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Diversity of growth kinetic models for Rhizopus arrhizus
YAO Ling-Dan'? JU Xiao?® Timothy Y James® LIU Xiao-Yong™? QIU Jun-zhi™

1 College of Life Sciences, Fujian Agriculture and Forestry University, Fuzhou, Fujian 350002, China
2 State Key Laboratory of Mycology, Institute of Microbiology, Chinese Academy of Sciences, Beijing 100101, China
3 Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, MI 48109-1048, USA

Abstract: [Background] Strains of Rhizopus arrhizus vary in physiological and biochemical indicators,
but relative genetic background is unclear, hindering their further applications in fermentation.
[Objective] This study explored temperature-growth kinetic models among strains of R. arrhizus in
order to lay a foundation for investigating population genetics and for screening materials potential in
production. [Methods] R. arrhizus isolated from Asia and Europe were first identified by morphology
and then by molecular phylogeny reconstructed with ITS and IGS rDNA. Finally, their
temperature-growth Kinetics was analyzed by directly measuring colonial diameters on medium plates.
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[Results] The temperature-growth kinetic models of R. arrhizus were diverse, and the curves
significantly differ, with less relatedness to morphological and phylogenetic varieties. Lower restraining
growth, optimum growth, higher restraining growth, and fatal temperatures were 4-9, 30—-37, 40-49,
and 40-52 °C, respectively. Strains XY00454 and XY00469 grew rapidly and adapted well to higher
temperatures and therefore were potential for industrial production. [Conclusion] R. arrhizus is still
evolving violently and diverging actively in morphology, molecular and physiology, while not
developing any independent populations. It is feasible to screen fermentation potential isolates based on

thermal adaptability.

Keywords: Rhizopus oryzae, Physiological characteristics, Optimum growth temperature, Inhibiting

growth temperature, Lethal temperature
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Table 1 Details of Rhizopus arrhizus involved in this study

Rtk ) KA TEA AL T ST RGBSR
Strains Substrates Locality Morphological taxa Molecular phylogenetic taxa
XY00012 Pod Germany var. arrhizus var. arrhizus
XY00077 Skinscabs Hebei, China var. tonkinensis var. delemar
XY00399 Tempeh Indonesia var. delemar var. delemar
XY00406 Koji Japan var. arrhizus var. arrhizus
XY00409 Soil Japan var. tonkinensis var. tonkinensis
XY00410 Soil Japan var. tonkinensis var. tonkinensis
XY00419 Ragi Japan var. delemar var. delemar
XY00422 Brewery yeast Indonesia var. delemar var. delemar
XY00424 Koji Japan var. arrhizus var. arrhizus
XY00429 Ragi Japan var. delemar var. delemar
XY00430 Air Russia var. delemar var. delemar
XY00431 E:rcm?r?:gep;::s’ta S Taiwan, China var. tonkinensis var. arrhizus
XY00434 Chinese yeast Taiwan, China var. delemar var. delemar
XY00438 Chinese yeast Zhejiang, China var. arrhizus var. tonkinensis
XY00454 Air Russia var. arrhizus var. arrhizus
XY00457 Corn flour Portugal var. arrhizus var. arrhizus
XY00469 Air Holland var. arrhizus var. arrhizus
XY00472 Ragi Indonesia var. arrhizus var. arrhizus
XY00481 Distillery yeast Taiwan, China var. delemar var. arrhizus
XY00484 Koji Taiwan, China var. arrhizus var. arrhizus
XY00485 Chinese yeast China var. arrhizus var. arrhizus
XY00495 Distillery yeast India var. delemar var. delemar
XY00503 Pork Germany var. delemar var. delemar
XY00507 Chinese yeast Zhejiang, China var. arrhizus var. arrhizus
XY00509 Koji Japan var. arrhizus var. arrhizus
XY01735 Soil Zhejiang, China var. delemar var. delemar
XY01736 Flour Hubei, China var. delemar var. arrhizus
XY01737 Flower Beijing, China var. delemar var. delemar
XY01738 Cake Guangxi, China var. delemar var. delemar
XY01739 Mud Guangxi, China var. delemar var. delemar
XY01740 Fruit Guangxi, China var. delemar var. arrhizus
XY01741 Flower Shanghai, China var. delemar var. delemar
XY01742 Residue Jiangxi, China var. delemar var. delemar
XY01745 Air Beijing, China var. delemar var. delemar
XY01765 Dung Beijing, China var. arrhizus var. arrhizus
XY01851 Skin lesion Shanghai, China var. arrhizus var. delemar
XY01853 Soil Gansu, China var. arrhizus var. arrhizus
XY01857 Flower Yunnan, China var. arrhizus var. arrhizus
XY01861 Soil Yunnan, China var. arrhizus var. delemar
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XY01864 Flower Yunnan, China var. tonkinensis var. arrhizus
XY01865 Wrapping Yunnan, China var. arrhizus var. delemar
XY01874 Grass Sichuan, China var. tonkinensis var. arrhizus
XY01875 Wrapping Guizhou, China var. arrhizus var. delemar
XY01876 Soil Guizhou, China var. tonkinensis var. arrhizus
XY01880 Soil Sichuan, China var. arrhizus var. delemar
XY01887 Twigs and leaves Shandong, China var. tonkinensis var. arrhizus
XY01892 Flower Beijing, China var. tonkinensis var. arrhizus
XY01904 Soil Beijing, China var. arrhizus var. delemar
XY01907 Soil Beijing, China var. tonkinensis var. arrhizus
XY01909 Mushroom Hainan, China var. arrhizus var. delemar
XY01918 Bark Henan, China var. arrhizus var. arrhizus
XY01919 Plant Chonggin, China var. arrhizus var. arrhizus
XY01920 Lesion Hebei, China var. arrhizus var. delemar
XY01921 Eye socket Beijing, China var. tonkinensis var. arrhizus
XY01935 Dung Beijing, China var. arrhizus var. delemar
XY01946 Chinese yeast Sichuan, China var. arrhizus var. arrhizus
XY01957 Distillery yeast Guangdong, China var. delemar var. arrhizus
XY02033 Stem Zhejiang, China var. arrhizus var. arrhizus
XY02053 Wrapping Jilin, China var. delemar var. tonkinensis
XY02059 Seeds Hubei, China var. delemar var. arrhizus
XY02064 Soil Jilin, China var. delemar var. tonkinensis
XY02069 Shell Guangxi, China var. delemar var. delemar
XY02070 Leaves Guangxi, China var. delemar var. delemar
XY02120 Shell Hebei, China var. tonkinensis var. arrhizus
XY02128 Dung Tibet, China var. tonkinensis var. tonkinensis
XY02152 Bag Hubei, China var. tonkinensis var. arrhizus
XY02173 Flour sauce Beijing, China var. delemar var. delemar
XY02343 Air Beijing, China var. tonkinensis var. arrhizus
XY02348 Skin Beijing, China var. tonkinensis var. arrhizus

TGCTACG-3)#l RGR-1 (5-TTCTAGGTGATGGAC
GGC-3)?Y, PCR JZ WA Z (25 pL): &R H4Rk DNA
(50-100 ng), 1E. Szl 5]#14% 0.25 umol/L, Tris-HCI
(pH 8.0) 10 mmol/L, KCI 50 mmol/L, Nonidet P40
0.08%, MgCl; 1.5 mmol/L, dNTPs 200 umol/L, Taq
DNA E4T 1 U,PCR 2 251F:94 °C 5 min;94 °C
30s, 55 °C 45s, 72 °C 45 s, 33 4MEH; 72 °C
10 min, PCR ¥ Hi/=¥4: 1% Al v pic Rl
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B 5 d, AN BEAE R U R 2 Sy A A
WEE, WK A N R A BRI . L
30 °C HigR T BYAERGHURE (Vo) W IR, THE A NIl
BFR N A RKHEEM R R (R=1(Vo - Vi)NVol ). 22
ORI, DRI B A K 2 R S o . fiff
R HHF AL AR 2 TR A IR - A R

F2 REREEYAD
Table 2 Regression analysis of temperature experiments

Mgk, TR AR, (R Excel A1 SPSS
BN AR A R BE A T S AT Ly 255G
R E T AR N A7 R, A Kl B N [ AE
i, ZRVER TIRIUCAARL, SR R AT L
BCHEDA TR REAS ¢ KG50:, A3 M DR AR -2 K
JEEASLTRY () 25 5 Wb 2Pk
2 HR55%
21 DIRIREBIRE ISR
TEARREFRET, S/ ORMRERRRIE T
AR AIERE . HAEMRABOCIERE | A KA
FE R IE A IR A R L3R 2, YRR 4 °C

HRAHIIEEE Growth inhibition temperature (°C)

IS EOEIREE SRR

e SEBREACIR : i
Pk SRR P — FLBARIR R /L h Imx Theoretical Theoretical
Strains i B e i SEPMICE EUE optimum maximum growth
Theoretical 5ot ol highest ~ 11€OTetCal A ctal lowest temperature (°C) P . g
highest g lowest temperature (°C) rate (cm/d)
XY00012 42.3 43 4.8 4 46 30.40 4.30
XY00077 42.6 43 9.0 9 49 33.60 5.40
XY00399 42.4 43 9.2 9 46 32.40 4.50
XY00406 425 43 6.4 4 43 30.80 4.20
XY00409 42.7 46 6.8 4 46 32.90 4.50
XY00410 42.4 43 7.2 4 43 33.30 5.00
XY00419 425 43 9.3 9 43 33.00 5.60
XY00422 42.3 40 9.4 9 40 32.20 4.60
XY00424 43.4 46 6.4 4 46 32.70 5.00
XY00429 42.3 43 9.3 9 43 30.00 4.00
XY00430 42.2 43 9.2 9 43 30.20 3.80
XY00431 44.4 46 4.5 4 46 30.10 4.30
XY00434 43.0 46 9.4 9 46 30.00 3.50
XY00438 435 46 4.9 4 46 32.60 4.00
XY00454 42.9 46 7.1 4 46 31.60 6.00
XY00457 42.6 46 7.5 4 46 31.50 4.90
XY00469 43.3 46 4.6 4 46 33.80 5.70
XY00472 42.8 46 6.3 4 46 32.10 4.70
XY00481 42.6 43 5.2 4 43 32.10 5.40
XY00484 42.9 43 3.7 4 43 32.00 4.80
XY00485 43.1 46 6.9 4 46 33.40 5.30
XY00495 42.4 43 9.2 9 49 31.50 4.90
XY00503 42.6 43 9.1 9 43 33.00 5.00
XY00507 42.9 46 6.6 4 46 32.90 4.40
(23
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XY00509 42.5 43 8.1 4 49 31.40 4.20
XY01735 43.0 46 9.2 9 52 34.30 5.50
XY01736 42.4 43 6.2 4 43 32.20 5.80
XY01737 42.5 43 8.9 9 43 33.10 4.70
XY01738 42.5 43 9.0 9 43 33.50 4.60
XY01739 42.4 43 9.2 9 46 33.40 5.40
XY01740 43.0 46 6.1 4 46 31.60 4.80
XY01741 42.5 43 10.4 9 43 33.40 4.90
XY01742 42.7 43 9.4 9 49 32.50 5.10
XY01745 42.7 43 9.4 9 43 32.80 5.20
XY01765 43.6 46 5.6 4 46 30.30 3.60
XY01851 42.8 43 9.3 9 43 33.10 4.60
XY01853 42.7 46 3.9 4 49 31.40 4.30
XY01857 43.0 46 9.1 9 46 30.70 4.40
XY01861 42.8 43 9.1 9 46 33.60 4.80
XY01864 42.6 43 4.5 4 43 32.90 4.00
XY01865 42.7 43 9.4 9 46 33.30 4.90
XY01874 43.3 46 2.8 4 46 32.70 5.10
XY01875 42.7 43 9.3 9 46 33.20 4.90
XY01876 43.5 46 6.0 4 46 31.70 4.90
XY01880 42.8 43 I8 9 49 33.90 4.90
XY01887 42.7 43 7.8 4 43 33.70 4.70
XY01892 42.7 43 7.2 4 43 32.30 5.30
XY01904 42.6 43 9.1 9 43 34.30 5.70
XY01907 42.8 43 4.7 4 43 33.30 4.70
XY01909 42.6 43 9.2 9 43 32.50 5.10
XY01918 42.7 43 3.8 4 43 33.90 4.90
XY01919 434 46 3.4 4 49 33.50 4.60
XY01920 42.8 43 6.2 4 43 33.30 5.00
XY01921 43.3 46 5.9 4 46 33.30 4.50
XY01935 42.4 43 9.3 9 43 32.40 5.00
XY01946 424 43 9.0 9 43 30.00 4.30
XY01957 411 40 9.0 9 40 30.10 3.90
XY02033 42.7 43 6.2 4 43 31.20 5.10
XY02053 42.7 43 4.4 4 43 34.10 5.50
XY02059 43.5 46 4.3 4 46 33.00 4.50
XY02064 43.0 43 3.0 4 43 34.30 4.60
XY02069 42.5 43 9.0 9 43 33.00 5.00
XY02070 42.4 43 9.1 9 43 33.30 4.70
XY02120 434 46 5.3 4 52 33.50 4.90
XY02128 43.3 46 2.4 4 46 32.40 4.40
XY02152 42.6 43 6.9 4 43 32.30 4.10
XY02173 42.2 40 9.2 9 40 30.30 3.60
XY02343 42.6 43 7.7 4 43 33.30 5.00
XY02348 42.4 43 8.1 4 43 33.00 5.20
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Kl 1. 23R AR s i R A AR XY 01957,
7 B AR A SE I fe /N TR XY 00438,
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PRI (<30 °C)RITRIR(>30 °C)orJF#kAT Il
S3ATT A B 1 5 R 5 SEBRALA B TR A I
VAR [E ) 5 R, BT LA DR MR B R -1 KA
T3 B bR B IR o RZENH (56 HR) BB -4 K
B Py B — T IR R R, D ERIAR (13 Ak,
11 XY01918. XY02509., XY00469. XY00431)(Kik
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PR B (S5 R AR IR ) o FH 1 R /D ARAR
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Figure 1 Growth change rates at various temperature

T PAARNERSG S, B4R R LA 30 °C XFHR, 16, 23,

37.43 °C Higi T, UM A K B A A LR (Ri= | (Vo Vi) Vo)

gl R AR, Dy 16°C, [l 23°C, K 37°C, [ h

43 °C.

Note: Y-axis is strains, and X-axis R (Ri=I(Vo—Vi)/Vo|) is the change

rate that growth velocity cultured in 16, 23, 37, 43 °C is controlled

by 30 °C. Different color shows different temperature, i.c. I, [,
and represent 16, 23, 37 and 43 °C, respectively.
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P b A B 5 S BRI AR A5 14 L{E (4.0-9.0
30.0-37.0. 40.0-49.0 °C)JLAMFF (3 2).
23 EEZMVORREEMERKEENEZEN
SR

WA Ko BERR e RIR T X () 02, ZH %
P2 T A R W2 3, B 16 F1 40 °C ZMAFEAE
B EPEZE R (P>0.05) 240, HAMERE 2 MR
MR RERMEREEAAERE EER
(P<0.01),

Xof U RRAR B 1) 90 - A K B Y 2 A T T t R
55, B2 80 T IRARIRZEPIIRI P (., BLEiFZE
PRI R A A )R B A A A5 P T R B 1 A Kl A
R A G2 FIN2ES .

®3 TRBFEETORREEKEENS ELLR

24 DIRIRETHERE-£EKAITEZSES
ARMREE 69 FRIEITES T R L B AR
FELRIE 1. 3T RERT EELE TN A (var.
arrhizus) 35 ¥k . 455l (var. tonkinensis) 6 Fk . fE[G
AFFf(var. delemar) 28 #; TEA =Y 45 A AL f
28 PR, ARmiAnfh 12 bR, TECARRP 29 £k i 28 #k
H(AL1%) MBS A e 8 R S 0 TR E S RA—E
BT R R IR T R G R B AR RS S A Fhdks 7
MR- SRR BV, SR ER 4)FRW:
3B RIARTE RS INREE T34 P>0.05, 15iH]/>
MR B AL - AE K U 22 S HOR AR RS AH G
3T RGKELFTHIBRLE 23 °C I P<0.05, fif
PL 23 °C W/DHREMAERKEE Z S S50 FREA

Table 3 Multiple comparison for growth rate of Rhizopus arrhizus under different temperature

A 2 950 & {5 [X |7
i | I |\/|e;1J {,Eafiince b . E%% 95% confidt::ce ilnjterval
Temperature | (°C) Tenperature J (°C) Standard error Significance
(1-9) Minimum Maximum

9 16 —0.50 0.03 0.00 —0.58 —-0.42
23 -1.38 0.04 0.00 -1.50 -1.27

30 -1.92 0.04 0.00 —-2.03 -1.81

37 —2.06 0.06 0.00 -2.23 -1.89

40 -0.41 0.05 0.00 -0.57 -0.26

43 0.12 0.03 0.00 0.04 0.21

16 23 -0.89 0.03 0.00 -0.98 -0.79
30 —1.42 0.03 0.00 -1.51 -1.33

37 —1.56 0.05 0.00 -1.72 -1.41

40 0.08 0.05 0.53 —0.05 0.22

43 0.62 0.02 0.00 0.56 0.68

23 30 —0.54 0.04 0.00 -0.65 —0.42
37 —0.68 0.06 0.00 —-0.85 -0.51

40 0.97 0.05 0.00 0.81 1.13

43 151 0.03 0.00 1.41 161

30 37 -0.14 0.06 0.18 -0.31 0.03
40 151 0.05 0.00 1.35 1.66

43 2.05 0.03 0.00 1.95 2.14

37 40 1.65 0.07 0.00 1.45 1.85
43 2.19 0.05 0.00 2.03 2.34

40 43 0.54 0.05 0.00 0.40 0.68
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Figure 2 Correlation matrix of temperature-growth curves for Rhizopus arrhizus strains
x; ZRAEEP>0.05), HAMBMERIIR P EHHRK.

Note: x: The difference is not significant (P>0.05), darker and greater P value.
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Table 4 Significance analyses of temerature-growth kinetics for three varieties within R. arrhizus
e R 11750 S ¥y F =
Classification Dependent variable (°C) 111 quadratic sum Mean square
Ir T RGKE R 16 0.17 2 0.09 235 010
Molecular phylogenetic varieties 23 1.84 2 0.92 4.60 0.01
30 0.13 2 0.06 0.31 0.73
37 0.43 2 0.22 0.31 0.74
40 2.56 2 1.28 243 0.10
TEAS 7R 16 0.02 2 0.01 1.02 037
Morphological varieties 23 0.07 2 0.03 0.60 0.55
30 0.27 2 0.14 2.88 0.06
37 0.68 2 0.34 2.04 0.14
40 0.26 2 0.13 0.89 0.41

3 WiE%i

TEMRES 8 & PERE I B 0 2 B i e 2k
KIREA Tt 2R, R AR B 1 o e 2B R
CERAME R AR 42 °C W A SCas R R,
e 69 FRHULIEE A, HAT 3 KRB (XY00422 .
XY01957, XY02173)f KAl i~ 40 °C, ik
$I| 43 °C ITEAT 43 Fho AnSRHERREERI T3 | KR gedt
FEFRAA SRR, A SCES REAREIIE T %3
PERFFE 2 RN, (B, B 23 BRER A KA
RG] 46 °C HFE 49 °C, XFEMILERTELIRTHY
e IR M, i, XTSI, H
T R A R R B (AR P v ) Y BB N A T N
40-49 °C,

X 85 75 I B 5 AR AR R A K O R b
T EBH R T — bRl DB LR D AR 8 1 A K e
MBS, R LS FR IR R X AR
HRBE PR AR AL TR 52 1 R GV 4 . ARSI
i FH RIE 5 40 BB SRR 5 /DA AR A AR KR (R 1)
WA R, FRE REUERL, B/ B IR R A K
BN . 1% R EOE R RE T AS [) /AR AR B AR K ek
FERERE SRR AR LR A, WTLARSE . A 1hiHb
AN [ /D R R 5 B R () L 338 1 B P 22 5 o LS -
AR B R IR A TC X € RSB TERT , R TR] /DA AR
B PR ARG B AR AL R IE N RE ) A St X

(255 IXPPiE N PE2E S B AR B SRR DOE , 5
RPN T R K B ALFERIEAAN HA —
Bk, ANREVMEA SRS . FAT LA, AR
BOFMIBIRAE T RIZARE 2, FNIERS . 7
AR R, (R AT AT 58 2037 11
FhiE, BARINM, BYE 23 °C R T T RERE
G328 5 14 70 AR AR 5 D A A AR PG AR A i) A <
e B2, UL AT LR SRR A X 403
M FREK LM EESE

AWFFER AR 20 N BT A BRI TR R, 2o
YA R P A 23 B AR A BOR A, R
WFSE rp O 2 B R Tz B ok I A A AL T
PRANEOR AR, BRI A TR AR B -1,
AR - A A R i R i — 2B R D AR 2 th
SR FR I A 3] PR TP A 45 B0 o O 30 00 BRI A i
PR, FEECRBIIT T A LG E 455 R
BT S ATT D HAR EE AT AL AL

WAL, CAERRBHEH L
TE AR VR ABIEFE AT R R A (B4 B DTy 2
HRARER R RL, Hean, BIFFEASR] R Rk T 38 7 g
TS, BIFMEMA 6 #k, iixEE A i
AHUBRY 3 FR(XY00438, XY01921, XY01874)FI
AU 3 FR(XY01904, XY02053, XY01957);
WEFET ERRE HLE Y REFZRAMA 5 bk, s E0t
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IRE 2 BR(XY01735, XY02120) Fl 5 fik B4 iR 2
3 FR(XY02173, XYO01957, XY00422); 1F R A BER ,
BA WM XY00454 F1 XY00469, X H#K # 7E
T B - A A 3 2 o BSOR R ) B B HE 44
R, FERT 30 °C Byl T ARA B Sl A K
RIE, 25538 AR R IR

Bigt: AGSARIR B 4% LT LI T L H AT o B Atk
R EIRAEG R B, Bty Rk K F @ F )l A= X¢
MEAZ ) 42 S i A2 b 46T 09 W 8.
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