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5. NE 2& 2 & & (cell population modeling)

3EOM 8HE HIER2 A= &Y M0 CHSE NIZEL CHAVZE/ A S ™Y 222 BFS0fl 26t0d CHE2C oF Xl 2t
MBUSIIUHO = HIZY AEHS HMeHDH MESZ 0IRUHA UCH Metd MEL 2 &S (metabolites, DNA,
proteinsetc.) O] S& S S0 Bll= 2EACZ HS T Ok 8tC 01218 =2 AECl DI 2 0] CHst
SENHS2 das S8t M=2PrESI| (fermentation reactor) 2| AJH, 2AH EHAESG, HH S22 fotA,
NI 2 Xt== X A (cell population balance equation, PBE) OlLI I &&= 22! (cell ensemble model) S0| & & & Ct
(Henson, 2003). PBE 222 =& &2 (S. cervisiae) 2] &t &} 223X HIst #Z 0 M cell-cycle dependent
S A4S 8BS, cell ensemble model 2 glycolytic A S &S AHFI| |5t =2 01 & CH (Mhaskar
and Hjortso, 2002).

2 HUAM= &Y N2 S& HES (single cell models and behaviors) Bt Ol & MEZE2 ASHE
population dynamics £ 0| Z &t MSEHESI(2] D e 2 U DAL 2t6t0 & Y St
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5.1 HJIXZ 2 & =Xl Al (Cell population balance equations)

OlMZ O QUM MZUW = MELARS EHEE S& (e.g., cell mass, glucose/ethanol/oxygen concentrations,
culture pH, CO,) Off CHEF AXMIEQI &S0 2EHZHALCH 0lHe A== MESEHSI|2 tE el 2H 1t
A0 2 =S 0IXIH, Oldet s sS 23 = Us SHZ20| 26t

Ol S&2Y2 A MIKIZ 2E2& HECH (Zhang et al., 2002): i) a structured/unsegregated modeling on the basis
of cell metabolite simulation (Jones and Kompala, 1999), ii) a segregated/unstructured modeling based on the cell
population balance equation (PBE) coupled to the mass balance of the rate limiting substrate (Zhu et al., 2000; Zhang et al.,
2002), and iii) segregated/structured modeling based on PBE coupled to metabolic reactions relevant to extracellular
environment (Mhaskar et al., 2002).

R 22 (structured/unsegregated) 2 MELHAIBIS S| AEHO ZIF MSS A2 AQICE dHGHD, SHM
2Y (segregated/unstructured) OlA= XSSHAES MIE CAIBISH JIC6H)| BCe 9Ot HXEX 29
SHHSO JIQISHCEH MM 22! (segregated/structured) 2 91 2 L& &S F &S 2022, MEZLH CHAIEHS

MEATE LA S ELEGHD QUL (Zhang et al., 2002).

Structured/unsegregated modeling (M| H| = CHA NI DS )
o MIZUW (unsegregated) S&SH HAVZE/AISHEG
NEZUHE/2R 22 S| A2t 8 ASsAS 89
MEo SHILAYN &4Scte 2422, i SsFOIL
A H0| £=35I| W20l cell-cycle synchronization & &2 & Y 5|D|
Jones and Kompala (1999) 2 | 4&tA IO A 2l S. cerevisiae
0|0t MZES ASHAZ DAIGHRULCH Ol =2 glucose L2 EHS A
BISETAS 0I26HH, MIZE S, SFDX/HES/HMLN/SE S5
SETAUAM UsE dEB5TA2 batch AEES
HHWE Soto W=Z/UACHL 0 RLES Sot:d
HSoIASH, SAIZ 02 AEZ M= Hl WS FESHA
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Unstructured/segregated modeling (5| X HI & & X13lE @)
Ol2Y 2 GHAEHS MEZUXNELE RAISIHA WA 2+CH5HH

Sas 4HOIH, M2eHSI19
MO (e.g., model predictive control, Zhu et al., 2000) 0l O|&3dtJ| {5 |

BI X H & Q1 (unstructured)
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CE2 MEWH e SES2 SZ& 4SHE0 MEZLE0 OIXls &S 1S 2ot H JI=0tH, MEZZ S0l
ME Hed MES2 (segregated) S A XIE 11246tJ| 2ol population balance equation (PBE) £ 0| & &tLt.

M X2 LA (PBE, population balance equation) 2 rate limiting substrate 2| & 2F=X| Al 0 Z &6 A= G6HH,
NZUHS/2R2 S&E AL BtE8AlE2 Eotl Z=C0h MELX==X4A (PBE) 2 MZE &0 25 HFE

(convection term, aa ), MIZE2Z0 28 ME22 M2 M4 (division birth term, [2p/Ndm ), NIZ=Z S0l 2| &

ol

HOIMI L] A (division death term, —/N ) Z12| 1] dilution 0l SISt MIZ 2| R4 (-DN) 0l CHotH CHSt 20|
S &

oN g ’t’”’) __9(G(S g NOL) 17 2 pom,md )T (S IN (' )dm'—[D+F(m JIN(m.t) (5-1)
m
HII0A, N(mit) = 2 (m) 2t Al2E (t) Ol HE HNE=, G(S') = JIEsZ (§) ol HE MELESE,
p(mm’) = MEN B CHIZ 22 (m) O SOLMZES 2 m' E—v—H FZeld & & &=, D = dilution
rate, Jel1) I'(m',S") & ESLE&0I0h 2 S22 et MEILHE LHESH S0 et ME2ZES
St Gt disdsS 2L EotH, S 201 ESE T
0, m<m, +m,
I'(m,S)=3y-e*" ™ m +m,<m<m, (5-2)
7, mZm;
OIOIA m, = MOIZZ0ILD m, = MIEZELE0| Jtsotdl A 28 HOIMES ZAZESBO0IH, m, =
SELE0 FICHEY y Ol EEE el MIXZZEEOICH
MEZ2Z = MEN BHHE M2 & E8& 4 (newborn cell probability function) p(m,m’) = NIEEZE 22 H M4I|=
SHZ 2HZELE LIEFHC
B(m-m) ~B(m-m'+m. )’ ’ ’ *
, o+ , d +
[ a-e a-e m,>man m’>m: m, (53)
0, m <mand m <m, +m,
NEJXt== XA (5-1), (5-2) A2l (5-3) 2 V& 2N NELdESECAS BN 220
‘2 =D(S,-S)-[ G(S / N(m,t)dm (5-4)
“,S
G(S)=—"2r— 5-5
()= K +S (5-5)
OIJI0IA s = &M JIZ=5, " 2 effective substrate concentration, S, = F& &= J|& S5, Y = constant yield
coefficient, 12|10 u, 2 = MIEZLE TS e
ZEXCZ, 0|2Y2 & JHQl H0|2 A (PDE, partial differential equation, (5-1)), 8t JH2| 0| 24! (ODE, ordinary

differential equation, (5-4)) 12l & JHSl Ci#=4 (AE,
algebraic equation, (5-5)) 2 2 & & PDAE (partial differential
algebraic equation) system 2@ F = £ UM, Al2tD EHE .

SgBL2 6tD N(mt), S(t) and G(S') & ESHHx -

ot QUCH OlAZ ZJIRIHME N(mt) It S(t) O CHE =

ZIEAD N(me) O I8 ZAZXRH0 27N, 3

gprmoz 0lAlel GHAGhS ZEMGA o, mojmel

SXIGHA wEH2 %ér AXIGHE 20{0F BHCH Ol@a&ol

DYOIXE Zhu et al. (2000) M A HOHE £ A0, D& 51 o

S 0] DY A2t MIZE20 h8t MELQ ASEHAS
BHEC

s {00 [

12 5-1. Numerical solution of the simplified cell PBE model (Zhu et al., 2000).
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Ol PBE 2&0il TH SF FHYUSEFO T 225} (discretization)

OO AlZ2HOH Eﬂ% | 2F&EJ| (time integrator) & 0| &0t
T= 24010 f21 2 method of hnes (MOL) OI E D M UL, A2 H [etA FDM (finite difference
method), FEM (ﬁnite element method) 12/ FVM (finite volume method) ZZHE £ UL (Lim et al,,
2001; Mantzaris et al., 2001). Motz et al. (2002) = =20 W& HOlZ 5 E/SE (conservation element and

solution element) method £ AFE St 0l & %IF—-—IV\'OH CHet O BEGtD W E =XIoHE L ALY
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/\Fj|0| 2tHtEH PBE 222 MEQR 20 et SO MAEQ RYE O 2 2 2= L Mhaskar and Hjortso (2002)
£ Yeast 2| glucose-limited growth environment OPOH/\‘I NIZe| & Jlé ST (glucose, ethanol), A ad/J| & LtAsE,
Hal/Jlat OlMSHER A sE4], el MEJARUHA HEZ2 2F2X} g3 85 542 FIoHH, =
8IS DI2YHAZS Al (5-1) Ol =It6tKH cell PBE £ AF@F?“;E} 0l FIIEl 842 OI=HEAE2 =2F2DE
e A 2FIX Mot =54 2[00 HES Aot SEAS LHEGHD U2, NIZLdEESE= N
CHAFDFE O D115t QUCH S, MEZEESTAZ2 NEW 2RIE/HES s (GLF) S HIER WA MAAsT
(0) 0l tHE 3 K EHMDPC(;' (SFIZZLE, 2FD I e delD HES e ST A0 oz HAEE T
X e ’ I
G(S’): ’umé’/ _+ /u’"go . o + IumeaE . o Kmhlblt . (5-6)
K,,+G¢ K,,+GK,,+0 K, +EK, ,+OK,,, +GC
et =282 1012 PBE 8 02l 01 2l 1S s - 72 |
tH=ao2 Jl=eEth. Z2EeIXtgtE Mhaskar and BN A AN H f i\ A fil
L I R I Y o | [ I
Hjortso (2002) OlAl ZO0t= =+ UM, dilution rate  g= | | | /| | | gust (Vb 4y A
(D*O 18 h') OlA At OIASIEHA, BREIX, (HES g«u- VA VARV % / ht \"\u_*' W
s&= 2l AMEs s=0ll CHE 7&'%3&@% A8 5. Sw———————, Y -
2 0lA = == QUCH O AZB0AM=E &8t 2AB0L 4 — Y T— _
HIZE XD AD, HIDE N2 B LXGD UASS S 2, 203l -
= ALk gu:-t-- ;I.\':: z I": ) / 50?- _"r.;L .'."".. §
OlRge SFIIsE NEJAR 8RS sedsas [ | ) ol /A SN
ZIlo2 N ABXOR D2ln ByXoz uAlg Yl R A A A
solg & QICh ©E 29 oixg =M MM . oottt
. = 00— = 2 -
AYZUENE MEE = U= BB S =0 f,,m.l . Em Prtan
g-.mo-“‘ i . g o
. . 1an0 | A} 219 AN AN A
18 5-2. Comparison of plant and model concentration £1m_ - K o & L _‘__’______:*’__ M ™
oscillations in continuous culture of S. cerevisiae (Mhaskar = & 2 4 & 80 L S
and Hjortso, 2002). '
Structured/segregated modeling (X H & XI5t & 2 E)
0l 222 single-cell model 2 MELH/2F 2l S&H0l 26t PBE 2 & AI2! ZA0ICH =, A2t WS AEBHBE S
(£ = metabolites, x,, i=1,...L, HII0IA L 2 NIZUWSR S22 =) S SEBH+Z 6t1, 0= SES2 ZEHI=S

(W(xt)) = SEHSZ20AUSEZ (L+1) XHE 2 1 )i PBE 2 H & & Lt (Nielsen and Villadsen, 1992).

0 ot L d(G,(x,t t —
VO 3 SOV v - Rt o) (5-7)
OJI0N, Gi(xt) & speciessi 2 MHEEXZO0|D, R(xt) = HESHFEETES SO, R(t) = HR

N2 E55E0[C0

R(x,t)=iZL;ZP:1}/I.,jrj(x,t) (5-8)
OII0AM, P = /\‘||LJ4_LH UAIEES ALl =014, 7, = j™-reaction Ol A2l i™-species 2| 38223t (stoichiometric
value) OIM4, ri(xr) = UAIEISEZA0ICH B2 MEEEET R(1) £ R(xt) 2 2= SZE S0 UotA
HEZotH €= == ULH

R(x,t)= [ R(x,0)Jy(x,t)dx (5-9)
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T2 (K=10) @2 P2t5totH Al (5-7) 2 10° WS DIEYHACZ He|elh derMo
L 20, 15 EEZ20F A= 107 JHOl 0|20 MD|IB2 0] 2gal2 &“é"—“.g

LICH Olefst &S 2246H0] o ChS 1 22 cell ensemble model O 3tLE2| CHOt 22 (A A
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52 NI E A= D E (cell ensemble model)

NIZXt==XIA! (cell PBE) € &M XIEHGIAZOl HLMES AFD ZH0 2HAE M3StE AR
HHO0| 2FOICH E& O] AEiH=0 S PBE 2Z (e.g., structured/segregated models) = = H Ot
Ol2Ale2 QI O 28t AHAIIE ERZ &Ch 0lde SHEsS =22c6t, Al
AV/ZE/ M SHEL U0 CHSt single-cell model (SCM) € O0IE56I0, 0] HLNZS2 &AM

[
=

0
mo rin o ro

=
On K3 &

S|

MIZalD] Aol TS M S H 2 cell ensemble model 2 & &HCF.

i) Sl NIEZW 0421 metabolite =2 CHAFNEN TS AN 2 sEHFE HEE6le
=

==

=2
£
02

8t & Al E (SCM, single-cell model) & +4 &L

U NEZESES SHEHASS HS6H| 2o, JIE20A LG $AH 22 =I(gtoILt
gt %‘E Eaate] E = (% IOOO ~5000) 2| DIM= NIZEZ A= & HE X (ensemble)
le@iﬂf CHAMEHS & =8t = 2] random perturbation £

if)

iif) Al
((tetMd o 24

dx;
—L = .., I<i<M
7 Ji(x;.6,,y),

d

7“:=g(x1,-4-.,x1v,y,¢)
Olal2 MZUW Ol 2282 s58 UEtUWE AEE s (x) MZLH CHALE *%é*—’v‘— 0), NIZ2f SE 0
HEHB = (y), MIZE2IR CHAIBHS 0 2t E BtS & 2 MEH = (¢) Dl MEZ= M) S22 ESE L
OIZ2 & 2 Ataai and Shuler (1985) Ol 2/t MES2 =2 HEE UL, =20 Henson et al. (2002) = &2 (yeast) 0l
CHotOd 1000 JHel AMEz RAHE HEME ALE, glycolytic oscillation 2 &HYoIULCH A& 5-1 S yeast It
HEZRAEZ2LE glucose E EFot1D, e A2 H0 HE22 glycerol I ethanol & E A5G0, BEAES
tHEol= R4 2 FIX AL (anaeroblc glycolysis metabolism) $tS B2 E S &Lt

o5
—

-

degraded products
\"-lr
- ncetaldehyde!
Elocose pyruvate (5,5
extracellular I
intracclinlar J, I
MADH XAD'
acetaldehyde/ & :
alu.l:use (8] pyrovate (5, v ethanul
ATP (A 4
ADF iA;) ADP
NADY \.wu Y1 ,..TPD ¥s
l‘ ) P-AD' NADH
glyeerol G.!] Jiling (5,) 1.3-BPG {5,)

18] 5-3. Yeast glycolytic reaction pathway for anaerobic growth (Henson et al., 2002)
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MZES Sst glucose (S1) It FIH2l ATP E AHIGHH 2 JHEl G3P/DHP (S2) € Bt=1 (vl), NADH 1 JHE
AHIBHOY glycerol 2 SFE D (v6), NADH 1 HZ A A5 A 1,3-BPG (S3) 2 BB SICH (v2). BIS v3 = 2 4Ol ATP
E MHAIIIEA 1,3 -BPG & 2 & acetaldehyde/pyruvate (S4) & HEtAII| 1), 0] S4 = 1 12 NADH € AH|IGHHA
ethanol & BHEC} (v4). acetaldehyde/pyruvate (S4) = &t MEHZS SUotH AR 2 HIEZH £ O 2&2=2
HEHECH (v7). v3 2 v5 = energy metabolism 2| BtS £ T A2 CHE=6HH ES St
8 53 22H 22 HAIEZ2 BISETA (vi-ve) CZ2H 6 M2 DIS2YEAS 18 54 HA .
Ol 0l intermediate metabolites (S1-S4) 2t ATP (As), NADH (N,) Ol CHSt A2t (€ s&8s=e 2
BrS G A3t (ki-ke) 2t glucose EFHT 3 (Jy), 1l FHE O CHE RIS 018010 AHALE
(Henson et al., 2002).

G (2] ] o

ds, A, ) )
L = 20 =0y, = 00, = 26,5,y {I+|?,] ] Ll Sy AN =N, )=k Sy Ny, (2)

ds,

d_;’“ =0y =0y = KyS, (IN= Ny ) =S,y (A=A, ) (3)
ds,

ﬁ = vy 0 = RSy (A—Ay )=k S N, —d (4)
dn,

by U U = kS, (NN ) kS, Ny — kS, N, (5)

dr

dd, A 1)
d—;"= — 20, ,+ 20,0, , = 72k,31_,AJ_J[ 1+ [K—] ] + 2k, S, (A—Ay )~k Ay, (6)

18 5-4. Yeast glycolytic intracellular reactions.

0IZ 6 M2 A0l MEQARE BHEEZI= acetaldehyde/pyruvate (S4°) Off 28+ SISl OI2EAHAES F=IIotK
2t 5LEl Yeast glycolytic reaction 2 2 §tCH.
sy’ _ ¢ < 4 ox
By 5y PN ks 5-12
dt z i 7 M; i 4 ( )

O M 2 HIEZ4E SS6t0, Henson et al. (2002) & 1000 2] MIZZ Ol 25+ acetaldehyde/pyruvate (S4) 2
BIES T3t J,=x(S,, -S&) S 0IB3I01 & 6001 (=6x1000+1) NS DISLHAS £XHO2 451k
HlZ Y HMIZAEH 2ALE IoH, i) MEZW S2HMS (S-S, for i=1...M) It ATP, NADH & & (A3, Ny; for i=1...M) 2
TNt (1=0) 0l EZ0AN LTS 24t 2t= E R EE 010D JHEGHHLE, i) MZLW CHAMRHS &b =gt
(kii-ke; for i=1..M) O] BZ0HA LTS 24gts H= FASEE 010D JHESHCH O 5-5 & 6000 M
Ol22™8 A9 =)J|gtS random perturbation Al2l T 22 ZAIZUE EWEC =J|0 dHlsJlzHE
/\‘lll-”('oF MES2 Al2H0l X0l e, ME2I2 2l acetaldehyde/pyruvate (S4) =& 2| Z& & It (coupling effect, see

Al (5-12)) 2 (ﬂoHﬁ NADH &0t XA 22 SJ|& (synchronization) &I HAl 25 & E2HE 1 & 24F2=2

[MADH] (mhd)

SEE He=z % = UL cell ensemble model 8 =
_I

SN 3EOA JISE MEDA 28t DA XE
AFRE 2 QUXIOH CHAEFS Al o] 29} B0 X1t A Z0{0F

s QI2YEAL (=HxM, 0N H LHAM% S
J2ID M S HIES) I} EI6t92, HAAZS SE6t] :
SITHA = HEEH 40| MEH0| LPELCH g

[NADH] {mid)

18 5-5. Cell population synchronization for a 1000-cell
ensemble where the initial conditions are perturbed by a
Gaussian distribution (Henson et al., 2002).

. - . . .
85 865 56 5.5 5 515 S8 585 59 525 £0
Time (min)
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5328

Flow cytometry = 22| HIZLf S &S (proteins, DNA etc.) 2] BELE S £ U= R LSS LYHOZ
L4610 AL L8t Flow cytometry £ 0l &0t £ 20 22222 N E2 EAXI0N et 2EE =2 = UA
TIRUCH OIN2SZRH 22 AHZUE HESZ MNMEZIEESS sHANsH s Rdze Ms83FH9

HH/2E/H00 2 =82 = X0ICH

B MEZEES SHENSU SE0 2s L2 AN L X==X4 (PBE, population balance equation) 1t
MESAEZH (cell ensemble model) & L= S &= ULH LA ==XA2 MEL CHAIBFE S R 2ZHESAIZI =
MEZEZH HE HNESS ZEEZE J|l=0dl= 2 (unstructured/segregated modeling) Bt MAIZELH CHAIEIS 2
EEotHAM 0l=2l population balance E 11ciot= HE (structured/segregated modeling) S0 UA=0l, A F QI
HotHd =2 el 2 M, unstructured/segregated modeling Ol 20| AFZ &l 10 UCEH

NMESAEREE2 STE HAMESsS e HY NES2 HEMZA cell population dynamics & & HotMH,
SHANEZ 2 (SCM, single-cell model) 2| random perturbation S HIECZ MELISI|L 802 HEZZEH S
ZEZE M=sCh

PBE 2 & & cell-cycle dependent oscillation = 0= 5t2| 260, 12l 11, cell ensemble model 2 T ALK glycolytic
oscillation 2 2 H5l=0 F2 0IELYULH, HIE F 22 2 QE%“%% F ot JUXLH HlZL NESS
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