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Abstract: Geranylgeranyl pyrophosphate synthetase (GGPPS) is a key enzyme in the synthesis of
secondary metabolites of plant diterpenes. By expressing GGPPS of Taxus chinensis in yeast-like
conidia (YLC) of Tremella fuciformis, the regulation of exogenous GGPPS genes on terpene
metabolism pathway, nutrition and active metabolites of YLC of T. fuciformis was investigated
for the purpose of providing scientific theoretical basis for the expression of terpene compounds
by using YLC of T. fuciformis as biological reactors. The exogenous gene GGPPS was
heterologously expressed using lithium acetate conversion method. The production of terpenoid
geranyl geranyl pyrophosphate (GGPP) from engineered YLC of T. fuciformis was analyzed for
the first time, and the regulation of terpenoid metabolism pathway, nutrition and active
metabolites by exogenous genes GGPPS in engineered strains were analyzed. The diterpene
compound precursor GGPP was detected in the engineered strain YLC of 7. fuciformis. Compared
with the control strain, the content of isopentenyl pyrophosphate (IPP), dimethylallyl
pyrophosphate (DMPP), farnesyl pyrophosphate (FPP), squalene and ergosterol in the terpenoid
metabolic pathway of the engineered strain YLC of T. fuciformis were significantly decreased,
while the total diterpene content was increased. The content of metabolites such as nutrient
components (total protein, amino acid composition, trace elements, carbohydrates) and active
substances (total polysaccharide, reducing sugar, soluble sugar) were changed. The exogenous
gene GGPPS can utilize substrates in the terpenoid metabolic pathway of YLC of T. fuciformis to
generate the diterpene compound precursor GGPP, thereby regulating the metabolic flux of the
mevalonate pathway in the terpenoid metabolic pathway, as well as changes in various
metabolites of nutritional components and active substances.

Keywords: YLC of Tremella fuciformis; geranylgeranyl pyrophosphate synthase; geranylgeranyl
pyrophosphate; terpenoid metabolism; nutrients
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RT-PCR {7 #& PrimeScript™ RT-PCR Kit i [
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TaKaRa AW 51¥6 BT RS AL ) T 7%
B RRA T TR, MFAES5 AL RS A BR
AR, S b A LR 2 o B b
4fi, PDSA 357tk BT (F ) 200 g, HEIREA
AP 3 g, BREREE 1.5 g, FAIHE 20 ¢, BiIR 20 g,
FEMIKELRZ 1L, 121 °CKH 30 min 545,
PDSB #5773 : ik PDSA B Ao hnsifs,
121 °CKE 30 min 5 & M. RM K73k,
PDSA/PDSB 355 B MA LMK 0.6 mol/L
FITEEME, 121 °CZK T 30 min 54 H .
1.2 FH&
1.2.1 EEEREBAEILIRE 18

TR AT, BB ZE A s e e f 7 1
50 mL PDSB i fA&$5 773, F 25 °C., 180 r/min
PRGHEFE 3-4 do 9 OD {HIEF 10.0 B, B0k
EHAR, L) 0.1 mol/L LiAc FAbFIW e 2 Ik,
BOEANE, EET 20 mL 0.1 mol/L LiAc i
REFEW , 25 °C/K A 30 min; 4 000 r/min. 10 min,
WHERA, EETS 15%HIMA 0.1 mol/L
LiAc WAbHEE Y, LTS 1.0x10" 4~/mL,
80 nL/A4rae o FEARH-ZF 76 PR B rh 43 S A
ZRIRTRL pgles-ggpps A1 pBgGl-hph 4% 1.0 g,
JA 20 uL PEG/S 1247, VK% 5 min; LA 1.0 mL
PEG/S 1R%], 25°C/KifE 60 min; 40 °CHAJHAL
20 min, 2 000 r/min Z.OWAERFA; A 1.0 mL
RM JRARKEFRIEE B WA, DL 200 uL A6 T7&

B
Sac |
Sac 11
fl(-)origin | /
EcoR 1
Amp+ gpd-G |
pBeGl-hph  Adap
4918 bp Spe |
colEl
Kpn |

hph EcoR |

BsrG 1

1 FTXFHMAEHE A KRR pgles-ggpps; B: #Kik#E A pBgGl-hph

Fig. 1

Expression vector structure diagram. A: Expression vector pgLes-ggpps; B: Expression vector pBgGl-hph.

250032-4



Research paper

22 August 2025, 44(8): 250032

Mycosystema ISSN 1672-6472 CN 11-5180/Q

1L E 50 pg/mL HmB f) RM [EAR: 237517
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5'-GACTAGTCATGGCTTACACGGCAATGGC
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HAUHY 8 R B B 1026 bp, GIWIA:
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TCT CTATTCCTTTGCCCTCGG-3', Primer HPH-
F: 5-ATAAGCTTGATATCGAATTCGGAGGT

CAACACATCATGC-3',,
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GGPP M T&F 2 - RemE R, 7RG IR
ENARE, AWM GC-FID 4. FIH
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Vallon et al. (2008) 1) J7 5 X = ¥4 T #2 L ) GC
WE 3B AR RRE GC789011, ZB-5ms
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B ERES . HERECTRAE . 250 °C; FID Kl
FRIRE . 260 °C; JoorimibAe; 1 pL e
1.2.5 &K= HNE

BRI S I ES I Anterola e al. (2009)
M, R HPLC M , {8 R IR 32 LC2000,
{0 7%4E . Phenomenex luna Cig 250 mm x 4.6 mm,
WA FFEE-/K (982, AFLLY), Wi 1.0 mL/min,
WK 208 nm. S Vallon er al. (2008)
1 7 V5 S B 0 S AR B IR (IPP) . W N
FEBE R (DMAPP) FI vk JE 3 £2 W R (FPP)JF i 47
GC M3E o AR R KIE GC789011, ZB-5ms
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BB RER . PR TIEEE . 250 °C; FID il
ARLEE : 260 °C; JoAriidERE; 1 uL MEFE. TPP:
50 °C{#% 1 min, L 35 °C/min F&33 B 45 5 3
150 °C; LA 15 °C/min 938 B 42 =551 270 °C, f#

B4 5 min, DMPP: 50 °C{% %2 1 min, L 30 °C/min
A S 150 °C; DL 15 °C/min #2175 5]
270 °C, {#8 5 min, FPP: 50 °C{#® 2 min, DA
30 °C/min B HE#FEF] 150 °C; LA 10 °C/min
PR R R 270 °C, fREH 5 min, B fL
GRS % Zhou et al. (20071 715
1.2.6 EFF. FEHERSNE

TN 43 (I 22 2% Cheung (2010) 14 J7
MR ELS % Negrulescu et al. (2012)A94)%
i, FHRRPPFEIZ IR Guo ef al. (2007 771k,
K HREER A sh AT SO FE S EA T 43 B AG I, 1E
FE 1 pl, WETRMERSMESRTE LS
Qo1 Ik T .
1.3 #iESGIT

K SPSS 11.5 FAF x5 st T b B AN G i
M1, KA Duncan’s Multiple Range Test %} #J{H
Z 0] 22 5 A TR 5

2 BEREAM

2.1 HUTFHIFIE

FEik Tk pgles-ggpps 5 pBgGl-hph 2[5z
BT R AR B 2R, (Y LT i A
& JFRL pgles-ggpps Fil pBgGl-hph Hy3LFE4L T,
B Z A pBgGl-hph i BASE AL T 22 B}, X Sb5%
b FAREIE W A K, dEmAS LT 2).

B2 SREZFEMEATFHEE A BB,
B: FALSREZF AR R USRI T

Fig. 2 The putative transformants of yeast-like
conidia of Tremella fuciformis on regeneration
medium. A: Negative control (non-transformated
promoplasts); B: Putative transformants.

2.2 PCR X RT-PCR ¥ F#HLF
FEMLPEELAY pgles-ggpps HfbTit1T HPH
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1 GGPPS 3:H PCR %5 (Bl 3). WAL FI 1 ool LAIER ZHEH .

H— SRR, SRR HPH 2R3 2.3 FIEEZYIRI GGPP IE

RENRIZ 1026 bp 4544 — 2, B 51 HPH SHEBUK B GGOH #EATIE (K 4), 5k
KD BE(L 026 bp) AT (K 3A), WML ik GGPPS SRR AR H-ZF4e I A L, AR H-2F
PRS- SRR AN, SRR BTREREEE 17-18 min ZEIEIT —HHE
GGPPS ¥ 415325 1 000 bp Ay 54 —3K, M 2E50E, 24 GC-FID %5, %W Hirr=y)
H5WH GGPPS HP B (1 000 bp)H#F  GGOH. £k FZ MG E LS, 4
(% 3B), W, wiEHEwr HPH 1 GGPPS . R it TR, GGPPS B E ST
ORI A 2 S AL F I IE Il 2 rh  fE Bk MIZEAR HZR ik R ML R 2R B &
) 20 4~ pgles-ggpps AL T, 18 ML TR BYRYEN GGOH,

WA P4 T GGPPS JERNM HPH R4, #4224 SEEELEINE

fL3%H 90%., HE—H4 PCR %8 55 1L FHE IR N T R GGPPS B RS AR AR 1R
24 RNA /7 RT-PCR B, 340564 798 W), X5 TR B RR FO6T R TR AR B2 Oy v s 25 A
M 2% 5 B o BB TR T P A i S N—B AR B A BRI RR s AR P et AT T I R 4y
s, U REIRISNT , 5 bxgs R wniz Mo TRk TTE A ERJRY) FPP (95 & 2l
A EH S HIWEFE GoPPS BT 54— W, SXWIRERAIL, SERTET 91.98%;
(B 3C), T IEER, P LIAE GGPPS 3 IPP. DMPP FI&HE & 405l TR 1 45.19%,
PR R R SR AR 2 L s b P S B 7, 42.16% 01 28.01% (&1 5)o TARRIIFR TTE By & —
IV AME L GGPPS (I F kARSI EAA SN, U GGPPS EALEIRHEA
HAF I R py s SR Sl MR, B T 1 FPP DAALMURYIAE R T ik 54 GGPP,

A by MCK+1 2 3 4 5 6 B bp MOCK+CK-1 2 3 4 5 6
4500 4 500 — .
3 5000
2000 — =
1 200 >
200 1926 by 1200 1 000 bp
500 800
500
200
C wp M CK+ CK I 2 3 4 5 6
4500
3000
2000
1 200

1 000 bp
800

500
200

3 FTIEH K pgles-ggpps PCR F1 RT-PCR £E  A: HPH LN PCR 45, B: GGPPS 3K PCR 4%

Fig. 3 PCR and RT-PCR analysis of putative yeast-like conidia of Tremella fuciformis transformants. A: PCR
pattern of the HPH gene. B: PCR pattern of the GGPPS gene. C: RT-PCR pattern of the GGPPS gene. M:
DL5000 DNA marker. CK+: Plasmid pgLes-ggpps. CK-: Non-transformed host yeast-like conidia of 7.
fuciformis. Lanes 1-6, the putative transformants.
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A 40 - c ok
39+ ‘ %‘3 k%% NS
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37} =
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e ———S-.-—— e S 02
351 B E
3% I 1 L 1 1 1 1 1 L 1 1 1 1 1 1 L 1 1 1 1 ] ":é: ; 0'1
17.00 17.10 17.20 17.30 17.40 17.50 17.60 17.70 17.80 17.90 18.00 _;:ﬂﬁ *“é
i w5 0.0
min W O & >
B = C&E
40 ¢ Bt i
dsub Btk
39r 3 Standard substance .
Strains
387 R
> | A
g 37 T ;
I / ransgenic Tremella
36 Juciformis strain
35 [ 1 1 1 1 1 1 1 ] -\ 1 1 1 1 1 1 L L 1 1 1 1
17.72 17.76 17.80 17.84 17.88 1792 1796 18.00 18.04 18.08 18.12
min

4 GC-FID 9t GGOH A: XWHEEH CK. B: TFEFEH TTf C: GGOH &z, ****jj g X R

(P<0.000 1),ns: JCHIR 2SR, T

Fig. 4 GC-FID analysis of GGOH. A: Control strain Tremella fuciformis TrOl. B: Transgenic Tremella
fuciformis strain TTf. C: Content of GGOH. **** Extremely significant difference (P<0.000 1), ns: No
significant difference. The same below.

PEMTSCAE 1w A A o A A o o, TR RS E A &8 REEm, ki
2.5 EF. EMERSNE B SR, TSRS R I AR AT

W=D GGPPS FEPIA R HZEMAYE MR S R I, RN 2R o
Fr PR DL R o S IRA BT 246.50%. R CE ARt AR

WA > ZESR . BB prorcmemma MO mgimas ) WRREE-P . TRILRL-PP

B —

Glucose _—; Acetyl-CoA Acetoacetyl-CoA HMG-CoA Mevalonate Mevalonate-P Mevalonate-PP
= - e kS
o ks ; 3 Taxadiene S LR ARE FE
> BERE <« B R LA i ) I 1-PP
T Tl Taad®)102diene synthase -3 L AR Emenen
%’j—. = (Paclitaxel) -— Geranylgerany diphosphate (GGPP) JVT
':g S R R
E 2 GGPPS DMAPP
-
B > AR «— MEH PRy R — T
§ Ergosterol < Squalene Farnesy diphosphate (FPP) i3
T —_ Gerany diphosphate (GPP)
on
) % 200 ok ok Eng 500 #okk ok e :gg 600 FrE# 3 6 kkokk = i i Sk sk
T iz I 2
& = 150 if__*3400 w3 2 B
= B & & 300 & 2 400 s 4 e wEY
== 100 =3 = 2 & = s E g
ﬁ 7 ng 200 = = 40 o L g 400
2 5o SRk # 5 200 e o 2 118 &
%5 = 8 100 # 5 M w3 g 20
RE o kI CRo 85F 0%e  EoTo g Tex
! g = 2
# g S = 5 S E & S g O T
NIRRT 1 e L = + e "
= it ' g itk = Btk 2tk ik
Strains = Strains Strains 2 Strains Strains

5 GC-FID S #{Xi5i47
Fig. 5 GC-FID analysis of metabolite.
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TR A AR RS AR B B, BE L R
B R B R AR, Hrh Ay
KE B e o o th , 52 A AE L, 32 T 130.25%
(F 1) FIEMAEWIF M Z BIWA 2 L, FHor
H 6 PP TG B EEE R @A . H AR
AR . wadliR . FEER . KNAR); 7 #
QIR T8 TR AR . HER . R
M. 225, WAR. Fham. Bam), F
PR & kD %, V%T%m%;uﬁﬁ
FmR R AR . HEmR . WAR.
%M SR . MEEIR . y-RAE T . %%%\
HAMR . WAL . IR, y-= 5T IR & =ik
MEﬁ,ﬁEmMTsﬁimm%TL%a%%
;U$If%ﬁm%W%$HWﬁTﬁ%%%$
WAMN B-EHR T M. XL
) 32— %ﬁﬁkﬂbﬁ%@ﬁﬁT$%w%Mﬁ
QIR /AT ZFLR (E/N)E /5 0.61 Fl
0.65, W& ILER/ M ILTR (E/T)IE 5 5 N
34.69%F1 34.84%, SXFTREREFIAALL, T HRERE
) E/N A1 E/T {H#B B &k 5 T X E (3% 2).PLS-DA
AR B, TR R - % B R R A 4 R oA A
WA, 225 iR B E e L
g St e E (K 6). Ui GGPPS 7E4R B 2F

#* 1 TIREEKRMRBERESME

R eIk, AR T AR 2R A A AR,
IR L R T R A .
3 Wt

AT BER TR H 2 E AR R IR R G,
FERFSE SRR, R PR B2 A o A A
B, RREREFALIEFLR TR, AR,
B LT EA ARG R, R A RS TR A B
S LR T R T A% A A, 2 i T L Ak 3L ) 4T i
A LAVR URGRAT, I BEER, faifb T —frs 400
Al R v 2 B 14 S A A S 45 e B AT, T
AWML Z L 2017), VUGS 255 YL
i e AR ICHME DA BEBEAE R B (AR 2 PRSE 2016), H
WAEFEALRCR S, BE] 90%L) |, TR kML
RE57: 22 105, 4 PCR K52, @%ﬁﬁﬁmﬁ
B RIL NI BAREER &M, & G
mm,meMﬂaﬁﬁ%,ﬁ%%%%Ifﬁ
HEE s G A JE Ree PR 5 o AN IR 22 /i
2 PEG MHLH LB EHR LR T 281, SAbaek
AR E M5 = (SB35 20085 Guo et al.
2009), ZRSTRERFALIRBIE AL ZIIReLF iR
il TR H 2R, sl b i) Z DI Re2F 4 W 8 (1 0y
T KNG AR Z D RELT 4 KR —FE, Ut

Table 1 Component of the yeast-like conidia of Tremella fuciformis transgenic and control strains
ALY Xof IR TRk

Component CK Transgenic strain TTf
7K%Y Moisture 95.42+0.87* g/100 g 95.49+0.83° g/100 g
A H Crude protein 9.08+0.64* g/100 g 9.33+0.66" g/100 g
HLZF4E Crude fibre 1.5740.93" g/100 g 1.56+0.87 * g/100 g
HLIE T Crude fat 0.76+£0.47 * g/100 g 0.78+0.55° ¢/100 g
KA Carbohydrate 78.10+0.94° ¢/100 g 74.91+0.86 * g/100 g
K4y Ash 5.91+0.19° g/100 g 5.87+0.23 * g/100 g

5 Calcium 11.68+0.21° mg/100 g 10.05+0.24 * mg/100 g

£ Magnesium 250.00+0.08" mg/100 g 575.63+0.32° mg/100 g
¥ Iron 4.10+0.16* mg/100 g 6.17+0.176° mg/100 g

£ Zinc 5.31+0.319° mg/100 g 2.47+0.419" mg/100 g

£l Potassium 2 421.00+421.0* mg/100 g 2 587.23+587.2° mg/100 g
Z Wi Polysaccharide 3.57+0.75" mg/g 12.37+0.77° mg/g

L) Reducing sugar 87.73+1.07 * mg/g 89.40+0.91° mg/g
] Soluble sugar 20.64+0.72" mg/g 24.31+0.74° mg/g

Note: Each value is expressed as mean + standard error of three replicate analyses. Values with different small letters in same row are
significantly different at the level of 0.05. ® °: Significant difference (P<0.05).
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Table 2 Amino acid content of yeast-like conidia of Tremella fuciformis transgenic and control strains

IR =
Amino acid Content (g/kg dry weight)
payiisl T AR
CK Transgenic strain TTf
IR 22 &R P-ser 0.2+0.23° 0.16+0.22°
4R Tau 0.08+0.24° 0.64+0.27°
KAEIR Asp 4.48+0.26° 4.36+0.24°
IR Thr 2.71+0.21° 2.66+0.23
2 Z IR Ser 3.45+0.21° 3.3540.25°
AE B Glu 9.15+0.23° 8.2+0.21°
0-AAA 0.02+0.21° 0.07+0.23"
HE&R Gly 3.0440.23° 3.07+0.24°
NAR Ala 4.79+0.21° 5.1340.23°
HRIR Val 2.02+0.22° 2.01+0.23°
LR Cys 1.58+0.22° 0.11+0.21°
F i E R Met 1.03+0.31° 1.03+0.33°
Itk Cysthi 0.04+0.13° 0.05+0.15°
SREEIR Tle 1.53£0.19* 1.58+0.17°
TTAR Leu 4.15+0.21° 4.17+0.19*
fi% 2 Tyr 1.09+0.13° 1.2040.13°
KN E R Phe 2.11+0.16° 2.1240.15°
-2 L5 T2 B-AiBA ND 0.01%0.13°
y-EIE TR y-ABA 0.17+0.14° 0.7240.15"
FRi IR Hyl 0.03+0.19° 0.03+0.17°
B Om 0.02+0.21° 0.09+0.19°
R Lys 3.64+0.13° 3.60+0.13%
AR His 1.24+0.13° 1.42+0.13°
FEHLAK Ans 0.52+0.18" 0.70+0.17°
&R Arg 2.4740.19° 2.80+0.19"
B FNR S Total amino acid content (T) 49.56+0.17° 49.28+0.15°
N B HEMR i Essential amino acid content (E) 17.19+0.21* 17.17+0.23"
JL#E ﬂ\%ﬁﬁ@ﬁﬁ i Essential amino acid content in children (CE) 3.71£0.19* 4.22+0.21°
EHEJA FAHIR &1 Non-essential amino acid content (N) 28.04+0.23" 26.45+£0.21°
’ﬁ%ﬁa/ﬂm\ PR LR BN 0.61 0.65
VR S EIERR B/IT 34.69% 34.84%
J L;M\ S B E R CE/T 7.49% 8.56%

Note: Each value is expressed as mean =+ standard error of three replicate analyses. Values with different small letters in same row are

significantly different at the level of 0.05. ND: Not detected.

BIAE AR 2R A b Rk A AN AL ) Z T RE AT 4k R
B ARAE I AZ A b — A LRI AR B U A
WBA P B AL AR 2 AR AT I A
Nt SAH R, A e R A IR TR &R,
WHAG S T a2 HEE, 5HAMRX
ARG, B4, bR DU IR =
KW, E— A EIHSNEFRIEZRS(Cho et al.

2006), HHZFAA A Tl Az - i B A 4R
PRILRG

ARk, B TR R el & &, GGPPS
A EFEVF 2 ErhEA Rk AR E R R IR T
SUB T A PE I H i9 GGPPS & B E KT
Hh R 2 #2315 (Takaya et al. 2003 ; Kai et al. 2010),
FERE T &2 oV 21 A2 19 GGPPS A M AE BE L)
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Fig. 6 PLS-DA analysis of metabolite. A: Distribution of different strains. B: Metabolite distribution.

#iK(Liao et al. 2005), {H X S8R5 %) H AR =4
GGPP [ FRIRIK V- RNk AR A HEATIR AR
W FEARBEFE T AR E 2R AR SMIE R A 1 &,
REfE I # ik GGPPS AL, H-AEfS 3 Hbx
724 GGPP, £ A H A 0.26 pg/g, 5 HA GGPPS
A TERE PR TR T A B R B v s i 7= A L
GGPP 17 LR MR, 7EAR B 2R 4
GGPPS & GGPP WYJIEY) FPP & Ak, i
HIHH, FRATE GC KM F], FPP [ AR
ZEHLA A AR (1 627.58 pglg), FPPAER
B ARG S BT S U A R w2
T, GGPPS FIfH3| FPP AU & LBk, S5
HARr=4) GGPP )& LAk 41, K ABEHL
AN GGPPS LN AR EZEM, o T4
A S A DU R T 8, Jevk i e S A A
PR LR DU, Bl H AR~ & A 2407,
AR TR S8 P A 5 B R AR TS B AR ARy
WA B P mok o, vl LLGE R E)
VR AS ) 1 3 R 4 JE AR R A2, sl Rl ad
b A s AR R 4 R H AR R RIS, AT
BB S AR E . TEARR R, R4
U2 RO R IR T H ALY A GGPPS A gt (%
SRR 2R, B R L LA S A A 1 e
J1, AR EIH B .

FHAETCA L, WA TR 2R A
VIt gE B 2 S T — E 1Y ik FE (Pitera er al.

2007; Leonard ef al. 2010), #R1MxLE Fk
I B R AR AR TC B 1Y), B T TR AN [R] AR 1
EIRMEEWD , B —E W, SEOX L
TR 0 ] 3 4 7RG I R 6 R — A L B
FH) IR 8 (Beyer et al. 1985), HREIEM XX &b &
Y)(n IPP. DMPP. FPP. GGPP)A{H& BRI
AR I TR AR IC A9 75 (Song 2003) . ASHIF5T
£%7 Vallon et al. (2008)3& H1 i) —Fh P Y
BB AR IE B T kAR X LAk A1, 1
ZEVRFNIE O X i Se il 2L A Wit HE L, PR
ol M 2 Wl 1R AL e 2 B R AR RRORE B B B, &
GC-MS AT . AN 5% 7 il 251k A 4 A $ H
K & ¥, 1 mmol/L WIbR#EMS GGOH £
GC-MS K () g 1 {BL 7637 25 F 1 mmol/L A bR
i GGPP I A WL (L5 /K i GGOH . Ji5 1)
NAH. #t52Z, GGPP & LWL EK RS, 4
% GGOH W& &k, Bk, X TRmsRH
GGPP AW R ALK f J5 ) 7= %) GGOH #EATAEIN
19 20 1 45 L IF A B B0 R LR B 2R AR S 1 32
A B GGOH, % 7 245 3 ) B ds i d it
RFEPRIEE R . Ft, 7EMFoE e s IRA 1240t
FE R AL B I K R &, ZE K N
), A B 20 2 KR =), (R RCR A 2
R G — MRIERNIL SRR, R 1H
BEEA SRR, RRAEHRE—Rh s P |
AR A ) T RGN 3K S 2 SRR A
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AT BRAC I I R A B A B — AR
HI A=) R G, Bk 22 B TIE 5 2 A ZN IR L PR i
KA AT RE T B AAR 8 1Y AE fk (Manetti e al.
2006 ; Chen et al. 2011; Trienens & Rohlfs
2012), AL, XS F s Ritaie LY
RIFYE B AW, SR EAAERT B — A,
GGPPS 1R i A HE R LR B ki
S HERE R, B 1 Rk A2 15 20 e
SRR A AR, X GGPPS
el B DRLER B 2R 90 TR TR R 2 AR 1 B it
3500, KBRS AT RA L, G2 QA &
HIRY) IPP Fl DMPP, HoA5 B HEE T AN A AL
IRRAG; wEAREHA R E A S FPP U #
IR R B St R TR
s A Y A i B R B FRATT R
GGPPS AR R 7EAR B2 b i N ) ik, 4THL
TARH ZE AR Bk e & W AR, PP A
DMPP 1ENFTHIIEY) , i mE A, FPP 7EH
TR« AT DUEE 0 A S, L
B MBS G FPP S, S
Ty, ULEIERIEYHE GGPPS I, A AL
T WA, EIRE NG A A R R S —
DAL, SERE TR, U GGPPS &
(1) 238 RN A BUE I 10 8 i A B se 4 T Rl — IR 9
FPP, S T &G &R, GRS
AHRT w2 AR s, Kk, SMEEER
GGPPS Wik, s TR H 2R rhas A i
Ak, SEURHE RS S S R AN,

AR L R R, TRERPEFRESS
SRR B 2R 2 [ A AR R 25 55, L HOE R LAY
FIER ., SRR IR G B, TR E bk
SR TN 7 FEIREE TSSO
il A MRELERE TR, LB A 2%
FhAC I 8 42 B — AN EE 4 R IR AR
(Vishwakarma et al. 2013), = 57 FAYH R
-B-F2 3 T MR Mg (PHB) I & AL, H LW+ H
MVA & 42 (Slater et al. 1988), 4 7EH H- 2 #1iA N
FIA—NHMNESN GGPPS B, GGPPS W3
Tk, W T OB A R, 2R
WG A [ BSOS, X

S5 B A RGN E RS =R
GGPPS ik v] e s s i -5 IR AR T A =
BB R T R 7, RIS SRR A A L FE 1k
A ARFFTIESE, AMEIEH Pk, il s
Wi S | AR S TG P, DT e AR S R 1Y
AR 72 FEE 2 (Pan ef al. 2003), 22L&
JO ) LA LH B A7, T 2 P T A i g v & 4
FHEEAEH. Hit, 18 B2 R e
il AR AR S B ) A BORTE DTS i il 264k
EYINE . GGPPS #Kiblg, 16 RN
W TR, AT REIE S5 5 s AR JH i 2
RUFAHSCIE R R 3k, 1 52 ihss 24 g 1 2t
it o B0 S R 1) A8 Tk 1T BE TS S il i 2 5
AR P SRR I R i e 3k, TR i 28 Ak &
YI 7 a o [, R IR 128 Ak T RE 2 i 241 it P
(1) B S A IR A oz i, 1 T S e s S AR g )
o AR N A8 T E00 M P R R R
A2, NTTZmmE A & A . HaR, 2
WHEE P — e B =Y T BB S S /RN &
o BRI i AAC R R W EE P E =Y,
Al UL 3 — R B B N AR R T R S L TR
(Babekov ez al. 2000), ik, 2 Qg mAs
BT BB 23 RE M E LR A B A AT AIER , DATT [R]42
SN SR I 2w S AR K R
B A P R HAA E L 9 4E H (Hasanuzzaman
et al. 2010), i iha e kA AR LR, Tl EE
2R A WA AR B Rk A PR 2 B 2 o U1 R
& 5 A BURACETA OGN
AR SRR BRI RE BA T2 B SE I .
EERI SR =R T G Wl DOFANCR e oA | ey
YEEESEAAENEmEERA 2012).
TG AT VF 22 W 2 80 o3 S 7R L Xl 2R
WA AR TR B . AMITIESE,
BT R FEEEEOE R, S5 ISR
AR BRI AL SN A DGR O , B Z B
SR 3 SO ) 35, 2 7T e ks S AR (Xe et al.
2010), BRLHESH AR R, *
M 5 2 Bt R v A S Ak S N, B4k T i
kAR 12 52 BH.(Zhang et al. 2015), fiJC
RO g AT 20 20 1 P i AR BRI AR, A
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SN A MIE I R A 3Rk . M e R Bz st
B, S5 PR N — RN, FE s
T 3L L5 55 Al 1 1 1 (Yamasaki er al. 2007),
X BEH S5 PR AT e AE FH T AR A 1Y ) 3+ X
B, s IR o wEIARIHE R B ] P s
YA Re S S TR B s SO T
JCRAH I I P (Noushahi ef al. 2022), %3 4b,
il AR R AR A A P A K R B R R
A, WAL TR AR . AR
HMEFER TS | wERAELER AR LR |
RO R A AR . BAERE A, LRy
T — R AL, KSR S iR r A
KB . AT R RS 3 A AR 7R
[ AE IR R FIRE 5T, ATz A B
FAWEHALRI T REA AR, AR s,

FEAMEGE R, FRATTSR FH %) 5 DR 2 1k 3 s il
GGPPS F:HNH HPH FEHBEHLH A 24 HFE A
A rp XN BENLAE A 7 ARSI T AN R Y
S ABRHTR TIE 2 A E M o AN Y RE
MU S WA T RE TR B IEH A K AG . —
AT , 35 PR A AT RE 2 ORIk PR 41 Hh G B Y D) EIX
B, WA B g A KR s SR
., FEOZILHIIEEER (Zarka et al. 2010),

S M R H 20 B Y 0 L L A3 A A KCE SR B Y T
ORI A S AR A BT AR, e R LA R
TE AR IE S5 = AL ST RN o o5 — T, B AR
FE DA A B E G5 X 8, 0] 58 23 52 i i 5L
IRV , 30 A AR e 0 Jo 235 4 5 M 2 S AL
T 5T 454 (Juho et al. 2023), (a3 T
PR IERW AR LR R EZFAPWESR G
PE R B A AN BE FEAMIEA 2 T GGPPS 3
PRI s R, X FhARfE AT B A2 B Z AP IR 1Y
M, RSP IEIRT GGPPS 3
PRI AS 5 i 2Rk, T 2 2 DR B AT A A\ e i ks H At
b 51 B S P B =4 <19 187 I W 7 4 I <19 IO i
HPH FERAERTREARC SN, HAAE R RN
A AT RE X AR AR B AR R A — e s R —
AR GGPPS JE [N 3 3K iy 7= A= 1) e S 1k 52
W), J5 22 RIS ot B T FRATT 0L R B 2 2 X IR S
¥, AUEAUEE A HPH FEIR 0% B 2H LA B B 4=

TUGRH XS R, G e % B B AN () 4 531 ) A A
ik AR A DA R P IR 2 B, HERR
BT, TMIHS GGPPS HeH ik pr ™
Az B RO o

4 HEp

TEAMEFE P, AT AR B 25 e AR
Nig, RN TR ALLE AR GGPPS 3 A
FEAIISF IR IR IR T s LA 1)
Tk GGPP., 4ME GGPPS S IhRik, Xf
R 2R TR 2 A T — s R 2
L1 54 ZHEAL A X MVA 142 i =2 AR50
R T RENRA SRR, SR
TR DL ]2 5 2l CoA AR 7% 1Y 48 LR
St kA T I AR . LR IE 45 IR S,
R ZEAE R TR AR A — 2 g ), RiREE
kAN GGPPS J&, 51 &MBEFAREHR =Y | &
FEMA IS L K MVA 342 H 2Bk CoA 1R
(BN AR, AR T N 2 O AR - 2F A4
BT A PSSR

1E# STk

VHEAL : SO R ART | Bl H A% s SR
e SRS IRIEP A Bl MR
Ji SRR T RASET A A S

UERLEN

Y ], RS AEAT (T 2] 25 h 2
BRIl B 55 X
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