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Abstract: Lactoferrin is extensively utilized in the food and pharmaceutical industries owing to its broad-spectrum bioactivities; however,
its potential cytotoxicity to microbial hosts severely restricts the efficient construction of cell factories. To elucidate the stress response
mechanisms of yeast to lactoferrin, Saccharomyces cerevisiae C800, Pichia pastoris GS115, and their corresponding recombinant strains were
employed as models, and a systematic evaluation combining phenotypic detection with transcriptomic analysis was conducted. Exogenous
addition assays demonstrated that bovine lactoferrin suppressed yeast growth in a dose-dependent manner. At a concentration of 0.60 g L., the
survival rates of the two strains were reduced to 82.58% and 78.28%, respectively, and the fluorescence values reflecting metabolic activity were
decreased from 6.38>10° and 7.0710° to 2.5810° and 3.99>10°, respectively, indicating that not only was the viable cell count reduced, but
sublethal metabolic damage was also induced in surviving cells. Scanning electron microscopy revealed severe cell membrane damage in S.

cerevisiae, whereas only surface roughening was observed in P. pastoris, corroborating the membrane-disrupting effects. The aforementioned
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inhibition was significantly antagonized by the supplementation of 10 mmol L. FeCl,, with the ODgy values being restored to 138.44% and
108.76% of the control levels, respectively, suggesting that iron metabolic disturbance serves as one of the core stressors. Transcriptomic
analysis revealed essential differences in the responses of the two strains. Global transcriptional repression was detected in S. cerevisiae, with
567 differentially expressed genes being identified at 8 h post-induction (81.7% downregulated). Ribosomal RNA processing genes (UTP15 and
NOP15) and energy metabolism pathways were synchronously downregulated, suggesting that growth arrest was triggered to cope with the
metabolic burden. In contrast, a more intense stress response was exhibited by P. pastoris, with the number of differentially expressed genes
increasing to 761. The iron transporter gene FTR1 (log,FC=+2.47) and the flavohemoglobin gene YHB1 (log,FC=+1.49) were markedly
upregulated, implying that disrupted iron homeostasis resulted in intracellular oxidative stress. Concurrently, chaperone genes and emergency
carbon metabolism pathways were activated, reflecting extensive metabolic remodeling. In this study, the differential transcriptomic profiles of
the two yeast species under lactoferrin stress were systematically characterized, providing crucial theoretical references for the targeted
optimization of yeast chassis to enhance lactoferrin production.
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THORBRIZI A ZR . SRTTT,  H RIS T FLBRER PN IR B IAL KB LR, R 2 P R SR AR O SR P R
IS PRI ZE A 203 WL Pk = R SRR o

TENFRZ IR R RIS N JUREL,  BRINEERE S SR B AR BRI S I i S SR AP AR 2250 . IR
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ST, ARTFT AR REEE C800 5 EE /R RE GS115 N H B AT MR, #4317 SMISAS IS Sk A A1
1H P UERRIAMTHE SN A I SRR A T T SR B RS R T L BRSSPI S B AR, &R
Gl W LR AR O IR RRA MO A S B ARSI R, F7n PURIREAE AL AL E ) B il BRI T s [t
R 0 WA S R 1) 22 S A& AL BT U5 SR B AR BRI M08 B O A W T I BRI RN BT LA
FEOUE SO TR S2VECAE . SEELFL B AR 1 ) sl Ea I SR O R (1 T AR

1 HRSTS

2



MK EEBHE Modern Food Science and Technology 2027, Vol.43, No.7
11 AR RA 5N

111 FRBEH

FiRP B RE C800 Hikk (CEN.PK2-1D 145, MATa, ura3-52, leu2-3,112, trp1-289, his3Al, MAL2-8, SUC2,
gal80A:KanMX) NALIGE R AF. LUZmMOAIREL, MBI EELE C800-BLF: LA pY26 iUk AR IA %A,
F-FLEEE 1 (Bovine lactoferrin, BLF) gmfid2E[AafE 2 pY26 (1) PGALL RiE, FIH URAS fifikbric ik FH
A, PIRESSRIA BLF.

EEJRIERE GS115 (FERIAY: hisd) ARSI = A SEHORAZ IR A B MR DA 9T 2y, Mg s e
INEERE GS115-BLF: 8 ALK A4 FLEk S A gt A 5 2 GS115 LR AOXL 7 s, RS RN
PPICOK-BLF, FIH G418 hnfkifiik 2+ Nt +, WA RS T AOXL 58/ 3+ UK3) BLF [ 73 h3R1A .

1.1.2 &5

FERESEI . AR Bleky, J<HE Oxoid AF]; MERREUEIN. AWz, AN, Hih, WEE, Aalkal, 56
Sigma-Aldrich A 7]; R AMMESR (4iF>95%), 35 Sigma-Aldrich /A F]; Alamar Blue 4 AiE AR
71, 3&[E Thermo Fisher Scientific /A7]; PrimeScript™ RT Reagent Kit with gDNA Eraser £1 TB Green® Premix Ex
Tag™ II, HA TaKaRa A F]; qRT-PCR 5I#HAE T A TR (L) B ARAF A, HAahtbalsm A=
oy traiEk kA,

113 %%

SW-CJ-1F #i# TAE G, HMNHLE A EIRA R ZQZY-CF [Hildkym 74, MBI EIRAH; 5427R
R RO, 1 [E Eppendorf A F]; M200 Pro 43K 2 DIREREAA, Frd-w B8R UV-6000 £54k-1] W76
JEETE, BITHT G A IR AF]; SUBL00 ik 3t v 4, H A Hitachi A]; LightCycler® 480 Il %5t
SE & PCRAYL, Hi L2 RATH,

12 53

121 3445 T BRREA

T BRI —BR (R 2 MRS 95 5 (Yeast Extract Peptone Dextrose Medium, YPD): BAEHEZEUY 10g L7, HEH
209 L, AERE 20 g L. P EARISIREERT, SANBUIER 20 g L. 121 "CRiRKTH 20 min.

YPD- Y F S SR IR BERHEE 109 LY, EAM 20 g L7, 30 20 g Lt b FUpERC I 400 g L
TEAEI 42 0.22 pm JEIEIEIERR T . B SHE YPD EAlE SR K G, FAKIELZ) 50 CrF, THEEREMAY
BB E T TR

R L 22 (Phosphate-Buffered Saline, PBS): NaCl8.0gL?, KCl0.2gL™?, NaHPO,1.44gL*, KH.PO,
0.24gL%, pH7.4. 121 CiHEKE 20 min.

T RRE N - A - H i Zgms 97 3% (Buffered Yeast Extract Peptone Glycerol Medium, BMGY): BE#REZEY)
1094, EAM20gL? Hul1omL L™, EERFEUERL 134 gL AE 4x10* g L, T 100 mmol L R
Gz 115 “CE KB 20 min.

T RER -5 A - R 28 ph 5 9% 3% (Buffered Methanol-complex Medium with Methanol, BMMY): 41/
BMGY, {EAEHM. AR, MIEEEFRIE LRI EEELZIKEN 05% (VV). HIEEA 022 um HHLARE
FET e R -

R AT FIJCH PBS Zaiiia A SUBR FRRESY, Bl 10 mg mL™ (OREAE, £ 0.22 um JEJE
YERREE, /r35)5-20 CHRBOLIRAT. InH ATHRE 2T TRk .

FeCLVAT: FH2: B Tk FeCls 6H,0, Bk 1 mol L BRI, 20 0.22 um JEGT JEREE, BOLGRET
4°C. IR,

122 mieiE 58 &S50
1221 BEEAEEZRNE

HNIE R AR ALK 52 DA #ER®, 1FH 0.2, 0.24. 0.36. 0.48 % 0.60 g L™ HBAE . 440 M H i

HRIZ S YPD [EfAFAR -, T30 CHEFR 2~4 d R miva K . PREBUR TR A 10 mL i) YPD 3577k,
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30 °C+ 220 r min™ IR EXHF ] (ODge=0.8) 1ENFF Tl FFhTILL 1% (V) Rl B E S A FLIKRE
AP E (0.00, 012, 0.24, 0.36, 048, 0.60gL™) i YPD KEaadtrh, MRS 120 5, B 1 mL B
BATHEERRE (107'~107) JEHL 100 pL & SRR I BIAAT T YPD PR, MK 3 MW EE. 30 C
RIERTFE 48 h J5, STHETEETE 30~300 Z AR AR T UL, TS AL AR VR T A . AR INFLARER (11
XHRZH CFU NEEE (TSR E N 100%), L&A HAH MIXHE G R .
1.22.2 ARG E

P 1.2.2.0 7k AR E AT E, BUECT 4 °C. 4000 r min™ B0 5 min, WCEERK. FHTAH PBS
CRIPVRPER AR 2 K, TS PBS BRI £ 1107 CFU/ML. I & 1 k0] S FH St B AT 00 72 «
B 200 pL 200N 96 7L, AFFLII 10 uL Alamar Blue 3 PERINRT . 30 “CREOGIEE B ML, 1/
PR IO EIREE MR 560 nm, &5 590 nm). &F4H% 3 MEAL.
1.22.3 ARG R

SR, WS R IR AHE NI, D RIEEL 0 g LA 0.6 g L ANETL
BRER (AR I RESER, 4 000 rmin™ 550 5 min 75 BiE. TOEYA 1 mL2.5% (V) R RS E R, T
4°CHEM FEEL R . BB OISR BR, RIE] 20% (VIV) £ 100% (VIV) R EERSFE 1) 2. BE3EAT i K Ak
H, KSR E AR TR WIS, I BT BB SR TS
1.2.3 MR4AD T FLEKE G 37 E BUL 6942 AE A

R 1.2.2.0 JAEM UG . BURFFIEE 1% (VD b B 2 0EE YPD kR 75, [N Ins MRS
HRABTHELIRIE N 060 gL, TN FeCla AW, iH4&UIE/H129 04 10 20, 30, 40, 50 mmol L. 30 C.
220 r mint 535 24 h J5, £ 600 nm KR I 5E HR O R .

FENRE I E R L, VB RS FeCl IREEBAE (0. 10 12. 14. 16, 18. 20. 22 mmol L. H A%
il
1.24 4N F AT S
1241 BRIPIEE BEE RN A b £

PERERE £ C800-BLF HZH ML YR, AT 5 mL YPD (2% #i&iH) #5354, 30 °C. 220 rmin™ it
B2, L) 1:100 HLEE4E 3 50 mL #ihE YPD (2% A9 Br 353, $535 % ODge=0.6. 4 °C. 4000 r min™ &5.0> 5 min,
FHZARFRTC TR PBS VR PR AR T SARATIAE 30 CH YPD-LFURE (2%) Hi9i%d, HEHOANES
Oho 73l T 555 4h F18h, PRIEIGE B R, WA EERAETAY TR (R BRARAR, 275
ST 38T o BRI ) gk 3 MW EE
1.24.2 eI BEE RN AR b £

PhHX e FRIE B GS115-BLF A MR AT T4, 580 T 10 mL BMGY #5373, 30 “C.220 r min™ 1437 2 ODgyo4.0.
4°C. 4000 rmin™ B0 5 min, WML, FIZAFITEE PBS BeIAM. F BMMY #5353 (L1 0.5% F i ki)
H A AR ODegoo N 1.0, HHTIH FHRIL . BT SCHRIRAE HIRREBEE 3 S Nl 175, AW LI 22 S 3k B (R AR
i N RIS 4 h 18 h VE N FEERRE A, DA T e i RSO, 2331 F% S5 4 h Al 8 h BURE,
WREG R A TAY TR (R BOARAF, HATHRANT . B S 3 MEY)FEE .,
125 Z£5F&XKE 4 gRT-PCR Ik

NISUEEE S W AERA I, G4 T LA B2 S B DR R S 7 e & PCR VT I0IE . 55 51
YIFHIINZR 1 fis K TRIzol BEFREUEZ£EE RNA, B 1 pg 5 RNA # /] PrimeScript™ RT Reagent Kit with gDNA
Eraser 2 [#FE [K 4] DNA [ #5551 cDNA. L cDNA AR, {8 F] TB Green® Premix Ex Taq™ II 7E LightCycler®
480 Il RGHHATY 1. SMNAKZ AN 20 pL: TB Green Premix 10 uL, _ERFSI4 (10 pM) % 0.8 uL, cDNA itk
2uL, ddH,0 6.4 uL. fZNiZkft: 95°C 30s; 95°C5s, 60 °C 30s, JL40 MEH; MafRihZIB: 95°C5s, 65C
1min, 97 CIELETHR. PABRERZEE ACTL. EEFREERF TUBL ANSIEE, K 2MN-AACH)IEAL S H LB FA R %
BIKT . FREARE 3ANEYEEEM 3 NMIRELR.
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Table 1 Primers used for quantitative real-time PCR

ARG AR AR LA LAt Rk
ACTL (A %) GGTGTCTTGGTCTACCGACG  TGTGTAAAGCCGGTTTTGCC
— UTP15 CATTTATCCCAGCAGCCCA AAATTGGCGTGGATCCGCTA
C800-BLE NOP15 TGGCTCTAGAAACATCGTCTAGC ~ GTGTGTACCGCTCTGCTCAT
CUP1-2 ATCATGTAGCTGCCCAACGG  TTCCCAGAGCAGCATGACTT
VTI1 ACTGAAGCACGTAGAACAGCA  CGTTCTGAGGCATCGCCTAT
TUBL (M%)  GGGCACTTGGAGGATGAGAAA  ACTTTCCGGTACGGACTTCG
FTR1 TGGCTCAGAAGACCCTAAGACT  AGCAATCATCGCACCTCCAA
BB GS115-BLF YHB1 AGGACGCTGGAGAAACTTTG  TAGCGGGCTCAAATCGTCAA
HSP70 TTCCGACGATTCGGAGTTGG ~ CGTCTTTGAACAACTGGCCC
UTP15 ACAATGCAGCTGAACGAGGA  CCACAACTAAGGACACCGCT

13 HdEaAr

i SPSS 19.0 Hf AT HE 2= 404, Al Graphpad Prism 11 #0HHEAT I AL EE . e SEIGIY R E 3 MdaT
AW EE, RS GNMEYEES R 3 MIARES, BRDCFIESRERE (Mean3SD) £ix, KA KR
Ji 2245081 (One-way ANOVA) BT ZE 5t b, 220 S50 LR A Dunnett v, I 3RoR 55 BRZHAH
tt P<0.05. KM edgeR Xl BRIk (1) 5 D] R0k B kAT 22 7 0 i, AERIA 22 A% 3 |log,FoldChange[>1 #1 H.
FDR<0.05 444 T ik 2 A FEK . FIF GO (Gene Ontologydatabase, GO) i/t /%A1 KEGG (The database of
KyotoEncyclopedia of Genes and Genomes, KEGG) A IE % ik i iy 22 il B REAT Dt = R 0 i o

2 H#ER5HS

21 A%RZFaXEEE & EFEREAIL

211 SNRIUERE & 2B EARRE A R

BNIRFLARER N PR P B B A KRS S AR R e FHAS SR LI 1o 25 55RH, AR LBk E K A e B Ry
A KT S AN AR N 8 S IR I E . 76 0.12~0.60 g L IRIEVEFEN, B AR A
WRPET iR, PIRKEERE A AMAR 7735 R S ARG R B PR,  ELAE 0.48 A1 0.60 g L™ sk 8 46 R N B
¥, BIBEAWEIET 0.60 g LTI, C800 Hkks GS115 WHRANNIAEIEE /) HIl4 % 82.58% 5 78.28%.

AR FAEMA AR AR, ANV S SES. A0T R Alamar Blue 7%, TSI NG 5
N FHEMS R R N, DL PG4I S55RER (B 1ew d), PRREZOLRERFLEE N
WP TFE R A, A SRR — 8. SR (0.00 gL FOGIREE SN 6.38<10° (C800) A1 7.07>10°
(GS115), 0.60 gL IfF%ZE 2.58x10° (C800) F 3.99x10° (GS115), 7%HAFLERIR AL BAL AL ol i
B, TR AR Re =AU SR JE A

EAFERNE, HEARRERE GS115 ARUHE PR MRS /N T BRI % BE C800, $ibs HUX 7Lk AR (I il PO 52 14 B 52
%22 R AT REIR T AR AR SR R R G S IR A B, AU N 2% SRS B ARSI 2 5. DA BFFER
B, FLERER (A A E R AR s e | 5 S 4R (Reactive Oxygen Species, ROS) F1 2 , #1lii| Sefigim M (1 Pmalp
H*-ATPase) ZHLfMHIIERFE KPS, Jhoh, LR A M B T 5 S OB IR S 4, DO i e,
SEH N PIR SRS RE AR, BB S AN, TR TR AR 2 TR AT B S AR TRk
BRP TR R B EL 52 36 SR SE, (EDG ROS BRI, T B R REEE KT AL AT BT RSB 1 ROS /5B AE 115 o
FE MW AR, MIMITEFLERER (15 SIS ) N 4ERE 5 A
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Fig.1 Effect of exogenous lactoferrin on the activity of yeast strains
E: a. b H A ABHEEE C800 AR EF A GS115 49ART A& H; ¢. d 5 A AR BARE KOUIRE. RAEVA 3 RARZ TR0
(AHTE L AT, EARTY 0g Lt aita 2 % 2% (P<0.05, ¥ E %75 £547, Dunnett i% ).
212 SMRIGKE G AT BRI A0 Yk

[ 2 SNFELAE BB SRR E SR
Fig.2 Effects of exogenous lactoferrin on the surface morphology of Saccharomyces cerevisiae
E: a. b ¢ ARZIGKE G A ILHY TR A KASS A BREEEEE C800 /e, d. e. f A% 0.60 gLt L4k E & K24 R R AL RAZ4K

44 ERIE B2 C800 4mfits.
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[ 3 SNRFLERE AR EETREE AR I SRR
Fig.3 Effects of exogenous lactoferrin on the surface morphology of Pichia pastoris

7E: a. b ¢ ARZISEG LI RE R KATHAG B AT GS115 tafit; d. e, A% 0.60 gL FLskE e AL 328y TR KAE
Arey HeR B GS115 i,

R RS R R, R EONERIE I BE C800 FHHE /R RE GS115 A AR T A3 7= A o 2 A
W, EFREERGEX FAEER (B 20 3). REAERER R SW. REDEHE, MFLE A4
JE BRI S B R IR . FLIRAMIREE IR, IR NN (B 2). FHEEZS, SR RIEREEAR R A2
IARKARZER, FERIORIRBE . WRTGE KRR &2E (B13).

BB GG TR T, 2R AR S L B EN A S b ST Re s B R E A ©F
WEFERH, FLARER (ATl 45 A B H-ATP B (Pmalp) FERMR e & 2 MmO AR MK, FRUBDhAE = ELM.
TEAERTRE T, IR A EEFIREAA S T AN AU I RS (62, S R m L an s s itz 7
AP ERSAT, ASHIT ST BRI R R e B S B AR AR TR S AR TRAE . BEAL, AR AR 0 7™ B 52 4%
S FEUNEE SR BTG ER A, EMTE AT SOIHA R AR AE TR . SCHRIRGE i LBk R AT 5
ERTRERE R A A Y (T SRR AR T AERERT S, PRI, 25 SRR 1 FLAR AR X R B () T 15 R,
ARSI RED R (B A7 AE AN E 22 5, (B HC AR IR A5 5 a8 R AR 45 G IR NI AR S b AR e A7 Aol 4
TRt — k.

2.2 4MNIE FeCls xf L4 2 & #0120 b By R 4%

AN FeCla o LR B IR /R I R 3 30 R Sk 1 B Sy e SR LR 4. MR FeClg AT A 7Lk R N BRI
FR} C800 5 HeaRiRE GS115 HIAEKAMH, BEMRAE KN SRR (L . md BEMHI A= ot A k. HhIR
da. cHIHI, TEEABEAMKEAT, B FeClikEEH 0 mmol L F+Z 10 mmol L, WikkE%EE ODeg (E34 H I | FF
C800 1 4.37 F+% 6.05, GS115 H 6.05 F % 6.58. FIKIKEEELE T I M ALE QB ZHKE Zha, KER
BRAKAEST. 24 FeCla ¥k IETHEZE 20 mmol L™ K UL Ei, WibkEtk A PB4 pE T, % 50 mmol L i, C800
HH 6.05 [£% 0.52, GS115 H 6.58 [# % 0.52, $&/nmikFEEERES AR B A B, Xl feSd &l S gl 55
2 87 7= A I PR B R R AR 5 207,

4b. 4d Bl T AR EEIX A (0~22 mmol L) FZE KR : C800 7E 0~16 mmol L7 i [ 4 4%
A KK (ODgoe5.0~6.0), 18 mmol L™ J5 &35 FF%; GS115 JI7E 0~14 mmol L™ [X[ali%4 [ F+ (ODggo H1 3.19
THE 5.02), 16~22 mmol L™ 4 R R, $5n 1 ANEEKES TAERIRE T T SR AN e Bl i L B 11 5| R (ke
ZIE, TLE R EE T R S A Sl B8 1 B P A K
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IR FeClg X AEKAMHIMZMRNL, BoREEF (BRRISF) MR FLEE ABE M EEN I —, X5/
Yk FLA AR T A M A M AR B AR K A2 SR AT TP R A e S o B A R IR A B
R RE AN, AMNEAMKTER S A KIFEIR, Bt BN AL Bk S S s i, RGBT
PEAT RSB RISF RS ) PSR, AR R, AR, AWHFEREEMGRIN FeCl; (BABERD K
SATRIE, IR TCVE T TR IR B FeCly AN B nf 4R A K MLk sl (- ek gant e BRI S FE 3 B
B P RS L TR . PRI RE XS kA b 78 A me SR AR U E R 32 BUMEAFAE 22 7, HED S DR ARERAS A TR Il R 11
WM ZERIEG R BT EIRE FeCly AT, LR L 2T A& HI8 S TR, DAl Bk A
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Fig.10 KEGG functional enrichment analysis of differentially expressed genes in strain GS115-BLF
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