extra degree of freedom to manipulate microbial
product formation (due to changes in production of ATP,
NADPH or key carbon compounds!)
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