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Abstract 29 
In Pichia pastoris (Komagataella phaffii), formate is a recognized alterna&ve inducer to 30 
methanol for expression systems based on the AOX1 promoter (pAOX1). By disrup&ng the 31 
formate dehydrogenase encoding FDH1 gene, we converted such a system into a self-induced 32 
one, as adding any inducer in the culture medium is no longer requested for pAOX1 induc&on. 33 
In cells, formate is generated from serine through the THF-C1 metabolism, and it cannot be 34 
converted into carbon dioxide in an fdh1D strain. Under non-repressive culture condi&ons, 35 
such as on sorbitol, the intracellular formate generated from the THF-C1 metabolism is 36 
sufficient to induce pAOX1 and ini&ate protein synthesis. This was evidenced for two model 37 
proteins, namely intracellular eGFP and secreted CalB lipase from C. antarc;ca. Similar protein 38 
produc&vi&es were obtained for an fdh1D strain on sorbitol and a non-disrupted strain on 39 
sorbitol-methanol. Considering a P. pastoris fdh1Δ strain as a workhorse for recombinant 40 
protein synthesis paves the way for the further development of methanol-free processes in P. 41 
pastoris. 42 
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IntroducIon 48 
The methylotrophic yeast Pichia pastoris (Komagataella phaffii) is a well-established and 49 
reliable cell factory for producing recombinant proteins (rProt) (Ergün et al., 2021; Barone et 50 
al., 2023). The expression systems used typically and historically rely on the regulated 51 
promoter from the alcohol oxidase 1 gene (pAOX1). This promoter is repressed during cell 52 
growth on glycerol, while pAOX1 induc&on and thus, rProt synthesis, is triggered by adding an 53 
inducer to the culture medium, typically methanol (Ergün et al., 2021; Bustos et al., 2022). 54 
Although widely used, including on an industrial scale, methanol presents several technical 55 
challenges that are difficult to overcome in prac&ce. It is highly flammable and can become 56 
toxic to cells at high concentra&ons due to the accumula&on of toxic methanol catabolic 57 
products such as formaldehyde (Berrios et al., 2022) (Fig. S1). Moreover, its oxida&on by 58 
alcohol oxidases in peroxisomes requires oxygen, thereby increasing the cellular oxygen 59 
demand compared to other carbon sources. Addi&onally, methanol catabolism generates 60 
heat, which must be dissipated, thereby increasing the opera&onal costs, especially for large-61 
scale produc&on processes (Krainer et al., 2012; Niu et al., 2013) . 62 
Formate, an intermediate metabolite of the methanol dissimila&on pathway (Hartner & 63 
Glieder, 2006, Fig. S1), has emerged as an interes&ng alterna&ve inducer to methanol for rProt 64 
synthesis in P. pastoris. It is produced from formaldehyde by formaldehyde dehydrogenase 65 
(Fld) before being converted into carbon dioxide by formate dehydrogenase (Fdh). Compared 66 
to methanol, formate is a more sustainable inducer that can be efficiently produced through 67 
the electrochemical conversion of carbon dioxide (Jhong et al., 2013; Cojon et al., 2020). The 68 
ability of formate to induce pAOX1 has been demonstrated (Tyurin and Kozlov, 2015; 69 
Jayachandran et al., 2017; Singh and Narang, 2020). However, one of the primary limita&ons 70 
of formate is its poor ability to be catabolized by P. pastoris. To address this constraint, an 71 
engineering strategy has been developed through the co-overexpression of genes encoding 72 
Escherichia coli acetyl-CoA synthase, Listeria innocua acetaldehyde dehydrogenase, and the 73 
transcrip&on factor Mit1. This engineering effort led to an increase in rProt produc&on (i.e. 74 
xylanase, Liu et al., 2022).  75 
In cells, formate is also an intermediate of the tetrahydrofolate-mediated one-carbon (THF-C1) 76 
metabolism involved in several anabolic pathways, including the de novo synthesis of purines 77 
(Fig. 1, Kastanos et al., 1997; Piper et al., 2000). It is obtained from cytoplasmic serine by the 78 
ac&on of the serine hydroxymethyltransferase (Shm) and the trifunc&onal C1-tetrahydrofolate 79 
synthase (Mis1) (Fig. 1). In the THF-C1 metabolism, formate serves as a shujle for C1 units 80 
between the cytoplasm and the mitochondrion, as THF deriva&ves cannot cross the 81 
mitochondrial membrane (Kastanos et al., 1997). 82 
Herein, we aim to inves&gate the regula&on of pAOX1 by formate in an FDH1 knockout (fdh1D) 83 
strain. From our inves&ga&on, it became evident that endogenous formate from THF-C1 84 
metabolism was sufficient to trigger pAOX1 induc&on in an fdh1Δ mutant grown under non-85 
repressive culture condi&ons (i.e. in the presence of sorbitol) without any supplementa&on of 86 
inducer. In those condi&ons, any pAOX1-based expression system could be poten&ally 87 
converted into a self-induced one. 88 
 89 
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Figure 1: Tetrahydrofolate (THF) mediated one-carbon (THF-C1) metabolism in yeast. Fdh, 97 
formate dehydrogenase; Shm, serine hydroxymethyltransferase; Mis1, trifunc&onal C1-98 
tertahydrofolate synthase (Mis1-1, Mis1-2, Mis1-3); THF, tetrahydrofolate. FDH gene knockout 99 
is men&oned in red, and enzymes involved in pathways are shown in brown. 100 
 101 
Experimental procedures 102 
Strains and media and culture condi;ons  103 
 The P. pastoris and Escherichia coli strains used are listed in Table 1 and S1, respec&vely. E. coli 104 
was cul&vated at 37°C in Luria-Bertani medium (LB), supplemented with an&bio&cs as follows: 105 
100 µg ml-1 ampicillin, 50 µg ml-1 kanamycin, 25 µg ml-1 zeocin, or 50 µg ml-1 hygromycin. P. 106 
pastoris strains were cul&vated at 30°C either in YPD medium (containing 20 g l-1 glucose, 10 g 107 
l-1 Difco yeast extract, and 10 g l-1 Difco bacto peptone) or YNB medium (containing 1.7 g L-1 108 
Difco YNB w/o ammonium chloride and amino acids, 5 g l-1 NH4Cl and, 0.4 mg l-1 bio&n, 100mM 109 
potassium phosphate buffer, pH 6.0) supplemented with as follows: 10 g l-1 sorbitol and 2 g l-1 110 
Difco casamino acid (YNBSC), 10 g l-1 sorbitol,  5.1 g l-1  methanol and  2 g l-1 Difco casamino 111 
acid  (YNBSMC); 10 g l-1 sorbitol,  10.8 g l1 formate and2 g l-1 Difco casamino acid (YNBSF), 10 112 
g. l-1 sorbitol (YNBS), 10 g l-1 sorbitol and 5.1 g l-1  methanol  (YNBSM); 10 g l-1 sorbitol and 10.8 113 
g l1 formate (YNBSF); 10 g l-1 glycerol (YNBG);  6.3 g l-1 methanol and 4.0 g l-1 sorbitol (YNBMS); 114 
10 g l-1 sorbitol and 2 g l-1 serine (YNBSS), 10 g l-1 sorbitol with 2 g l-1 glycine (YNBSG). P. pastoris 115 
transformants were selected on YPD agar plates, supplemented with an&bio&cs as follows 116 
when requested: 25 µg ml1 zeocin (YPD-Zeo), 200 µg ml-1 hygromycin (YPD-Hygro), 500 µg ml1 117 
gene&cin (YPD-Genet) or 100 µg ml1 nourseothricin (YPD-Nat).  118 
For all cultures, a first preculture inoculated from a single colony was performed for 12 h at 119 
30°C and 150 rpm in a 250 ml shake flask containing 25 ml of liquid YPD medium. Aser 120 
centrifuga&on at 9000 g for 5 min, the cells were washed with phosphate-buffered saline (0.1 121 
M, pH 6) before being used to inoculate a second preculture in the same condi&ons in YNB 122 
media supplemented as described above. Cultures were performed in 24-square deep well 123 
plates (System Duetz, Enzyscreen) as described elsewhere containing 1.5 ml of medium (Sassi 124 
et al. 2016), in 50 ml shake flasks (5 ml medium) or in microbioreactor (BioLector 2, m2p-labs, 125 
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Baesweiler, Germany). For that purpose, 48-well Flower plates (M2P-MTP-48-B, Beckman 126 
Coulter Life Sciences, USA) containing 1 ml of medium were used. Cultures were operated for 127 
60h with a rela&ve humidity of 85%, under constant agita&on at 1000 rpm. Every 10 minutes, 128 
biomass was monitored using scajered light intensity at a wavelength of 620 nm while cell 129 
fluorescence was quan&fied at 520 nm (excita&on at 488 nm). The gain was set as 2 for biomass 130 
and 4 for fluorescence. Specific fluorescence was obtained by dividing the fluorescence value 131 
by the biomass value. It was expressed in specific fluorescence units (sFU). All cultures were 132 
seeded at an ini&al op&cal density at 600 nm of 0.5 from cells grown in the second preculture. 133 
Cultures in 24-square deep well plates were performed with three biological replicates, 134 
whereas cultures in the BioLector were performed with two biological replicates, each 135 
supported by two technical replicates, resul&ng in a total of four replicates. 136 
 137 

Table 1. Pichia pastoris strains used in this study. 
Name Parental strain, Genotype Source/Reference 
RIY232 GS115, HIS4 Theron et al (2019) 
RIY230 GS115, pAOX1-eGFP Velastegui et al (2019) 
RIY308 GS115, pAOX1-αMF-CalB Velastegui et al (2019) 
RIY536 RIY230, fdh1∆, pAOX1-eGFP, Zeo+ This work 
RIY537 RIY308, fdh1∆, pAOX1-αMF-CalB, Zeo+ This work 
RIY540 RIY536, fdh1∆, pAOX1-eGFP This work  
RIY561 RIY537, fdh1∆, pAOX1-αMF-CalB This work 
RIY624 RIY540, fdh1∆, pAOX1-eGFP, pGAP-FDH1, Zeo+ This work 
RIY641 RIY540, fdh1∆, shm1∆, pAOX1-eGFP, Nat+ This work 
RIY640 RIY540, fdh1∆, shm2∆, pAOX1-eGFP, Zeo+ This work 
RIY642 RIY540, fdh1∆, shm1∆, shm2∆, pAOX1-eGFP, Zeo+, Nat+ This work 
   

General gene;c techniques 138 
Standard media and techniques were used for E. coli (Sambrook and Russell, 2001). Restric&on 139 
enzymes, DNA polymerases, and T4 DNA ligase were obtained from New England Biolabs (NEB, 140 
Ipswich, MA, USA) or Thermo Scien&fic (Thermo Scien&fic, Waltham, MA USA). Primers for 141 
PCR and qPCR were synthesized by Eurogentec (Seraing, Belgium, Table S2). Vector TopoBluntII 142 
and pGEMTeasy were from Invitrogen (Waltham, Massachusetts, United States) and Promega 143 
(Madison, Wisconsin, United States), respectively. Genomic DNA was purified using a Genomic 144 
DNA Purifica&on kit (Thermo Scien&fic, Waltham, MA USA). DNA fragments were purified from 145 
agarose gels using a NucleoSpin Gel and a PCR clean-up kit (Machery-Nagel, Düren, Germany). 146 
DNA sequencing was performed by Eurofin Genomic (Eurofin, Ebersberg, Germany). 147 
Quan&ta&ve PCR (qPCR) were performed as described elsewhere with primers listed in Table 148 
S1, using the ac&n gene as a reference. Total RNA was extracted using the NucleoSpin RNA Plus 149 
kit (Machery-Nagel, Düren, Germany). qPCR was performed using the Luna Universal qPCR 150 
Master Mix and the Step OnePlus Real-Time PCR system (Thermo Scien&fic, Waltham, MA, 151 
USA). Primers and plasmid designs were performed using the sosware Snapgene (Dotma&cs, 152 
USA). Vectors were constructed using the GoldenPiCS Kit (Prielhofer et al., 2017, Addgene kit 153 
#1000000133). P. pastoris was transformed as described by Lin-Cereghino et al., (2005).  154 
 155 
Construc;on of plasmids and P. pastoris strains  156 
To construct the gene disrup&on cassejes, a ~ 1kb fragment upstream of the start codon (Pro-157 
gene) and ~ 1kb fragment downstream of the stop codon (Term-gene) of the genes 158 
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PAS_chr3_0932 (FDH1), PAS_chr4_0587 (SHM1) and PAS_chr4_0415 (SHM2) were PCR-159 
amplified using P. pastoris GS115 genomic DNA as a template. The primer pairs used to amplify 160 
Pro-gene and Term-gene were P.fdh1-Fw/P.fdh1-Rv and T.fdh1-Fw/T.fdh1-Rv for FDH1, P.shm1-161 
Fw/P.shm1-Rv and T.smh1-Fw/T.shm1-Rv for SHM1; and P.shm2-Fw/P.shm2-Rv and T.smh2-162 
Fw/T.shm2-Rv for SHM2. The zeocin and nourseothricin selec&on markers were amplified from 163 
plasmids D12-BB3aZ_14 and E6-BB3aN_14 (Table S1), used as a template with primer pairs 164 
BleoR.fdh1-Fw/BleoR.fdh1-Rv, Nat.shm1-Fw/Nat.shm1-Rv and BleoR.shm2-Fw/ BleoR.shm2-165 
Rv and subsequently used to construct the FDH1, SHM1 and SHM2 disrup&on cassejes, 166 
respec&vely. The FDH1 disrup&on casseje (P_fdh1-Bleo.R-T_fdh1) was obtained by Golden 167 
Gate assembly using BsaI as restric&on enzyme. The SHM1 and SHM2 disrup&on cassejes 168 
(Pro_gene-Selec&on Marker-Term_gene) were obtained by an overlapping PCR using the 169 
corresponding purified Pro_gene, selec&on marker, Term_gene fragment as templates and 170 
primer pairs P.fdh1-Fw/T.fdh1-Rv, P.shm1-Fw/T.shm1-Rv and P.shm2-Fw/T.shm2-Rv, 171 
respec&vely. The resul&ng ~ 3.2 kb fragments were cloned into the pGEMT-Easy vector or Blunt 172 
II-Topo vector to generate plasmids RIP 369 (FDH), RIP491 (SHM2), RIP492 (SHM1) (Table S1). 173 
The FDH1 disrup&on casseje from plasmid RIP369 was subsequently used to transform strains 174 
RIY230 (pAOX1-eGFP) and RIY308 (pAOX1-αMF-CalB) to yield strains RIY536 (fdh∆, pAOX1-175 
eGFP, Zeo+) and RIY537 (fdh∆, pAOX1-αMF-CalB, Zeo+), respec&vely. Construc&on of strains 176 
RIY230 and RIY308 were described in Velastegui et al., (2019). The SMH1 and SHM2 disrup&on 177 
cassejes from plasmids RIP492 and RIP491 were used to transform strain RIY540 to generate 178 
the strains RIY639, RIY641 and RIY642 (Table 1). The disrup&on cassejes were released from 179 
the corresponding plasmid by SacI restric&on. Transformants were selected on YPD-Zeo and 180 
YPD-Nat, according to the corresponding marker. For marker rescue, strains RIY536, and 181 
RIY237 were transformed with the replica&ve vector RIP396 (pKTAC-Cre) and transformants 182 
were selected YPD-Genet. The resul&ng strains were RIY540 (fdh∆, pAOX1-eGFP) and RIY561 183 
(fdh∆, pAOX1-αMF-CalB). To construct the FDH1 expression vector, the GoldenPiCS system was 184 
used (Prielhofer et al., 2017). Internal BpiI recogni&on sequence in gene PAS_chr3_0932 185 
(FDH1) was removed by overlapping PCR using pairs Fdh1-Fw/Fdh1.BpiI-Rv and Fdh1.BpiI-186 
Fw/Fdh1-Rv using P. pastoris GS115 genomic DNA as a template. The resul&ng PCR product 187 
was cloned into plasmid A2 (BB1-23) at BsaI restric&on site to yield plasmid RIP465. Plasmid 188 
RIP466 (pGAP-FDH1-ScCYC1j) was constructed by Golden Gate assembly from the plasmids 189 
RIP465, A4 (BB1_12_pGAP), C1 (BB1_34_ScCYC1j) and E1. (BB3eH_14) using BpiI as the 190 
restric&on enzyme. Aser PmeI diges&on and purifica&on, plasmid RIP466 was used to 191 
transform the RIY540 strain (fdh∆, pAOX1-eGFP) to yield the RIY624 strain (pAOX1-EGFP, pGAP-192 
FDH).  Transformants were selected on YPD-Hygro. Correctness of the disrup&on mutant 193 
genotype was confirmed by analy&cal PCR on the genomic DNA of the different disrupted 194 
strains. For gene disrup&on, the forward primers annealed upstream of the Pro-genes, namely 195 
Up.fdh1-Fw, Up.shm1-Fw, Up.shm2-Fw, for genes FDH1, SHM1 and SHM2, respec&vely, while 196 
the reverse primers annealed within the selec&on marker, namely BleoR.Int-Rv for genes FDH1 197 
and SHM2, and Nat.shm1-Rv for gene SHM1. As further confirma&on, forward primers that 198 
annealed within the selec&on marker BleoR.Int-Fw for gene FDH1 and SHM2, and Nat.Int-Fw 199 
for gene SHM1 and reverse primers that annealed downstream of the Term-gene, namely Dw. 200 
fdh1-Rv, Dw.shm1-Rv, Dw.shm2-Rv, for gene FDH1, SHM1 and SHM2, respec&vely, were used. 201 
To confirm the excision of the selec&on marker in the fdh1D strain RIY536, primer pairs P.fdh1-202 
Fw/T.fdh1-Rv were used. To verify the genotype of the RIY624 strain (FDH1 complemented 203 
strain), primers pGAp.Int-Fw and Cyc1t.Int-Rv that annealed in the pGAP and the ScCYC1j 204 
region were used. 205 
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Analy;cal methods. 206 
Cell growth was monitored either by op&cal density at 600nm (OD600) or dry cell weight (DCW) 207 
as previously described (Carly et al., 2016). Methanol, sorbitol, and glycerol concentra&ons 208 
were determined by HPLC (Agilent 1100 series equipped RID detector, Agilent Technologies, 209 
Santa Clara, CA, USA) using an Aminex HPX-87H ion-exclusion column (300 × 7.8 mm Bio-Rad, 210 
Hercules, CA, USA). Compounds were eluted from the column at 65 °C with a flow rate of 0.5 211 
ml min−1 and using a 5 mM H2SO4 solu&on as the mobile phase. 212 
Intracellular eGFP fluorescence was quan&fied using a BD Accuri C6 Flow Cytometer (BD 213 
Biosciences, San Jose, CA, USA) as described elsewhere(Sassi et al., 2016). For each sample, 214 
20,000 cells were analyzed using the FL1-A and FSC channels, and FL1-A/FSC dot plots were 215 
analyzed using the CFlowPlus sosware (Accuri, BD Biosciences). A threshold of 5800 216 
fluorescence units (FU) on FL1-A channel was applied to eliminate the noise for endogenous 217 
fluorescence from the cells. To calculate the total value of fluorescence in the cell popula&on, 218 
the FL1-A median value (i.e., the eGFP fluorescence) was mul&plied by the frac&on of cells 219 
with eGFP fluorescence (i.e., induced cells). It was expressed in total fluorescence unit (TFU). 220 
Spectrophotometric analysis of eGFP was performed on SpectraMax M2 (Molecular Devises, 221 
San Jose San Jose, CA, USA) using λex and λem at 488 and 535 nm, respec&vely. Measurements 222 
were taken aser 30 s of sample shaking. Signal gain was set to 225, and the number of light 223 
flashes was set to 30. Specific eGFP fluorescence was expressed as specific fluorescence units 224 
(SFU), i.e., as fluorescence value normalized to biomass related to op&cal density at 600 nm 225 
(OD600) of 0.5. 226 
The lipase ac&vity in the culture supernatant was determined by monitoring the hydrolysis of 227 
p-nitrophenylbutyrate (p-NPB) as described elsewhere (Fickers et al., 2003). The release of 228 
para-nitrophenol was monitored at 405 nm using a SpectraMax M2 (Molecular Devices, San 229 
Jose, CA, USA). All lipase ac&vity assays were performed at least in triplicate. One unit of lipase 230 
ac&vity was defined as the amount of enzyme releasing 1 µmol p-nitrophenol per minute at 231 
25 °C and pH 7.2 (εPNP = 0.0148 µM−1.cm−1). 232 
 233 
Fluorescence microscopy  234 
Microscopy was performed with a Nikon Eclipse Ti2-E inverted automated epifluorescence 235 
microscope (Nikon Eclipse Ti2-E, Nikon France, France) equipped with a DS-Qi2 camera (Nikon 236 
camera DSQi2, Nikon France, France), a 100× oil objec&ve (CFI P-Apo DM Lambda 100× Oil 237 
(Ph3), Nikon France, France). The GFP-3035D cube (excita&on filter: 472/30 nm, dichroic 238 
mirror: 495 nm, emission filter: 520/35 nm, Nikon France, Nikon) was used to visualize eGFP. 239 
Prior observa&on, cells were washed with phosphate buffer saline and diluted at a cell 240 
concentra&on of 0.5 gDCW l-1. For image processing, ImageJ sosware was used (Collins, 2007; 241 
Schneider et al., 2012). 242 
 243 
Results and discussion  244 
AOX1 promoter ac2vity is upregulated by formate 245 
In methylotrophic yeasts, formate is an intermediate of the methanol dissimila&on pathway 246 
(Hartner & Glieder, 2006, Fig. S1). Studies have demonstrated the efficacy of formate as both 247 
an inducer and a carbon source to produce recombinant proteins (rProt) in P. pastoris (Singh 248 
and Narang, 2020; Liu, Li, et al., 2022; Liu, Zhao, et al., 2022). Herein, an enhanced green 249 
fluorescent protein (eGFP) reporter system was used to probe the regula&on of the AOX1 gene 250 
promoter (pAOX1) by formate. For this purpose, the RIY230 strain (pAOX1-eGFP, hereaser 251 
FDH1 strain, (Velastegui et al., 2019) was grown on sorbitol (YNBS) supplemented or not with 252 
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methanol or formate (YNBSC, YNBSMC, and YNBSFC, respec&vely). Sorbitol was selected as 253 
the carbon source since it is known as non-repressive for pAOX1 (Niu et al., 2013). Specific 254 
eGFP fluorescence was monitored in cells by flow cytometry at the end of the growth phase 255 
(i.e., 18h) and during the sta&onary phase (i.e., 24h). As shown in Fig. 2, the pAOX1 induc&on 256 
levels (eGFP signal) were low on sorbitol medium (16601 and 9340 TFU, respec&vely). They 257 
were remarkedly higher and in the same range for cells grown on sorbitol-methanol (61207 258 
and 48518 TFU, respec&vely) or sorbitol-formate (50488 and 52960 TFU, respec&vely). These 259 
observa&ons contrast with a recent report on similar experiments conducted on glycerol-260 
based defined media (YNBG), where eGFP-specific fluorescence levels were reported as 4.1-261 
fold lower in the presence of formate compared to methanol (Feng et al., 2022). This 262 
demonstrates that formate can subs&tute methanol for pAOX1 induc&on, at least in a sorbitol-263 
minimal medium. 264 
 265 

 266 

Figure 2: eGFP fluorescence of RIY230 strain (pAOX1-eGFP, FDH1 strain) a\er 18h and 24 h of growth 267 
in YNB minimal medium containing sorbitol and formate (YNBSFC, grey), sorbitol and methanol 268 
(YNBSMC, yellow), and sorbitol (YNBSC, blue). Fluorescence was quan`fied by flow cytometry on 269 
20,000 cells and expressed as TFU (total fluorescence, see materials and method for calcula`on 270 
details). Data are the mean and standard devia`on of triplicate cultures conducted in deep well plates.  271 
 272 
Formate can be used as a free inducer in an fdh1D strain 273 
In the methanol dissimila&on pathway, formate is converted to carbon dioxide by formate 274 
dehydrogenase (Fdh, Fig. S1). In methylotrophic yeasts, including P. pastoris, Fdh was shown 275 
as non-essen&al for cell survival. However, the growth of a formate dehydrogenase knockout 276 
mutant (fdh1D) is remarkedly reduced in a methanol-based medium (Guo et al., 2021). 277 
Moreover, an fdh1D strain exhibits a heightened sensi&vity to the accumula&on of formate in 278 
the medium, indica&ng that the primary physiological func&on of Fdh is more related to the 279 
detoxifica&on of intracellular formate rather than energy genera&on (Sibirny et al., 1990; Sakai 280 
et al., 1998). Therefore, the knockout of gene FDH1 in P. pastoris would render formate a free 281 
pAOX1 inducer in non-repressive condi&ons (in the presence of sorbitol). For that purpose, the 282 
FDH1 knockout RIY540 strain (fdh1∆, pAOX1-eGFP, hereaser fdh1D, Table 1) was constructed. 283 
It was grown on sorbitol, sorbitol-methanol, or sorbitol-formate (YNBSC, YNBSMC, and 284 
YNBSFC, respec&vely), and the eGFP fluorescence was quan&fied by flow cytometry aser 18 h 285 
and 24 h of culture. On sorbitol-methanol (YNBMC), eGFP fluorescence signals were on 286 
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average for both sampling &mes in the same range for the fdh1∆ and FDH1 strains (i.e. 42715 287 
and 54862 TFU, respec&vely; Fig. 2 and 3). This demonstrates that the knockout of FDH1 has 288 
no impact on the strength of the pAOX1 induc&on level by methanol. By contrast, on sorbitol-289 
formate, the fluorescence signals were, on average, for both sampling &mes 1.9-fold higher 290 
for the fdh1∆ strain compared to the FDH1 strain (i.e. 100359 and 51724 TFU, respec&vely). 291 
Therefore, preven&ng P. pastoris from dissipa&ng formate into carbon dioxide yielded higher 292 
induc&on levels of pAOX1 on formate than on methanol. More importantly, for the FDH1-293 
knockout strain, eGFP fluorescence signals were in the same range on sorbitol and sorbitol-294 
formate on average for the two sampling &mes (i.e. 99632 and 100359 TFU, respec&vely). It 295 
was also 7.6-fold higher on average for the fdh1∆ strain compared to the FDH1 strain on 296 
sorbitol (i.e., in the absence of any inducer; 99632 and 12970 TFU). These results were 297 
corroborated by quan&fying the eGFP gene expression level for the fdh1∆ strain grown on 298 
sorbitol. It was 2.9 and 3.2-fold increased the fdh1∆ strain compared to the FDH1 strain aser 299 
18 h and 24 h of growth, respec&vely (Fig. S2). Fluorescence microscopy also clearly showed a 300 
higher eGFP level for the knockout strain on sorbitol (i.e. without the addi&on of formate; Fig. 301 
S3). 302 

 303 

Figure 3. eGFP fluorescence of RIY540 strain (fdh∆, pAOX1-eGFP, fdh1D strain) a\er 18h and 24 h of 304 
growth in YNB minimal medium containing sorbitol and formate (YNBSFC, grey), sorbitol and methanol 305 
(YNBSMC, yellow), and sorbitol (YNBSC, blue). Fluorescence was quan`fied by flow cytometry on 306 
20,000 cells and expressed as TFU (total fluorescence, see materials and method for calcula`on 307 
details). Data are the mean and standard devia`on of triplicate cultures conducted in deepwell plates. 308 
 309 
Complementa2on of the fdh1D strain restored the wild-type phenotype 310 
To confirm that the phenotype of the fdh1∆ strain is related to the disrup&on of the gene 311 
PAS_chr3_0932, it was expressed under the control of the cons&tu&ve pGAP promoter in the 312 
RIY540 strain. The resul&ng RIY624 strain (fdh1D, pAOX1-eGFP, pGAP-FDH, hereaser fdh1D-313 
FDH1) was grown on sorbitol (YNBS) together with FDH1 and fdh1D strains, used as nega&ve 314 
and posi&ve controls, respec&vely. The fluorescence level of the fdh1D-FDH1 strain was 315 
reduced by 24-fold on average on two sampling &mes (18 h and 24 h) as compared to the 316 
fdh1D strain (i.e.87218 and 3657 TFU, respec&vely; Fig. S4). This demonstrates that the 317 
disrup&on of the FDH1 gene is related to the phenotype of the knockout strain. 318 
 319 
 320 
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Unravelling the origins of formate in a methanol-free environment   321 
In the fdh1D strain, a strong increase in the pAOX1 induc&on level was observed under non-322 
repressive culture condi&ons and in the absence of formate compared to the FDH1 strain (on 323 
sorbitol medium, YNBSC). This suggests that formate is generated in an alterna&ve metabolic 324 
pathway and somehow accumulates intracellularly in the fdh1D strain. Besides the methanol 325 
dissimila&on pathway, formate is generated from cytoplasmic serine in the THF-C1 metabolism 326 
by Shm1 and Mis1 enzymes (Fig. 1, Kastanos et al., 1997). In a P. pastoris wild-type strain, 327 
formate generated through that metabolism can, therefore, be consumed either by Mis1 to 328 
form formyl-THF or by Fdh to form carbon dioxide. As the disrup&on of gene FDH1 prevent this 329 
conversion into carbon dioxide, formate may somehow accumulate intracellularly in the fdh1D 330 
strain, explaining thus the induc&on level of pAOX1 in non-repressive condi&ons. To verify this 331 
hypothesis, the expression of gene FDH1 (as well as FGH1 and FLD) was first confirmed by qPCR 332 
in cells grown on sorbitol (YNBS, Fig. S5). We then try to increase the intracellular formate 333 
forma&on through the THF-C1 pathway indirectly by the addi&on of serine in the culture 334 
medium. Therefore, FDH1 and fdh1D strains were grown in sorbitol-based media 335 
supplemented or not with serine (YNBS and YNBSS, respec&vely), and the specific fluorescence 336 
(i.e. normalized to biomass) was monitored over 60 h. For the FDH1 strain, the fluorescence 337 
signal remained at a constant and low level, similar to the RIY232 strain (GS115 prototroph), 338 
on both media and throughout the en&re cul&va&on period (Fig. 4A & B). This suggests that 339 
pAOX1 is most probably not induced in those condi&ons in the FDH1 strain. By contrast, the 340 
fluorescence signal and thus pAOX1 induc&on level were remarkedly higher for the fdh1D 341 
strain, especially on a medium supplemented with serine. The specific fluorescence values for 342 
the fdh1D  strain aser 60 h of growth were 4.0 and 6.1-fold increased on sorbitol and sorbitol-343 
serine, respec&vely, compared to the FDH1 strain. Moreover, the addi&on of serine in the 344 
medium yielded for the fdh1D strain a 1.5-fold increased fluorescence signal compared to the 345 
non-supplemented medium. Similarly, we tried to decrease the intracellular formate 346 
forma&on through the THF-C1 pathway by growing the cell in the presence of glycine, as it has 347 
been reported as a Shm inhibitor (Piper et al., 2000). As shown in Fig 4C, the addi&on of glycine 348 
impaired pAOX1 induc&on for both strains for over 50 h. Gene PAS_chr4_0415 (SHM2) 349 
encoding cytoplasmic Shm was also disrupted in the fdh1D strain. The resul&ng RIY640 strain 350 
(fdh1∆, shm2∆, pAOX1-eGFP, hereaser fdh1∆-shm2∆) was grown on sorbitol in the presence 351 
or not of serine or glycine (YNBS, YNBSS and YNBSG, respec&vely). In all tested media, the 352 
specific fluorescence signal was markedly lower for fdh1∆-shm2∆ strain as compared to the 353 
fdh1∆ strain (Fig. 4). By contrast, disrup&on of genes PAS_chr4_0587 (SHM1) encoding 354 
mitochondrial (Shm1) did not reduce remarkedly the eGFP fluorescence (Fig S6). These 355 
findings substan&ate the hypothesis that the intracellular formate is higher in the fdh1D strain, 356 
accoun&ng for pAOX1 induc&on in non-repressive culture condi&ons. 357 
 358 
 359 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 29, 2024. ; https://doi.org/10.1101/2024.05.29.596193doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.29.596193
http://creativecommons.org/licenses/by-nc-nd/4.0/


 10 

 360 

 361 

 362 
Figure 4: Specific eGFP fluorescence of RIY232 (WT, black); RIY230 (pAOX1-eGFP, green); 363 
RIY540 (fdh∆, pAOX1-EGFP; blue); RIY640 (fdh∆, shm2∆ pAOX1-eGFP; orange) strains; during 364 
growth in YNB minimal medium containing sorbitol (YNBS, panel A), sorbitol and serine 365 
(YNBSS, panel B), and sorbitol and glycine (YNBSG, panel C) Cells were grown in BioLector and 366 
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specific fluorescence values are means and standard devia&on on four cultures replicates. sFU: 367 
specific fluorescence unit. 368 
 369 
ProducIon of a secreted protein by an fdhD mutant in sorbitol-based medium 370 
In many recombinant protein (rProt) produc&on processes using P. pastoris, glycerol is used in 371 
a first phase to generate biomass at a high cell density, to repress pAOX1 and thus to prevent 372 
rProt synthesis. In a second phase, the carbon source is shised to methanol or to a mixture of 373 
methanol and sorbitol to trigger rProt synthesis by induc&on of pAOX1 promoter (Niu et al., 374 
2013; Carly et al., 2016; Berrios et al., 2017). In the rProt produc&on phase, the purpose is to 375 
direct most of the energy from carbon sources to rProt synthesis while minimizing cell growth. 376 
Herein, the lipase B from Candida antarc;ca (CalB) was used in combina&on with the α-ma&ng 377 
factor from S. cerevisiae as a secretory protein reporter. The CalB coding sequence was cloned 378 
under the control of the pAOX1 promoter and integrated into the genome of the RIY232 strain, 379 
a prototroph deriva&ve of P. pastoris GS115 (Velastegui et al., 2019). In the resul&ng RIY308 380 
strain (pAOX1-αMF-CalB, CalB strain), the FDH1 encoding gene was then knockout to yield the 381 
RIY561 strain (fdh1∆, pAOX1-αMF-CalB, CalB-fdh1∆ strain). Both strains were grown either on 382 
glycerol, on a mixture of methanol and sorbitol (60/40, 0.3 C-mol as in Carly et al., 2016; Niu 383 
et al., 2013), and on sorbitol (i.e., YNBG, YNBMS and YNBS, respec&vely). Biomass and specific 384 
lipase CalB ac&vity were quan&fied at different &me points over 36 h (Fig.5).  385 
On glycerol, cell growth for the CalB and the CalB-fdh1∆ strains were similar, with biomass 386 
values equal to 10.6 ± 0.1 and 10.1 ± 0.3 gDCW l-1, respec&vely, at the end of the growth phase 387 
(i.e., 12h, Fig 5.A). As expected, the lipase ac&vity could not be detected during the first 12h, 388 
then aser it increased slightly upon glycerol exhaus&on in the medium (i.e. in pAOX1 389 
derepressed condi&on, data not shown). On methanol (YNBSM), the biomass of the CalB-390 
fdh1∆ strain was markedly lower compared to the CalB strain, most probably due to the 391 
accumula&on of toxic methanol catabolism byproducts (i.e., formate) as previously reported 392 
(Guo et al., 2021). For both strains, the specific CalB lipase ac&vity increased similarly over 393 
&me to reach values aser 30 h of 113.6 and 113.3 U mgDCW-1 for the CalB and the CalB-fdh1∆ 394 
strains, respec&vely (Fig 5.D). On sorbitol, both strains exhibited similar lower biomass values 395 
as compared to the glycerol medium. This could be lined with the lower uptake rate for sorbitol 396 
compared to glycerol (0.02 g gDCW-1 h-1 and 0.9 g gDCW-1 h-1, respec&vely; data not shown). 397 
Most importantly, the maximal specific lipase ac&vity was remarkedly higher for the FDH 398 
disrupted strain (CalB-fdh1∆) compared to the non-disrupted one (i.e. 130-fold). The specific 399 
lipase CalB ac&vity for the CalB-fdh1∆ strain was in the same range on sorbitol and sorbitol-400 
methanol medium (136 U mgDCW-1 and 113.3 U mgDCW-1, respec&vely). However, it was 401 
reached 2.4 &mes faster on sorbitol medium (i.e. aser 15h and 36 h, respec&vely, Fig 5F).  402 
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 403 

Figure 5. Biomass and specific lipase ac&vity during growth of strains RIY 308 (pAOX1-αMF-404 
CalB, strain CalB, green squares) and RIY561 (fdh1∆-pAOX1-αMF-CalB, strain CalB- fdh1∆, - 405 
blue triangles) in the presence of glycerol (YNBG, panels A and B), methanol-sorbitol (YNBMS, 406 
panels C and D) and sorbitol (YNBS, panels E and F).  Data are mean and standard devia&on 407 
from cultures were performed in triplicate in shake flasks in triplicate. Lipase assays were 408 
performed in triplicates. 409 
 410 
 411 
Conclusion 412 
Herein, we have demonstrated that formate from the THF-C1 metabolism induces the pAOX1 413 
promoter in an fdh1Δ strain grown under derepressed culture condi&ons. This is par&cularly 414 
interes&ng for recombinant protein produc&on processes, as adding inducers such as 415 
methanol or formate is no longer required to trigger rProt synthesis. By growing the cells in a 416 
mixture of glycerol and sorbitol, rProt synthesis is ini&ated upon glycerol deple&on in the 417 
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medium. This autoinduced system paves the way for further development of methanol-free 418 
processes for rProt synthesis in P. pastoris. 419 
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