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Abstract: The efficient conversion of lignocellulosic biomass is at the core of ensuring the
economic feasibility of biorefineries, where the comprehensive utilization of xylose serves as a
determinant of overall conversion efficiency. Pichia kudriavzevii has demonstrated significant
potential in industrial bioprocessing owing to its tolerance to low pH, high temperatures, and
environmental stressors. However, its innate deficiency in xylose assimilation severely restricts its
application in biomass valorization.[Objective] To elucidate the molecular mechanisms underlying
the silencing of xylose metabolism in P. kudriavzevii E1, thereby providing a theoretical basis for
the bioconversion of lignocellulosic feedstocks. [Methods] The xylose assimilation capacity of P.
kudriavzevii E1 was evaluated, and its genome was analyzed to identify the genes and metabolic
bottlenecks associated with xylose assimilation. Comparative transcriptomics was employed to
characterize the differential expression of metabolic genes before and after the introduction of a
xylose transporter. Furthermore, the heterologous expression of genes involved in efficient xylose
metabolism was performed to verify specific rate-limiting steps within the pathway. [Results]
Bioinformatics analysis, coupled with the functional restoration of xylose uptake via heterologous
transporter expression, confirmed that the lack of high-affinity xylose transporters was the primary
limiting factor for xylose assimilation in P. kudriavzevii E1. Although three genes—PkXYLI,
PkXYL2, and PkXKSI—encoding core enzymes of the xylose redox pathway were natively present
in the P. kudriavzevii E1 genome, in vitro enzymatic assays revealed that the low relative activity of
PkXR was a critical cause of substrate accumulation and slow xylose metabolism. Comparative
transcriptomics of the engineered strain P. kudriavzevii E1-Xpg4562 indicated that yeast cells
underwent profound metabolic reprogramming in Xxylose-containing media, preferentially
activating ribosome biogenesis and oxidative phosphorylation. However, the significant
downregulation of TALI and the insufficient transcriptional response of genes in the pentose
phosphate pathway (PPP) resulted in inefficient PPP flux. This prevented the effective redirection
of carbon flux into glycolysis, thereby obstructing downstream xylose metabolism. Finally,
quantification of the expression of key xylose metabolism genes identified by transcriptomics
further demonstrated that the uncoordinated transcriptional regulation of essential downstream
genes hindered overall metabolic efficiency.[Conclusion] The silencing of xylose metabolism in P.
kudriavzevii E1 results from the combined effects of deficient substrate transport, low endogenous
catalytic activity, and uncoordinated transcriptional regulation. This study provides a crucial
theoretical foundation for the precision engineering of xylose metabolic pathways in non-
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conventional industrial yeasts.
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1.2 E[FZH DNA #EiRAREN S A
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K, 55°C7/K¥ 2 h; fil A 220 pL buffer YB,
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Ja e MG AE 5 e BN & B B B R AT v %
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4% 1.0 uL, DNA 4 (100.0 ng) 1.0 pL, ddH,O
MR E 50.0 pL, PCR N 5514 : 95 °CHiAE PE
5.0 min; 95 °CZ8 ¥k 150 s, TR T3 T4
2 °CHYTEEE FIiE & 15.0's, 72 °CHEfH(20.0 s/kb),
30 AMFH; 72 CCAIE 10.0 min; 4 °CLRE
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Table 1 Strains and plasmids in this work

Strains and plasmids Characteristics Sources
Strains
E. coli
Trelief Sa fhuA2 A(argF-lacZ)U169 phoA ginV44 ®80 A(lacZ)M15, gyrA96, Tsingke Biotechnology
recAl, relAl, endAl, thi-1, hsdR17 Co., Ltd.
P. kudriavzevii
E1-01 El, AURA3 [19]
E1-03 E1-01, APDC, Idh This study
E1-05 E1-03, Adld, BtLDHA This study
E1-07 E1-05, Adld upstream, Prpp3 This study
E1-X01 E1-03, Adid, Prpp3-xyIT-T1gr, This study
E1-X04 E1-05, APkXYLI upstream, Prpy3-XUTS5-1GG6 This study
E1-X05 E1-01, APKXYLI upstream, Prpy3-SsXYLI-1IGG6-SsXYL2-T1gr; This study
E1-X06 E1-07, APkXYL1 upstream, Pgpp-PkXUTI1-1GG6 This study
E1-X07 E1-01, AADHI, Prpy3-SsXKSI-Trgg This study
E1-X08 E1-01, AURA3 upstream, Prpy3-Mgt05196™ % - Trpp, This study
E1-X09 E1-01, AURA3 upstream, Prpy3-RGT2-Trgp; This study
E1-X10 E1-01, APkKXYL1 upstream, P1py3-XUT6-1GG6 This study
E1-Xpgl140 E1-01, AURA3 upstream, Prpy3-Xpgl140-Trgg This study
E1-Xpgl151 E1-01, AURA3 upstream, Prpys-Xpgl151-Trgp This study
E1-Xpg2942 E1-01, AURA3 upstream, Prpy3-Xpg2942-Trgr This study
E1-Xpg3423 E1-01, AURA3 upstream, Prpy3-Xpg3423-Trer This study
E1-Xpg4178 E1-01, AURA3 upstream, Prpys-Xpg4178-Trgr This study
E1-Xpg4562 E1-01, AURA3 upstream, Prpy3-Xpg4562-Trgp This study
E1-Xpgd764 E1-01, AURA3 upstream, Prpy3-Xpg4764-Trgr This study
E1-Xpgl758 E1-01, AEG17, Prpu3-Xpg!758-Trer This study
E1-Xpgl1807 E1-01, AEG17, Prpu3-Xpgl807-Trgr This study
E1-Xpg3179 E1-01, AEG17, Prpy3-Xpg3179-Trgg This study
E1-X13 E1-Xpgd562, AEG4, Prpy3-SsXYLI-Trgp This study
E1-X14 E1-Xpg4562, AEG4, Prpy3-SsXYL2-Trgp This study
E1-X15 E1-Xpgd562, AEG4, P1py3-SsXKST-Trgr This study
Plasmids
pCas-dldN20 Amp'"; Cas9; specific sgRNA targeting dld This study
pCas-PkXYLIupN20 Amp"; Cas9; specific sgRNA targeting PAXYL1 This study
pCas-URA3upN20 Amp'"; Cas9; specific sgRNA targeting URA3upstream This study
pCas-ADHIN20 Amp'"; Cas9; specific sgRNA targeting ADH This study
pCas-EG17N20 Amp"; Cas9; specific sgRNA targeting neutral site EG17 This study
pCas-EG4N20 Amp”; Cas9; specific sgRNA targeting neutral site EG4 This study
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. PR AL AL PR T R IS A T A
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R 2 S AN, A Y 1 mol/L I ALEEYE
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3 WA — RINAL e B LB TP
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Y0 B P A B A P R P B A
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R/2 AAARETASI
Table 2  Primers used in this study

Primer names Primer sequences (5'—3')

XUTI-F ATGCACGGAGGTTCAGACGGTAATGACG

XUTI-R GGCCGCTGATGCTGATGCTGACAGTGCTTAA

XUT5-F ATGACGGAAAGAAGCATTGGACC

XUT5-R TTACTTCTTTGTATTAACAACAAAACCTTG

XUTG6-F ATGTCCAGTGTTGAAAAAAGTGC

XUT6-R TTAGCTGATGTTTTCGACATGCTC

Prpus-Mgt05196™ 6 F CACAAACAAACACAATTACAAAAAATGTCGTCGAATGAGCAGGTTACTCC
Ter-Mgt05196™%F-R AAGAAGAAACTATCAGCTCACTCAAACCCTTTCGGCTTCGTCCACCTCAG
Prpis-SsXYLI-F CACACAAACAAACACAATTACAAAAAATGCCCTCCATTAAGTTGAAC
Ter-SsXYLI-R AGAAGAAACTATCAGCTCACTTAAACGAAGATTGGAATCTTATCCC
Prpus-SsXYL2-F CACAAACAAACACAATTACAAAAAATGACTGCTAACCCATCTTTGGTCTTG
Ter-SsXYL2-R AGAAGAAACTATCAGCTCACTCATTCTGGACCATCAATCAAACAC
Prpps-SsXKSI-F CACACAAACAAACACAATTACAAAAAATGACTACTACTCCATTTGATG
Ter-SsXKSI-R GGTAAAAGAAGAAACTATCAGCTCACGTGCTTCAATTCAGATTCCATCTTAG
Xpgl140-F CACAAACAAACACAATTACAAAAAATGCCTTCAGATAAGCATTGGCACTACG
Xpgll40-R AAGAAGAAACTATCAGCTCACTTAAGCATTTTCATAGCCTTGAAC
Xpgll51-F CACAAACAAACACAATTACAAAAAATGCCACAAAATACACCCACTGC
Xpgll5I-R AGAAGAAACTATCAGCTCACTTATTCAAGCTTTTCTTGAGG

Xpg2942-F CACAAACAAACACAATTACAAAAAATGCTCAAGTTTACAAGAAGACTAGTGG
Xpg2942-R AAGAAGAAACTATCAGCTCACTTAAGTATTTGTCAATTGAAC

Xpg3423-F CACAAACAAACACAATTACAAAAAATGCCTATCACAGTTTTCGGATC
Xpg3423-R AAGAAGAAACTATCAGCTCACTTAAAGTAACCAACCACGCTTTTCAAC
Xpg4178-F CACAAACAAACACAATTACAAAAAATGTTTAAACAAACACTTAGG
Xpg4562-R AAGAAGAAACTATCAGCTCACTTATTTTTTCATATTTTGCATG

Xpg4764-F CACAAACAAACACAATTACAAAAAATGGGTGTTCCAGCACTTTTCCG
Xpg4764-R GAAGAAACTATCAGCTCACTTAATATCTGTTACCGTTGTTGTAG

Xpgl758-F CACACAAACAAACACAATTACAAAAAATGAGCGTTCAAATTGATCAAAAG
Xpgl758-R GTAAAAGAAGAAACTATCAGCTCACTCAATTAATGTGAGCAACTTCTGG
Xpgl807-F CACACAAACAAACACAATTACAAAAAATGTTAGACTTATTAAATAAAAAGG
Xpgl807-R GGTAAAAGAAGAAACTATCAGCTCACTCAAAATTCAGAAGAATTGTTAATTTC
Xpg3179-F CACACAAACAAACACAATTACAAAAAATGTCTTCAAGTTCTATTTCAG
Xpg3179-R GTAAAAGAAGAAACTATCAGCTCACTTAAACGTTTTGATCGTTGACTAG
RGT2-F CACAAACAAACACAATTACAAAAAATGGGTTTAGAAGACAGTGCTCTC
RGT2-R GTAAAAGAAGAAACTATCAGCTCACCTATACAGAAGCTTCTTCAACTTCAG

The restriction site and the homology arm are underlined.

200 r/min ¥5 3%, W14 ODgo N 0.73. 48 h )5 4 °C), 12000 r/min &[> 10 min, I, &
6 000xg &0 10 min YWHEANME, HETARETE,  ZRTFEEER, RS 10 £5.
FHAEBRER KPR 3 Wk, HEHIEE(380 W, 30 min, R R EE v R BETEREAS N . PR B P 5
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FETE YPD ¥R S h AT R T 45 9%, 7E 30 °C.
200 r/min 3555 2 ODgoo H 0.6 1% 1% 4L im %
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BT PLRIAR IR . ik, ARBFRE ST P
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FE i M

Table 3 Key enzyme activities in the XR/XDH
pathway of Pichia kudriavzevii E1

Enzyme Cofactor Relative Standard
activity/U™'  deviation
PkXR NADPH 7.83x107 4.88x107
NADH 0 0
PkXDH NADP" 7.92x107 9.06x107°
NAD" 6.43x107° 9.58x107*
PkXK NADPH 7.28x107* 2.14x107°
NADH 1.56x107 6.07x107*
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Fk 4 PR, MR AR XpedS62 LA RIBIRTE Y DEG R4k
AHSIEW, ELME— LA 2% (uniquely mapped)tsy &l 2A IR,

1E 95.6% Lk b, Wik TG 8iakik e i M2 R AP Im I R sk 27 3 BT 5 RT-qPCR
ST AT SR WUk (K 2B), RGN T P kudriavzevii E1-
A B
s 0.5 Fwmm(h wem24h w==48h ==72h 96 h 120 h
St [
~ 0.4 F | ,
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_\g 5 03 ' |
S 03}t N
g S
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§ 02 EIWT  <El Xpg342 \* , !
o |=EIl Xpgl140=El Xpgd178 01k o -
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Figure 1 Xylose consumption and growth profiles of Pichia kudrzavzevzz E1 heterologously expressing xylose
transporters. A: Residual xylose concentration in the culture medium (YNBXs) of the indicated yeast strains; B:
Biomass (ODgg) of the indicated strains cultured in YNBX s medium.

T4 NERNEEREERT Gt

Table 4 Read-mapping statistics for the six libraries

Sample name YNBX10-1 YNBX10-2 YNBX10-3 YNBDI10-1 YNBD10-2 YNBD10-3
Total reads 43 875 248 47610 284 47 610 284 43393 264 46 227 090 43471 870
Total mapped 42 885 172 46 528 186 44312 658 42745 235 45265 452 42 836 789
(97.74%) (97.73%) (97.93%) (98.51%) (97.92%) (98.54%)
Uniquely mapped 42 117293 45714092 43 671 882 41578 857 44217 482 41 604 691
(95.99%) (96.02%) (96.51%) (95.82%) (95.65%) (95.7%)
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Figure 2 Differentially expressed genes and RT-qPCR validation of key genes. A: Volcano plot of differentially

expressed genes; B: Relative transcriptional levels of key genes in xylose-containing medium.
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Figure 3  Enrichment analysis of DEGs. A: GO enrichment analysis of differentially expressed genes; B: KEGG
enrichment analysis of differentially expressed genes.
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Figure 4 Effects of heterologous expression of Scheffersomyces stipitis xylose metabolic genes on the

physiological characteristics of Pichia kudriavzevii E1. A: Comparison of the initial reaction rates (first 30 s) of
XR, XDH, and XK using two different cofactors in P. kudriavzevii E1 and E1-Xpg4562; B: Residual xylose
concentration in the culture medium (YNBXs) for strains following the integration of heterologous metabolic
modules; C: Biomass (ODgy) of strains integrating heterologous metabolic modules SsXYL1/2 and SsXKSI

cultured in YNBX, 5 medium.
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