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Controlling the morphology of filamentous fungi for
optimization of fermentation process
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College of Biotechnology and Pharmaceutical Engineering, Nanjing University of Technology, Nanjing 210009, Jiangsu, China

Abstract: Filamentous fungi have been extensively used in industrial fermentation processes. One of the most interesting
topics of filamentous fungi is their bothersome morphology, which closely correlates with the productivity and broth rheology.
Aiming at the optimization of the microbial process, works mainly focused on the relationships between morphology, productivity
and environment in the last decades. Based on those works, we tried to interpret the mechanism of filamentous fungi growth from
physiological aspects, and reviewed the mathematical models describing the hyphal growth, differentiation during the formation
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of target products. Above all, efficient and effective morphology controlling strategies were addressed from the engineering view.
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Table 1 Genes involved in morphological development of Aspergillus™

Gene Protein function

Morphology obtained on gene inactivity

Maintain hyphal polarity

Wide hyphae with thick lateral cell wall
Frequency of dichotomous apical branching

Short subapical cells.
High branching frequency

Swollen hyphae

High frequency of dichotomous apical branching

Swollen hyphae

hyA/podA
yAlpod Activation of growth arrest in subapical cells
hypC Cell _size control
Spacing of septa
odB Cytoskeletal organization in tip cells
P Maintain hyphal polarity
SepA Formin. Control and organization of actin filaments at A septated wide hyphae
P sites of localized cell wall deposition
SWOA Maintenance of hyphal polarity
Establishment and main
swoF

tenance of hyphal polarity

Swollen hyphae
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1 KIRE Rhizopus oryzae B &S
Fig. 1 Macro-morphology of Rhizopus oryzae.
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Fig. 2 Micro-morphology of a growing mycelium of
Rhizopus oryzae.

LI g 22 SRS FRIA MUY A RE Y & 1 B
P22 PR B AR ARG, T 200 AR RE 1 5 AR T 4
L3 (Vesicle) FY-5 A 58 b Hoz i 28 AR it
AR, T 22 AR IE AR S 0y SO RUAEEOCHK, 58
SCEAA 2R v B B Y R 22 1R K HGU (Hyphal
growth unit), £ :

Heu = & (1)

E%%%%@%iﬁ%&,%m%%%ﬁ%
FROEACIR, BEH R 2R K ERI, sk
FLAIT RIS, I 38 96 02 R PR ) 1 7 22 1A HY)
TR R LU s, I, 220k DL
LRSS 7 CHEA 5 8 i iy T A 1 T 22
PRI, BT R 22 R B SR A, TR —
TERIF IR, R . 73 SOR RS
Pt 5 W 2Z R H) SR BEARMEIRAY , ] Koran (H122
PR3 S AR R R pm/h) SR RAEX AMEEOC R -

dn
E = kbran ' (2)

T 22 A B B4R 2B At e T AR Y A K S
I3 SCHIE . AR A K L ap (B 22 A0 A 1K
B um/h) FEE R E BEAT -

cjb@im.ac.cn



ISSN 1000-3061 CN 11-1998/Q Chin J Biotech February 25,2012 Vol.28 No.2

dL
o Qtip n (3)

dt

EXPBUE K, I HGU MEaAs, Wik
PR HEE AT LR SE A A R e (P 22 AR KR h
ﬁffﬁ‘o El]ﬁl

dL
e 4
e (4)

AR (). ). 3). (@), fErE5.
= (o * Koran 5)
Kfgprigry= (5) WENIE T AL MR, A
AR AR R 0 s T 22 0y S A5 R
ML 5AERKMXRIETT TR ER, HNHIE
Wz (B, EBWAETE—E R kiG, g
WERAN MY Sas a5 80E ks, T
30 1H 2 2 B 9 (Rt R (B AR R MY . BT DL,
Nielsen ZE7E @& 22 AR TOWIE S R P EIA T —
EHIIRFR . IR T 22 AR A 9 v S A —
FEMAR AT FR , T L TR 224453 30 P AR AN AR R
(Y BEALEE PR 52 S 2 A S A o ) i)
N, BB RN Az, QRS FEHLEL
TEIX[E][0; 1-exp (-QoranAz)IN/NT Az, WY 53
SRR, BERRZATE], A2
F(r)=Pr{T <z}=1-exp(-[ G,,d.) ()
SIABIRENLE P, (B A] 13 S S5 H
B Ks:
Ks =exp(8p+a) (7
WA R R, s AR KRS A
SYIRN G, BREEIR B, fH s kR A
fifr, I AE RS, ARG R AR A B )
TR
di _, |

—i_ i 8
dt "L +K ®

http://journals.im.ac.cn/cjbcn

K 8) . kap HIREEWE L, BULT R
SRR Ak . G5 REW], AR RR AR 4 L T
M2 Aspergillus niger 7EA[] @ 2R EE T
P22 AR S B DL S A S HE A L o
1.23 ZREWEWEESHORTEAZ A EE

22 IR A TH WOWIE W R SR Bk e TR 24
LN ZIIEA . WRTRIZ Kl b, A4E
2R R AR A R SRR, AT LA
4%k B4 F (Coagulating type) 5 JF B 4 7l
(Non-coagulating type).

REMPMZRAERE (thER), RAZEWE
A ] R B 223K . X R E B
o ST AEM R P AT A A 2 b, TRt
Ji& L R 1 A5 B A m] BR SRy A R KR T i 5L A
(Population balanced model) . 1 &1, 2 h &
Aspergillus niger 7E4#F 5 i AL 19 5
UL, MTRESHOTL TSV, ©1
Y 77 A B T 22 AR 7 A R R, P
WRATHE, WAL AR dAg pFot %
WY, 7R E S T HR e B KPR A Y 5
M, A fERE 2R A

XPTAEREM 2R ER (KR E), WL
TR Z LSRR T ATE . #IRIX R E R
KRB 2 DO S & S E0h Geit & .
Lejeune FIAFFEIA N , B[R K %5 Trichoderma reesei
2 i 14 42 A 3 8 LA K 53 S A A0 A 0 25 5 i) 31 T
BRATF B LA B B BR A 4544200 T Liiao 25001 32
[l (Multiple logistic regression model) #
TR R BB XOR IR B R BB SRS
HEB, (R, WARRE FoRE, FARBFT# SR
MBS L B SRR ST, R RETR AR
ERERMLRAFN WL S S EWEESZ



fEE F/LRERRSESREERBERMAHIRA

] SRR HLEE

2 BARKBUFBRBERBEIBMRLT
By A A
21 WREZLAESSEYRIEE
YR BRI A FIE A B T /RS
T AL, A T S e R R g 4 R B AR AR
FITH ; filhn, Hdhas Aspergillus niger 76 5 BRIR
AIEASIE, e Tr=AHeR, WAl
Fls LRI, HREE A AR
A5 7 Y S I A B AE S [ AL 1Y TR
QZ{ZFE’J%&RIEH—?T“%#O i, O
TE B ZARIR 53 A0 5 RGP W3 5 5 T 24
PRI ARG AR AR A DG, K SCBRAGE T B &
B Penicillium chrysogenum B 22 {4t 43 BRE 5 S
5 WU 5 7 B R A7 A R S
M T8 R IR & rh AR e, i e
R BIR i) 20 B — PR Oy e A BIR o R 4R O 3
w, AL RGP R R R AR AR
BV SR B R R, LR EE
PRI IR IZ R R ZR b, G 80 v S 3 T 22
BRNFREIY B RE . Cui R, RAAEEERN
AL 3 R o T L, A SE RO AR AL R
w24, Hille Z55A 0 , Z230M 321452 2 T TR0 A 5
FAZE Y 43 9 WO B AN R DU 3R TR Bk BB A%
B, RER N RS R S 5T Ay A R AR R A B
B (AR IR RS HA N, 2 4Bk
R, EAENTRIIL 2 IR, B IR —1
HIE RO EAS, BT ER O A BE AR
T, ZHEAR R E R IR A
SR B2 A AU 3 22 AR EL T R e 3 e e

INBIZYSEINTNIPS T TN R SR 1V 3 N 4
WREFEIEY:, IR e 1 % W e a0 F 4
11 N N L IS I 22 N Ny Rl

(Individual model or cell model), E&fudEIE45Hy
FARTEL 5 2540 AR ABE A
2.1.1 JEg5MfbAERS (Unstructured model)

RSSO R 2 5L TG ) SOy S, A 4
Wz A N A A SO DL R 7 Y 43
AR, [T R AR, R TE 2 R
RS LR A A EE, I — R 5 i i 5 ok
IR WAE FEX RN BIEAE, DA™ WA i
P FRAYELAY

LB A RKIE N KRR R A B, BT e
BRI AL 8 A N S AR RS Y S AR P, M
PRI g (Fick’s second law), 7E ry &b, 4
A3 1 VRBE i BN ] 1) 28 Al 3045 Tz A T HIGE
B B 2 A A AR Y B (B B o T AR R 1 Z A

gi:[)é;a(r@q/a)+n o)
ot re, ar,

3 (9) Do i IR AR P A
BURR BR T XA B R rp A3 AN RSN,
B A A e xRS DU AR A AR R S0 1Y
Hd o AR IR i FEAR [0 T R Y AE AL LA R B
A AR ARG R R R E TR Y
AL 5 504 o

X _ By
ot or,

XF ARG AL RO A R A TR AR, w] LT
S WEVR 28 TP A Rl W B A i, AR A
ko i, Rinas 45 L2z HIFE 45 4 A AR T

TRl A A LA (GOD) 1A R A A

+Iy (10)

cjb@im.ac.cn



ISSN 1000-3061 CN 11-1998/Q Chin J Biotech February 25,2012 Vol.28 No.2

=Wl T AW B DY s 7/l U S S | B2
FALBE TS X )2 R 2R S5 L Tz i Ak
KACEIEDL, IR T AT T 22 AR A BAR 2 )
R IREST X, I SIES AR # P,
NAEZE R A B 1] 45 1) AR AR Y i 2 A a3
2.1.2 SR (Structured model)

SEA AR R B T I 2 R TE DI e 45 1
Gy DX B T PR TR AR A B JE R, T
L2 R TH M ST A i B Al 45
g A A5E HA B  fige BETE 25 0 A  N FE LR L K
W AEDREAE Ak 3R

TEAN ML — A K R, 85 SR 1Y AE
SIS 1 O R X AN Y N80 5 (05 1 0 A

Nielsen Ay, HREEIZE I E HITELL, H22ikn]
PLarh 3 AKX 4. Tss  (Apical) . K 0 o
(Subapical) DK Ei#2{k (Hyphal)®, Tii Megee,
Thomas SE WA, 4544 53 DX 0% 5 40 A 1Y) 3 Ak A
2R AR G e BT L= & Penicillium
chrysogenum K, B22ERERK . Thifeaib L
HR R AR EER R HEERW
FEA S IR A K I T 22 IR L BB DIR G . 7EIR 2
KR, T LK T 22 R 0 A RS S AN TR 2
B Ao, TEMEARRKIE ACIREMA KK (157
IEAERKX); Ay /NEHIX; A IR K (ifIX)
5 Ay BB X RIEILIIREM /3 IX, mT LIS 2] 4n
3 Fs I EsF Ak R B A

3 (A) FEH Penicillium chrysogenum =5 B X &M N LREE (B) EMHUURSESRE=RERM
Fig. 3 (A) Aschematic diagram for simple differentiation of Penicillium chrysogenum. (B) Mechanisms for extension,
branching, vacuolation, degeneration, autolysis, and penicillin production®

TELSHAL 3 IX BRI A SR 1, 7 AR A
B 3o BB R, ] A R A A A A T
fo SRR Ty RE i R b, A BT
WEL A A A B B, BN . AR 22T TR
AKX (Ag) FEMELAL AR AKX (A) B9

http://journals.im.ac.cn/cjbcn

R (1) PR EA K X 3 A T AR I
X (A) HYstAE (1) v, A BT Bk H
5 7 RS A R IX 31 . Birol 2530 B4, sy
P 22 AAHE A A K 73 S0 i 3 Sl DR s T i )
ke =S ENYPIE L Aibpi e SIF



fEE F/LRERRSESREERBERMAHIRA

A—A
U, = k1CA0 (11)
A——A
u, =k,C, (12)

{AJ&, Paul Al Thomas WA K, 7 AL & Ay
A RE (O SOER) Y, W REEBRY I FE s T
W RIE R i B, AR BT IEAE, T
H 3 38 UG WARRE Ao 197 2E 5 it it Sr 1 07 7
mr:

A+a,S—A (13)
A+aS—>A+A (14)

i S Tl S I P IS ) 5 il 4 1 v (]
WA, et i, BT Ao Z A rYHIElE
P Ac*o TR Ao Ag* LA KL Ag* % Ag, FEM Ag*
Z A R RRAL T Bh AP 2 v BT b i P S
s, ARGFHfREE T 22 AR B, TSR
K ABOL 5 AR P A BB AL B X A3 Tr) 5, AU A
T ARG FAER,

IVEE RPN ST vk f e BIP R 1Y 3 )
SR, e BE R ELidE VAR GF ARSIz i
TR, JUHR ARG ™) LA K it i 55
) I ol v
22 WREARESSMERTHETHAIRE

2REHTER )2 K, R PR RS
R AE Y R, AR A 7 v B S
. BRI DL R A A R A U

MR, ZREEARIL S 2 HER AR
TRV B U AR PR RE R ) o T R R I Y I
1 B3, BT BRI & I — B 2F WA, Bl T
2RI, T2 ARE R A E S SR E,
22 A Wy ik ) A A b RIVRT 5 R e T RS 1 1Y

TN, & R S 12 B AR A AR
H TR AR T AR A B I sl R BB A, JORS
PERZ AR ZR AR Yy R A2, o 5 AR
TR (TS Re) DI L R A (Ka)
YIRS,

T 5% K TR AR 8 738 P e — AN A M R 2R 1 i
o TERIBIRIEAS it A2 e AL, #RERI
KGR LI AR, B )R
IR -V S R AR S0 B S A AR ) AR s T T T
AR R ERESE, IR EIE AL E
SERMER R, HN HWAATER KRR
BEEDFFEITRA, ATTRIA LAY R, HIRIE
& (R HIRAR TR 2248) Wi 2t HAT [ AR
FR M, Thomas %57 T #Lfy B G/
THXFAESEEE R Xeoms PFFENT, K
&S B (Roughness) R 5 B0 i
(Compactness) C X B 1 (1) 3t 728 1k 52 i 5 oy b
HE | MBI A S WA TR 0 R

RP = const - X%, (R)” (C) X gom (15)

AFER TR R SEA 225, (Hix
RRERIER L T ARS8 I, BT T30 T & A
R PR AR, S KRR R AR T
SR T EE LR

3 IRFARRULREEN AWK

TER W T b, 3 i P il 22 R R A5 8
FIGM RN HA, EREEIE S AT
B Hbr . TR MRS 2R A S
Je i R T 2 110 S A I 0 97 B 5 L e HG
fb TR =M BRI RDIE S, BRI & Bt 72
1 H .

cjb@im.ac.cn



ISSN 1000-3061 CN 11-1998/Q Chin J Biotech February 25,2012 Vol.28 No.2

31 MUEBRMERFLREERS
311 RESEFENZREEESESNZ M
GRS TG 7/l N NERE S OB (B W S B = ]
BT VAR, el . AR AR B R
FFhds, Pl 22 R B I AS o Nielsen 80158 T A
[] 46 2 AR b R T SR 25 Aspergillus niger TR 22
RGN, IR EBEARRRRET, Wi
AR 3 S 0 2 A T DX I, G s R S R 2
WIEERMEZERNZR, ELREFEMEESRT, R
RIS THEE, WLkdERKERSR, EYEs
SRR Z R, BT R BRI AEEE 5 T
AR A AR SR, A R S8R
TR A 2R TP IR 22 ARG 7% AT BR R BUR BRI
TESCBRAE 7 rh, 3R L o i R B R PR
W BB i, Shi & e B FH TSk 7 B
Cephalosporins acremonium % /=Ll & C
(CPC) My &8, ) R F i e — w2 T A B¢
RN NE , 2SR AR HITE 3~6 g/l 13T
B, A5 200 B 7 2 T v S o3 A A v R IR K
2248, IR LTI A T Sl AT CPC Y& B
ERLR, ST CPC R, AL TN
HERET, WHZERMWEEEERIEFHERE
. Ca™ B TR 5 T 2R 24444 K
£ R R A T Y A B, T Na® L K® L Fe?
MN®" | Zn®* s T-40-5 1 22 A A it A P, Liao
EMEEE B TR, WA, IRE.
BEIRER . SR B TFRMREE, KIEIARR pH DLAH
BLF- TR I AR FAE KRS LA, Ty
R AR A BB AR G 3 D0 A 358 28 A 1) PR 3R 0 B BROE 28

{IE e I

312 REFMNLARERIB A H R
KR AT — AL R . B pH.

http://journals.im.ac.cn/cjbcn

BB GO RS . SEBRIE, RS
PRt R 2 R RIS A ST B

M T 2R AR Z AL, B 24K
REEL RPN ATRE, BT R a0 B0 1 1
B, B ROk B R e T R Y 2L
B SEARBAE , WTRER ARBEA R T
A=Wt UL S AT S R+ 2

pH X B 2 (AR A8 52 i 2R BN 1Y
REREEIEL pH BUIASC, HEMHHLIEE pH
L7 R FARFEEAR DG s ASE Y pH 2
UL PAY TP 35 0 L 3 3 A5 AT S e T A2
Ko ARRBHTEN S pH SRR EIL AR L
M. pH/NT 210, HFARREHIA; pH 2.3~2.7
i, B BRI EER ;s pH o 2.9 IF, JEARBR S
SURBE IR A pH KT 3.1 i, 5 HIHeR1,
25 BT LA, IR pH XK AR R RIE S50
FERIUA AR B EIE ] o AR XA
FATFF I 1 X Tl JBOK Y TR BR OB 2485 22 9 i %
Fep AR,

o FH 2 5 ) 22 IR LR g T Ao R AR Y Y
R, WRMNALS R ENHEER, MHkiEs
SR . TR R AL, PR X B 22 1A
14 3 B DDA AL 2 5 R AR 2 01 5 R 1 R
Bz —,

KRG — MIAE AR WA . AR
VMRS, Jou i iy A% ik o) A 52 AN [R)AH 8] it 2 7% B2
RSN, 6 DU SR i 0 1) = 280 ok R, B
E T, BRRE LR RSN, AF
TREE N, TR A A e e 22 A A e B
FENGER T RBRIEIA Y 3 FPHLIEL . TR 223k S5
W8 2 T B AR A Y b0 S s AR B )



fEE F/LRERRSESREERBERMAHIRA

35 B 4 BR AR T LR T 22 3R 5 T 22 3R 2 ] Y
MIE T, Cui ZEpmEge B, BBk T
LL RIS I 8 P A S R AEAE T
BB 22 (A K 1F T B PR B A DR € 1Y 0.25
YT LI B R R A AR R 30 T8 1 5 1)
DA ERS N E2EN IS = G kA N 737 N N D |
T AE R ST T 22 VR PR AL B R AR T
T HERTE R R R BRI L

Y 23 A A R RO R = )
() R, VAR A0, BEbks
ORI T LA 008 SR A% 336 o LRI 3 034 o g
e, WEKABCR S, (B, BREH T
Y e A8 8 2 R BT VDB A R B L T
BREUH I AR, HEE IR A E— B ERABESE . Cui
SETE RIS B A S ST, SOiE
YNGR G RE 0L R A v o AU =N b
M 5%IGINZE 330%, Z5HL, B HEFAI
2L iR B VA S IR I (DR S
KA Wi (¥ SRR RE ) , (B AN Z A D Pk
PR RS RN 5 p AW, 7E BER PR AL L
BEONAYTH L, WO SRR XS A T ER A
BB A% TS SO HR Cui S5 R Re b 22
TR R A AU B 2 R B A PR B
BRI A, B XL 20 R B R R AR R,
BB TR ST R R e R, GBS
KRR ZE AR, Lin ZBFFE T AR R B
B9 A B g ik Y B BN AR 9 G 1 e
FERIEAS M 5 45 SRR B, Bl 0 KU A D
FOREIN, T LLBRAE AR W s, fERCR b
SO, T LR TR B R 0
R, A M T S i M L A 2

32 MR FIEHILRERES

H 2008 4Lk, M TREAMEE, FFHRU
TAEG AT E R, 382 o T ok~ 2 7
SRR SR I 4 i 2R R A KBS
A T AR AU

IZH AR WA F X G R X R ) B AR A KR
BRI RAERIBERE, BRI 00 B8 22 A4 i L 22 R 1
2 anih & m BT I 22 OB AR T8 A i
P BRI 26, FH T BRI R 277 o AR Tk
R, 7R F R REN B, BTt
Bk 738 T AT Rl A BT b al 3 s AR, B
RTHRFRRE, SECT WLIRE LR 22
INOp o

W RS REEAY . &8
BREAAL YRS IO R AR i B R B 1 Ttk
FRWEREE, MR T HTER 2R EREK
IEAESEHIAET Kaup S5H] Al,O5 RFE il TR &
i Caldariomyces fumago & 752k p7 it & Ak 1) Wi
(CPO), ¥ ALO; I RLAEIAE] 42 pm BHE, A4
MR 22 R s 2o Bl 2 1, ™ s 3 in sk
1 000 U/mLBA (A Hi42 185t 500 pm B H1IE
DB o AN T8 1 7 A iR SR A P i
Jnad 2 RS AR IR K R, R R AR IR A
PR BN — R BRR . I 55 A5 A IR i b 7Y
Tk T4 A %P9,

4 Hh5RZ

22 AR LR R I R b AR S A R — LR A
SRR HERT s AP BRI AE B E T
ZAMPAFI R Z A . BEE BN T AR R
&, BORE—E R NI N R R T 22K
R AR U S 1 LA e 73 SO ) AR PR LB fH

cjb@im.ac.cn



ISSN 1000-3061 CN 11-1998/Q Chin J Biotech February 25,2012 Vol.28 No.2

I TR AFIE S LT Z I H 2 N R,
AL NS DR TR A7 A B ) 22 R R R ) 2% OLTE
SIRMELLSE I 1E22RE WIS R T,
R FHBCAAS R 8 A ROIRZS 5 2858 K™= W 1 5%
R, WMRMFEEANALRE T 2R RIEE Y, JHE
HRRAIE | 2 WS TN R A T BRI,
S ZoYa el ELibp e 2 RNV NN PN )i
2R F IR S e TR R s IR & 1 &
PRI R R R

PIRINE . R I URARER A H T
SRE N BIL SRS B AR 8 6] i Sk
8] THIRABIDTTE, MR EE AR BTk
%%ﬂﬁ%,m?%ﬁﬁﬁﬁﬁgﬁiﬁﬁﬁﬁ
BRI IR, MXRER KT
%%%ﬁﬂﬁ%%ﬁﬁﬁﬁ,%ﬁﬁﬁﬁﬁ%%
MERT

REFERENCES

[1] Papagianni M. Fungal morphology and metabolite
production in submerged mycelial processes.
Biotechnol Adv, 2004, 22(3): 189-2509.

[2] Du GC, Liu LM, Li Y, et al. Optimization of
fermentation process for achieving high product
concentration, high yield and high productivity.
Chem Ind Eng Prog, 2006, 25(10): 1128-1133.
SR, XUSEHY, AR, AR LSRR R
e A R S B AR R R AR AR A Tk
J&, 2006, 25(10): 1128-1133.

[3] Wucherpfennig T, Kiep KA, Driouch H, et al.

Morphology and rheology in filamentous
cultivations. Adv Appl Microbiol, 2010, 72:
89-136.

[4] Krull R, Cordes C, Horn H, et al. Morphology of
filamentous fungi: linking cellular biology to
process engineering using Aspergillus niger. Adv
Biochem Eng Biot, 2010, 121: 1-21.

http://journals.im.ac.cn/cjbcn

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Driouch H, Sommer B, Wittmann C. Morphology
engineering of Aspergillus niger for improved
enzyme production. Biotechnol Bioeng, 2010,
105(6): 1058-1068.

Driouch H, Hénsch R, Wucherpfennig T, et al.
Improved enzyme production by bio-pellets of
Aspergillus niger: targeted morphology engineering
using titanate microparticles. Biotechnol Bioeng,
2011, 109(2): 462—471.

Meyer V, Arentshorst M, Flitter SJ, et al.
Reconstruction of signaling networks regulating
fungal morphogenesis by transcriptomics. Eukaryot
Cell, 2009, 8(11): 1677-1691.

Harris SD, Read ND, Roberson RW, et al.
Polarisome spitzenkdrper:  microscopy,
genetics, and genomics converge. Eukaryot Cell,
2005, 4(2): 225-232.

Osiewacz HD. Molecular Biology of Fungal
Development. Florida: CRC Press, 2002: 32—-33.
Grosse C, Heinekamp T, Kniemeyer O, et al.
Protein kinase A regulates growth, sporulation, and
pigment formation in Aspergillus fumigatus. Appl
Environ Microbiol, 2008, 74(15): 4923-4934.
Knechtle P, Dietrich F, Philippsen P. Maximal polar
growth potential depends on the polarisome
component AgSpa2 in the filamentous fungus
Ashbya gossypii. Mol Biol Cell, 2003, 14(10):
4140-4150.

Harris SD. Branching of fungal hyphae: regulation,
mechanisms and comparison with other branching
systems. Mycologia, 2008, 100(6): 823—831.
Mclintyre M, Miiller C, Dynesen J, et al. Metabolic
engineering of the morphology of Aspergillus.
Metab Eng, 2001, 73: 103-128.

Willaert RG, Baron GV, De Backer L. Immobilised
Living Cell Systems: Modeling and Experimental
Methods. New Jersey: John Wiley & Son Ltd Press,
1996: 58—60.

Spohr A, Carlsen M, Nielsen J, et al. Morphological
characterization of recombinant strains  of
Aspergillus oryzae producing alpha-amylase during
batch cultivations. Biotechnol Lett, 1997, 19(3):

meets



fEE F/LRERRSESREERBERMAHIRA

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

257-262.

Tucker KG, Kelly T, Delgrazia P, et al.
Fully-automatic ~ measurement  of  myecelial
morphology by image analysis. Biotechnol Progr,
1992, 8(4): 353—359.

Christiansen T, Spohr AB, Nielsen J. On-line study
of growth kinetics of single hyphae of Aspergillus
oryzae in a flow-through cell. Biotechnol Bioeng
1999, 63(2): 147-153.

Grimm LH, Kelly S, Hengstlerb J, et al. Kinetic
studies on the aggregation of Aspergillus niger
conidia. Biotechnol Bioeng, 2004, 87(2): 213-218.
Lejeune R, Baron GV. Simulation of growth of a
filamentous fungus in 3 dimensions. Biotechnol
Bioeng, 1997, 53(2): 139-150.

Lejeune R, Baron GV. Modeling the exponential
growth of filamentous fungi during batch
cultivation. Biotechnol Bioeng, 1998, 60(2):
169-179.

Liao W, Liu Y, Frear C, et al. A new approach of
pellet formation of a filamentous fungus-Rhizopus
oryzae. Bioresource Technol, 2007, 98(18):
3415-3423.

Paul GC, Priede MA, Thomas CR. Relationship

between morphology and citric acid production in
submerged  Aspergillus  niger  fermentations.
Biochem Eng J, 1999, 3(2): 121-129.

Justen P, Paul GC, Nienow AW, et al. Dependence
of Penicillium chrysogenum growth, morphology,
vacuolation, and productivity in fed-batch
fermentations on impeller type and agitation
intensity. Biotechnol Bioeng, 1998, 59(6): 762—775.
Cui YQ, Ouwehand JNW, van Der Lans RGJM, et
al. Aspects of the use of complex media for
submerged fermentation of Aspergillus awamori.
Enzyme Microb Technol, 1998, 23(1/2): 168-177.
Hille A, Neu TR, Hempel DC, et al. Effective
diffusivities and mass fluxes in fungal biopellets.
Biotechnol Bioeng, 2009, 103(6): 1202—-1213.
Rinas U, El-Enshasy H, Emmler M, et al.
Model-based prediction of substrate conversion and
protein synthesis and excretion in recombinant

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Aspergillus niger biopellets. Chem Eng Sci, 2005,
60(10): 2729-2739.

Wanner O, Gujer W. A multispecies biofilm model.
Biotechnol Bioeng, 1986, 28(3): 314—328.

Trinci APJ. The duplication cycle and vegetative
development in moulds. Filament Fungi, 1978, 3:
132-163.

Nielsen J. A simple morphologically structured
model describing the growth of filamentous
microorganisms. Biotechnol Bioeng, 1993, 41(7):
715-727.

Megee RD IlI, Kinoshita S, Fredrickson AG, et al.
Differentiation and product formation in molds.
Biotechnol Bioeng, 1970, 12(5): 771-801.

Paul GC, Thomas CR. A structured model for
hyphal differentiation and penicillin production
using Penicillium chrysogenum. Biotechnol Bioeng,
1996, 51(5): 558-572.

Birol G, Undey C, Parulekar SJ, et al. A
morphologically structured model for penicillin
production. Biotechnol Bioeng, 2002, 77(5):
538-552.

Gupta K, Mishra PK, Srivastava P. A correlative
evaluation of morphology and rheology of
Aspergillus terreus during lovastatin fermentation.
Biotechnol Bioproc Eng, 2007, 12(2): 140-146.
Riley GL, Tucker KG, Pauln GC, et al. Effect of
biomass concentration and mycelial morphology on
fermentation broth rheology. Biotechnol Bioeng,
2000, 68(2): 160-172.

Petersen N, Stocks S, Gernaey KV. Multivariate
models for prediction of rheological characteristics
of filamentous fermentation broth from the size

distribution. Biotechnol Bioeng, 2008, 100(1):
61-71.
Tucker K, Thomas C. Effect of biomass

concentration and morphology on the rheological
parameters of Penicillium chrysogenum
fermentation broths. Food Bioprod Process, 1993,
71(2): 111-117.

Paul GC, Thomas CR. Characterisation of mycelial
morphology using image analysis. Adv Biochem

cjb@im.ac.cn



ISSN 1000-3061 CN 11-1998/Q Chin J Biotech February 25, 2012

Vol.28 No.2

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Eng Biotechnol, 1998, 60: 1-59.

Maiti SK, Singh KP, Lantz AE, et al. Substrate
uptake, phosphorus repression, and effect of seed
culture on glycopeptide antibiotic production:
process model development and experimental

validation. Biotechnol Bioeng, 2010, 105(1):
109-120.
Sang MN, Yuan GQ, Li HF, et al. Cephalosporin C

fermentation performance under different ammonium
sulfate and soybean oil feeding strategies. Micraobiol
China, 2011, 38(9): 1321-1330.

RGN, ZELR, LK, S ORFEFMEHE T
KRBT KA R C MBI, WAy E
%, 2011, 38(9): 1321-1330.

Liu Y, Liao W, Chen SL. Study of pellet formation
of filamentous fungi Rhizopus oryzae using a
multiple logistic regression model. Biotechnol
Bioeng, 2008, 99(1): 117-128.

Nielsen J, Villadsen J. Modelling of microbial
kinetics. Chem Eng Sci, 1992, 47(17/18):
4225-4270.

Xu Q, Gao Z, Fu YQ, et al. Morphology control of
Rhizopus oryzae ME-F12 in fumaric acid
production. Chin J Bioproc Eng, 2009, 7(2): 48-51.
R, mR, FOKET, 4. K% ME-F12 K& RE™
SRR AR SR A Ym T A, 2009,
7(2): 48-51.

Fu YQ, Xu Q, Li S, et al. A novel multi-stage
preculture strategy of Rhizopus oryzae ME-F12 for
fumaric acid production in a stirred-tank reactor.
World J Microb Biot, 2009, 25(10): 1871-1876.
Metz B. From pulp to pellet[D]. Delft: Delft
University of Technology, 1976.

Ayazi Shamlou P, Makagiansar HY, Ison AP, et al.

http://journals.im.ac.cn/cjbcn

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Turbulent breakage of filamentous microorganisms
in submerged culture in mechanically stirred
bioreactors. Chem Eng Sci, 1994, 49(16):
2621-2631.

Cherry RS, Papoutsakis ET. Physical mechanisms

of cell damage in microcarrier cell culture
bioreactors. Biotechnol Bioeng, 1988, 32(8):
1001-1014.

Cui YQ, van der Lans R, Luyben KCAM. Effect of
agitation intensities on fungal morphology of
submerged fermentation. Biotechnol Bioeng, 1997,
55(5): 715-726.

Cui YQ, Okkerse WJ, van der Lans RG, et al.
Modeling and measurements of fungal growth and
morphology in submerged  fermentations.
Biotechnol Bioeng, 1998, 60(2): 216—229.

Lin PJ, Scholz A, Krull R. Effect of volumetric
power input by aeration and agitation on pellet
morphology and product formation of Aspergillus
niger. Biochem Eng J, 2010, 49(2): 213—220.

Kaup BA, Ehrich K, Pescheck M, et al.
Microparticle-enhanced cultivation of filamentous
microorganisms: increased chloroperoxidase
formation by Caldariomyces fumago as an example.
Biotechnol Bioeng, 2008, 99(3): 491-498.

Driouch H, Sommer B, Wittmann C. Morphology
engineering of Aspergillus niger for improved
enzyme production. Biotechnol Bioeng, 2010, 105
(6): 1058-1068.

Huang H, Li S, Xiong Q, et al. The way to control
the morphology of filamentous fungi: CN,
102212484. 2011-05-05.

BOFI, 29, REUR, F. EHIZRERARES
f) 7% CN, 102212484, 2011-05-05.



