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	Primer
	DNA sequence*

	
	

	
	

	pPIC35sdm-F
	5'-GTCACTATGGCGTGCTGCTGGATCCATATGCGTTGATGCAATTTC-3'

	pPIC35sdm-R
	5'-GAAATTGCATCAACGCATATGGATCCAGCAGCACGCCATAGTGAC-3'

	gdh-sdm-F
	5'-GCCTGGCTTGCTTCCAAGGAAGCCAGCTA-3'

	gdh-sdm-R
	5'-TAGCTGGCTTCCTTGGAAGCAAGCCAGGC-3'

	gdh-F
	5'-CGCGCGTTCGAACAAAATGTACCCGGATTTAAAAGG-3'

	gdh-R
	5'-GAATTAGAATTCTTAACCGCGGCCTGCCTGGA-3'

	PsXR-F
	5'-GCGCGCTTCGAACAAAATGCCTTCTATTAAGTTGAA-3'

	PsXR-R
	5'-GGCGAGCAATTGTTAGACGAAGATAGGAATCT-3'

	CpXR-F2
	5'-ATGTCNATYAARTTRAAYTCNGG-3'

	CpXR-R2
	5'-CTARACAAARAYTGGAATGT-3'

	CpXR-F3
	5'-CGCGGCTTCGAACAAAATGTCGATTAAATTAAATTC-3'

	CpXR-R3
	5'-TAAGCTGAATTCCTAGACAAAGATTGGAATGTGATC-3'

	Ex1out
	5'-ACGCAGTGAGGGGACAACATGAGCCGAAGT-3'

	Ex1in
	5'-CTCAACCTCGTTGCCGTAGTCGCAGGCACCATCGAAGAGG-3'

	Ex2in
	5'-CCTCTTCGATGGTGCCTGCGACTACGGCAACGAGGTTGAG-3'

	Ex2out
	5'-GTTGGTGGGCTGGTTGAAGCGGATGCC-3'

	NcXR-F
	5'-GCGCGCTTCGAACAAAATGGTTCCTGCTATCAAGCT-3'

	Ex1&2in
	5'-AGGTTCTCAGCGGAGAAGTAGTTGGTGGGCTGGTTGAAGCG-3'

	Ex123-R
	5'-CTAACCGAAAATCCAGAGGTTCTCAGCGGAGAAGTA-3'

	
	


*Underlined sequences represent restriction enzyme cut sites engineered into the primers.
Cost Analysis for Generation of Biocatalyst:
Cost of 10-L in-house fed-batch fermentation was $4800 including the raw materials and harvest. We have shown that these cells can be recycled at least 6 times without loss of significant activity, which effectively reduces the cost of biocatalyst to $800 per cycle. The sixth cycle produced 82.5% of xylitol compared to the production of the first cycle, which leaves additional activity beyond the sixth cycle, thereby further reducing the production cost on a per cycle basis.  Additional costs per cycle can be realized by producing the cells at a 1000 L pilot scale fermentation at a cost of $10,800. Assuming a corresponding 100-fold increase in cell production, the cost per cycle drops to $18 compared to $800 for the cells produced at a 10 L scale. Beyond 6 cycles, the effective unit cost of the cells is reduced further.Production of bio-xylitol from D-xylose by an engineered Pichia pastoris expressing a recombinant xylose reductase did not require any auxiliary substrate as electron donor
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Abstract 
Background: Xylitol is a five-carbon sugar alcohol that has numerous beneficial health properties. It has almost the same sweetness as sucrose but has lower energy value compared to the sucrose.  Metabolism of xylitol is insulin independent and thus it is an ideal sweetener for diabetics. It is widely used in food products, oral and personal care, and animal nutrition as well. Here we present a two-stage strategy to produce bio-xylitol from D-xylose using a recombinant Pichia pastoris expressing a heterologous xylose reductase gene.  The recombinant P. pastoris cells were first generated by a low-cost, standard procedure.  The cells were then used as a catalyst to make the bio-xylitol from D-xylose.
Results: P. pastoris expressing XYL1 from P. stipitis and gdh from B. subtilis demonstrated that the biotransformation was very efficient with as high as 80% (w/w) conversion within two hours. The whole cells could be re-used for multiple rounds of catalysis without loss of activity.  Also, the cells could directly transform D-xylose in a non-detoxified hemicelluloses hydrolysate to xylitol at 70% (w/w) yield.
Conclusions: We demonstrated here that the recombinant P. pastoris expressing xylose reductase could transform D-xylose, either in pure form or in crude hemicelluloses hydrolysate, to bio-xylitol very efficiently.  This biocatalytic reaction happened without the external addition of any NAD(P)H, NAD(P)+, and auxiliary substrate as an electron donor.  Our experimental design & findings reported here are not limited to the conversion of D-xylose to xylitol only but can be used with other many oxidoreductase reactions also, such as ketone reductases/alcohol dehydrogenases and amino acid dehydrogenases, which are widely used for the synthesis of high-value chemicals and pharmaceutical intermediates.
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Background
Xylitol is a five-carbon sugar alcohol that has numerous beneficial health properties [1].  It has almost the same sweetness as sucrose, but with an energy value of 3 cal/g compared to the 4 cal/g of sucrose [2].  Metabolism of xylitol is insulin independent and thus it is an ideal sweetener for diabetics.  It also prevents dental caries and ear infection in small children [3].  Therefore, xylitol has found many applications in food products, oral and personal care, and animal nutrition [4, 5].  In addition, U.S. Department of Energy listed xylitol as one of the twelve biobased platform chemicals that can subsequently be used for the synthesis of other high-value chemicals and materials [6].  Xylitol is currently produced by chemical reduction of D-xylose derived from xylan-rich hardwood sources such as birch and beech wood, with a nickel catalyst under high pressure and high temperature with a yield of about 50%-60% [7, 8].  The use of metabolically engineered S. cerevisiae and E. coli, and natural xylitol-producing yeasts such as Candida sp. has been considered as an alternative for xylitol production [5].  Biotechnological production processes have the advantages of being safer, more environmentally friendly, and have higher yield and specificity than the chemical reduction.  Significant progresses have been made in this area in recent years.  For example, Kwon et al. [9] demonstrated a volumetric productivity and xylitol yield of 12 g·L-1·h-1 and 85% (w/w), respectively, from D-xylose with glucose as a co-substrate by cell-recycle fermentation of Candida tropicalis in a submerged membrane bioreactor.  A metabolically engineered S. cerevisiae was constructed to use D-glucose for xylitol production with a 50% yield [10].  Cirino et al. [11] also engineered an E. coli that produced 250 mM xylitol from D-xylose with glucose as a co-substrate.  In spite of these achievements, biotechnological production of xylitol in industrial scale still faces multiple hurdles.  For example, fermentations are usually several days long and other fermentation products are often co-produced with xylitol which complicate downstream processing [12].  In some situations, a portion of the D-xylose is being used to support the growth of the microorganisms instead of xylitol production and thus reduces xylitol yield [13].  Due to industrial scale production and the relative low value of xylitol, using pure D-xylose as substrate in large-scale fermentations is cost prohibitory [12].  Hemicellulose-containing agricultural wastes such as corn cobs and wheat straws are renewable resources and are widely accepted as feasible sources of D-xylose to realize low-cost, biotechnological xylitol production [14].  Dilute acids are commonly used to hydrolyze hemicelluloses and release its sugar constituents [15-18].  However, a broad range of toxic compounds such as furfural, 5-hydroxymethylfurfural, aliphatic acids, and phenolic compounds are co-produced with D-xylose during hydrolysis and inhibit subsequent fermentations.  Consequently, detoxification of the hydrolysates prior to being used as fermentation substrates is necessary, which will increase xylitol production cost and time [19].

Here we present a two-stage strategy to produce xylitol from D-xylose using a recombinant Pichia pastoris expressing a heterologous xylose reductase gene.  Large amount of the recombinant P. pastoris cells were first generated by a low-cost, standard procedure.  The cells were then used as a biocatalyst to transform D-xylose to xylitol.  Our results demonstrated that the biotransformation was very efficient with as high as 80% (w/w) conversion within two hours.  The whole cells could be re-used for multiple rounds of catalysis without loss of activity.  Also, the cells could directly transform D-xylose in a non-detoxified hemicelluloses hydrolysate to xylitol. Most importantly, we showed that an unknown source of electron donor was present in the P. pastoris cells.  Oxidation of this unknown source of electron donor could couple with the xylose reductase reaction such that biotransformation of D-xylose to xylitol occurred even when no auxiliary substrate (electron donor) was added to the reaction. 


Results 
Cloning of xylose reductase and glucose dehydrogenase genes into Pichia pastoris
Xylose reductase (XR) genes of Neurospora crassa OR47A (NcXR), Candida parapsilosis ATCC 22019 (CpXR), and Pichia stipitis CBS 6054 (PsXYL1) were cloned and expressed, individually or in combination with the Bacillus subtilis glucose dehydrogenase gene (gdh) in Pichia pastoris GS115.  These three XR genes were chosen because of their distinctive preferences for NAD(P)H.  NcXR has a strong preference for NADPH, with kcat/Km, NADPH being 105 times higher than kcat/Km, NADH [20].  Meanwhile, PsXYL1 can use either NADH or NADPH as co-substrate; its XR activity with NADH was about 70% of that with NADPH [21].  A XR gene (xyl1) was previously identified in C. parapsilosis KFCC-18075 and the gene product was characterized as an NADH-preferring XR [22].  C. parapsilosis KFCC-18075 was reported as a mutant of C. parapsilosis ATCC 22019 [23], but the nature of this mutant was not elaborated.  Since KFCC-18075 was unavailable, we attempted to amplified xyl1 (Genbank accession no. AY193716) from genomic DNA prepared from ATCC 22019 using PCR primers designed from xyl1.  Surprisingly, we failed to amplify any PCR product after numerous attempts.   However, using another pair of PCR primers designed from an uncharacterized XR gene (designated as CpXR in this report) identified within the genome of C. parapsilosis isolate 317 [24], a XR gene was amplified from ATCC 22019 and was successfully expressed in P. pastoris.  Among the 3 XR genes, CpXR expression was the weakest in term of amount of protein and enzyme activity (Fig. 1A, lanes 11-15 and Table 1), while NcXR was expressed the best in P. pastoris.

B. subtilis gdh was co-expressed with the various XR genes in P. pastoris such that oxidation of glucose could be used to re-generate NAD(P)H required by the XR reaction.  Co-expression of gdh with the various XR genes resulted in lower expression levels of all three types of XR.  NcXR protein levels in double recombinant clones (Fig. 1B) were lower than the single recombinant clones (Fig. 1A).  Distinctive PsXYL1 protein bands were barely visible in the SDS-PAGE gel loaded with cell extracts prepared from PsXYL1+gdh double recombinant clones, while a distinct CpXR protein band and XR activity were not detectable in cell extracts prepared from CpXR+gdh double recombinant clones (Fig. 1B and Table 1).  Although a distinct 28-kDa band which corresponded to the apparent MW of GDH was not observed in the cell extracts of all double recombinant clones, GDH enzyme activities were detectable in cell extracts (Table 1).  Expression levels of XR in our clones, with or without co-expression of GDH, are comparable to other previous reports.  For example, C. guilliermondii xyl1 was expressed in P. pastoris at 0.65 U/mg protein [25].  C. shehatae, C. tropicalis, and C. tenuis XR genes were expressed in E. coli at 13.5, 7.8, & 1.8 U/mg, respectively [26-28].

Oxidation of formate by formate dehydrogenase (FDH) is another enzyme reaction commonly used in biocatalysis to regenerate NAD(P)H required by a reductase reaction.  Methanol-grown P. pastoris produces FDH naturally and the activity was detectable in cell extracts of single recombinant clones with NcXR or PsXYL1 (Table 1).  The detected level of FDH activities in our clones are comparable to the value reported in a previously study [29] but are low compared to the XR activities.  This imbalance could limit the activity of XR reaction due to insufficient supply of NAD(P)H.  Therefore, double recombinant clones with both XR and GDH genes were selected for further study.  

Biotransformation of D-xylose to xylitol by double recombinant cells extracts
Three double recombinant clones, NcXR+GDH 1000-2, NcXR+GDH 4000-1, and PsXYL1+GDH 4000-4, were chosen for further study because of their high levels of XR and GDH activities (Table 1).  When these cell extracts were incubated with 200 mM D-xylose, 100 mM glucose, and 0.25 mM NAD+, production of xylitol was detected (Fig. S1).  The PsXYL1+GDH 4000-4 cell extracts was the most efficient in transforming D-xylose to xylitol, despite having the lowest level of XR activity among the three cell extracts (Table 1).  Once D-xylose was mixed with this cell extract, instantaneous formation of xylitol was noticed even in 0 hr sample (black trace in Fig. S1C).  Considering the excessive GDH activity in PsXYL1+GDH 4000-4 cell extracts (GDH to XR activity ratio of 1.7:1), it seems possible that the XR reactions in NcXR+GDH 1000-2 and 4000-1 cell extracts were limited by NAD(P)H supply.  However, we did not detect stoichiometric consumptions of glucose in all three reactions (Fig. S1).  P. pastoris FDH should be naturally induced in the double recombinant clones when they were grown in BMMY media.  We therefore tried coupling of FDH with XR for xylitol production.  Xylitol production was detected in reactions with either PsXYL1+GDH 4000-4 or NcXR+GDH 4000-1 cell extracts (Fig. S2).  Again, PsXYL1+GDH 4000-4 cell extracts clearly produced xylitol more efficiently.  Xylitol was formed immediately after D-xylose was in contact with the cell extracts, resulting in the formation of xylitol in the 0 hr samples (black trace in Fig. S2 A).  Surprisingly, xylitol was also produced in reactions with either cell extracts in the absence of formate (Fig. S2B and D).  Xylitol productions in these reactions were definitely catalyzed by enzymatic reactions since boiled cell extracts did not produce any xylitol (data not shown).  These results imply the cell extracts contained either an excessive amount of NAD(P)H or an unknown source of electron donor which was continuously oxidized and produced NAD(P)H to sustain the XR reaction.  

Biotransformation of D-xylose to xylitol by double recombinant whole cells  
In industrial settings, a whole-cell biocatalytic process is often more preferable than a process that uses cell extracts because the biocatalytic enzymes are protected in a more stable environment.  Also, whole cells can be easily recovered and reused for multiple rounds of reactions.  Therefore, we tested whole cells of PsXYL1+GDH 4000-4 and NcXR+GDH 4000-1 clones for xylitol production (Fig. 2).  As observed in previous experiments using cell extracts, addition of glucose or formate was not necessary for the XR reaction.  In fact, addition of glucose to the reaction mixtures slightly inhibited the XR reaction, resulted in less xylitol.  Similar to XR reactions catalyzed by cell extracts, PsXYL1+GDH 4000-4 whole cells were the most active (Fig. 2); xylitol was detected at the 0 hr sample, suggesting immediate transformation of D-xylose to xylitol once the cells contacted with the substrate.  
  
NcXR+GDH 4000-1 and PsXYL1+GDH 4000-4 cells were recycled in multiple rounds of xylitol production in reaction mixtures containing NAD+ but without any auxiliary substrate as electron donor.  PsXYL1+GDH 4000-4 cells could be re-used for at least 6 cycles (Fig. 3A).  About 160 mM of xylitol was produced from 200 mM D-xylose within an hour in the first 3 cycles of reaction.  On the other hand, xylitol production by NcXR+GDH 4000-1 cells declined significantly after the first cycle of reaction; addition of either glucose or formate could not restore the activity (Fig. 3B).  When PsXYL1+GDH 4000-4 cells were used in a reaction without both NAD+ and auxiliary substrate, xylitol production decreased significantly in the second cycle and completely stopped in the third cycle (Fig. 3C).  However, the addition of a catalytic amount of NAD+ to the reaction mixture immediately restored xylitol production to a rate comparable to fresh PsXYL1+GDH 4000-4 cells.  When these cells were re-used for the fourth time, xylitol was not produced unless NAD+ was added again.  The results suggest NAD(P)+ leached from the PsXYL1+GDH 4000-4 cells after two cycles of reactions and impaired xylitol production if not being replenished.  More importantly, our data indicates rather than having an excessive quantity of NAD(P)H, sufficient amount of an unknown electron donor was present in the cells.   Oxidation of this unknown electron donor occurred inside the cells, reducing the added NAD+ to NADH, which was then consumed by XR for xylitol production. 

We observed about 80% (w/w) conversion of D-xylose to xylitol by PsXYL1+GDH 4000-4 cells (Fig. 3A & C).  The lack of conversion beyond 80% could be due to inhibition by xylitol (i.e. product inhibition) or low concentration of D-xylose near the end of reaction.  Multiple NAD+- and auxiliary substrate-free reactions were set up by incubating PsXYL1+GDH 4000-4 cells with various concentrations of D-xylose (Fig. 4).  The initial consumption rates of D-xylose were very similar among these reactions, suggesting PsXYL1 in the cells was not inhibited by D-xylose up to 1.5 M.  About 320 mM xylitol was produced from 400 mM D-xylose (80% conversion), 535 mM xylitol from 750 mM D-xylose (71% conversion), but only about 750 mM xylitol from 1.5 M D-xylose (50% conversion).  The reaction with 1.5 M of D-xylose should not be limited by NAD+ since the cells were not recycled.  The reaction also should not be limited by electron donor since the same amount of cells supported six cycles of transformation of 200 mM xylose with at least 60% conversion in each reaction cycle (Fig. 3A).  The data suggest higher concentration of xylitol could possibly inhibit the XR reaction. It might not be the sole reason why the reaction stopped when 1.5 M D-xylose was used but factors contributed to this inhibitory effect were not clear. 

Biotransformation of D-xylose in a hemicelluloses hydrolysate by PsXYL1+GDH 4000-4 whole cells
We tested the capability of the PsXYL1+GDH 4000-4 cells to directly transform D-xylose in a non-detoxified hemicelluloses hydrolysate.   The hydrolysate contained about 63 g/L (420 mM) D-xylose, 2.0 g/L furfural, and 1.5 g/L hydroxymethylfurfural.  Other sugar was not detected in the hydrolysate.  The pH of this hydrolysate was slightly acidic and therefore it was adjusted to pH 7.0 before cells (100 mg/mL) were added to 1 L of the hydrolysate solution.  The reaction completed within 1 hr without the requirement of any NAD+ and auxiliary substrate (Fig. 5).  About 300 mM xylitol was produced, which was equivalent to 70% (w/w) conversion.

Discussion 
Using cells of a recombinant Pichia pastoris expressing the Pichia stipitis XYL1 and Bacillus subtilis gdh, we demonstrated a very efficient biocatalytic process that produced xylitol from D-xylose.  The conversion of xylose to xylitol by the xylose reductase is the first step of the pentose-phosphate-pathway dependent xylose metabolism in Pichia [].  This route is very well known for a long time and published in several articles [30, 31].  By using P. stipitis xylose reductase, the highest conversion rate obtained was 320 mM xylitol from 400 mM D-xylose (80% conversion) in two hours.  The productivity (g of xylitol / g of cells / h of reaction) observed in this transformation was 2.44.  This process was also applicable to a non-detoxified hemicelluloses hydrolysate solution containing 420 mM D-xylose, with 300 mM xylitol produced in an hour, with the productivity value of 0.46.  Almost one fifth productivity with hemicelluloses hydrolysate compared to the pure xylose, can be attributed to the use of 10 times higher cell concentration and the termination of reaction in 1 hour, for the hydrolysate reaction.  Ideally, we can’t compare the productivity of pure xylose versus crude hemicellulose hydrolysate because the later contains numerous toxic impurities, such as, furfural, hydroxymethylfurfural, aliphatic acids, and phenolic compounds [].  The application of whole cells in biocatalysis is not uncommon [32-36].  Whole cells have the capacity to regenerate NAD(P)+ cofactor required by oxidoreductase reactions.  Moreover, the biocatalytic enzymes are protected in a more stable environment.  Production cost reductions are realized in comparison to the use of purified enzymes by recycling the whole cells for multiple rounds of reactions, thereby avoiding the added costs associated with protein purification.  

In contrast to xylitol production by fermentations using either natural or metabolically engineered microorganisms, our strategy has several advantages.  First, we used a two-stage process that separated fermentation from biocatalysis.  Recombinant P. pastoris expressing PsXLY1 and gdh were cultivated by a standardized procedure to induce expression of XR and GDH.  A large amount of biomass, the biocatalyst, was generated in a short period of time via a 10 L fed-batch fermentation.  If we scale up our fermentation process by 100 fold, the per unit production costs of the biocatalyst will be significantly reduced [].  The cost analysis for the generation of biocatalyst considering scale-up and recycling has been shown in the supplementary information.  The procedures to optimize fermentation and recombinant protein expression in P. pastoris are well described [37].  Second, reduction of D-xylose to xylitol is extremely efficient.  The reaction completed within two hours without the need of NAD+ and any auxiliary substrate as an electron donor (Fig. 2, 5 and 6).  If a catalytic amount of NAD+ was included in the reaction mixture, the PsXYL1+GDH 4000-4 cells could be used for multiple cycles of reaction (Fig. 3A).  Recycling up to six cycles, produced a total 904 mM of xylitol with a productivity of 1.15, where only 200 mM of xylose was used in each cycle (Fig. 3A).  Sixth cycle produced 82.5% of xylitol (132 mM), compared to the production of first cycle, where 160 mM xylitol produced in the first cycle was considered as 100%.  So, there is a still possibility that cells can be reused beyond the sixth cycle (Fig. 3A).  Higher concentration (1.5 M) of xylose produced 750 mM of xylitol with a productivity of 5.70 (Fig. 4).  If we observe similar recycling trend compared to the previous one, with this higher concentration of xylose, six cycles could produce 4238 mM of xylitol with a productivity of 5.37.  Our data also showed that these cells could directly transform D-xylose in a non-detoxified hemicelluloses hydrolysate to xylitol, with efficiency similar to reactions that used pure D-xylose as substrate (Fig. 5).  Non-detoxified hemicelluloses hydrolysates could not be used as a D-xylose source in xylitol-producing fermentation processes with natural or metabolically engineered microorganisms because furfural, hydroxymethylfurfural, aliphatic acids, and phenolic compounds in the hydrolysates inhibit the growth of the microorganisms [19].  Apparently, these inhibitors do not affect PsXYL1 enzyme activity in the cells.  We hypothesize PsXYL1+GDH 4000-4 cells contained an internal source of elector donor, which was oxidized to generate NADH required by the XR reactions (Fig. 2, 3, and 4).  In whole-cell biocatalytic processes involving oxidoreductases, an enzyme system (such as GDH and FDH) that oxidizes an auxiliary substrate (like glucose or formate) is normally used to regenerate NAD(P)H.  The PsXYL1+GDH 4000-4 cells completely bypassed the external addition of the auxiliary substrate.  Production cost is reduced further because separation of the co-product generated from the auxiliary substrate (such as gluconolactone) from xylitol is not necessary.  As there is no role of GDH for this biocatalytic production of xylitol, use of a single recombinant clone expressing XR altogether could be the subject of a follow up investigation, from an academic standpoint.

It has been previously reported that bio-reduction catalyzed by yeasts could be carried out without any auxiliary substrate as electron donor.  In one case, reduction of the carbonyl group of acetoacetate occurred when about 5 mg yeast per mL (mixture of S. cerevisiae and S. bayanus) was used to catalyze the reaction [38].  In another report, reduction of the C=C double bond of (E)-3-ethyl-4-(3-pyridyl)-3-buten-2-one by Baker’s yeast happened without the requirement of any auxiliary substrate as electron donor when a larger amount of yeast was used [39].  Both reports proposed certain unidentified substance stored inside the yeast cells might be used as electron donors for generating NADPH required by the oxidoreductases.  It is known that glucose, glucan, and triacylglycerols are often stored in yeast cells [40-42].  Such accumulated molecules produced by the metabolic pathways inside the yeast cells, can serve as an electron donor for the regeneration of NAD(P)H from NAD(P)+.  To our knowledge, there is no previous study which examined the storage compounds accumulation inside P. pastoris.  Over-expression of heterologous proteins in P. pastoris could pose stressful conditions to the cells and might induce accumulation of storage compounds.  The complete genome sequences of two different strains P. pastoris were recently available for identification of genes and metabolic pathways [43, 44].  A search of P. pastoris GS115 genome database [45] using keywords such as glycogen and acyltransferase easily identified genes that could contribute to triacylglycerol synthesis (locus ID chr2-1_0694 and chr3_0218) and degradation (chr2-1_0794), as well as genes that could be involved in glycogen accumulation (locus ID chr1-3_0035 and chr3_0781) and degradation (locus ID chr2-2_0437).  These findings suggest P. pastoris possibly possesses the enzymes and metabolic pathways to synthesize storage compounds inside the cells.

The biocatalytic process reported here can be improved in several areas.  First, we noticed that there was sufficient NAD(P)+ inside the cells to support the XR reaction.  However, the cell recycling experiment showed that these internal NAD(P)+ leached out from the cells and brought the XR reaction to a complete halt (Fig. 3C).  Addition of a catalytic amount of NAD+ immediately restored the reaction.  Therefore, if NAD(P)+ that leached out from the cells could be separated from the product stream and recycled back to the next round of reaction, we would realize multiple cycles of xylitol production by simply incubating the cells with D-xylose.  The isolation of NAD with ≥ 98% recovery from a biocatalytic reaction mixture, has been demonstrated by using ion-exchange chromatographic methods [46, ].  This same strategy should be able to purify NAD(P)+ from the product stream.
 This biocatalytic process could also be optimized via adjusting the cells to substrate ratio, reaction temperature, and pH control.  Moreover, complete genome sequence of P. pastoris is available and thus modification of the genetic background of the P. pastoris to improve NADH regeneration has become feasible [47].  It will also be possible to improve the accumulation of the currently unknown electron donor via metabolic engineering once the nature of this unknown electron donor is identified.

Conclusions
We demonstrated here that the cells of a recombinant P. pastoris expressing XYL1 from P. stipitis and gdh from B. subtilis could transform D-xylose, either in pure form or in crude hemicelluloses hydrolysate, to xylitol very efficiently.  This biocatalytic reaction happened without the requirement of any NAD(P)+, NAD(P)H, and auxiliary substrate as an electron donor.  A significant amount of an electron donor, whose identity is currently unclear, appears to be present inside the cells and oxidation of this compound re-generated NAD(P)H required by the xylose reductase.  The findings reported here have a broader impact and are not limited to the conversion of D-xylose to xylitol.  Many oxidoreductase reactions, such as ketone reductases/alcohol dehydrogenases or amino acid dehydrogenases, are used for the synthesis of high-value chemicals and pharmaceutical intermediates [33, 48-50].  Our experimental design and findings might be applied to and improved these industrially relevant processes.
 
Methods
Materials 
All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO) and Fisher Scientific (Pittsburgh, PA) unless otherwise noted.  PCR primers were purchased from Integrated DNA Technologies (Coralville, IA).  Turbo Pfu DNA polymerase and corresponding buffer (Stratagene, La Jolla, CA) were used in all PCR reactions unless otherwise noted.  Other molecular biology reagents were purchased from Invitrogen (Carlsbad, CA), New England Biolabs (Ipswich, MA), Fermentas (Glen Burnie, MD), Promega (Madison, WI), Qiagen (Valencia, CA), and Epicentre (Madison, WI).  Hemicellulose hydrolysate was provided by Sriya Innovation, Inc. (Marietta, GA).

Pichia pastoris expression plasmid
P. pastoris expression plasmid pPIC3.5K (Invitrogen) was modified for expression of xylose reductase and glucose dehydrogenase gene.  First, the AfeI site at nucleotide position 1524 of pPIC3.5K was removed by site-directed mutagenesis using primers pPIC35sdm-F and pPIC35sdm-R (Table S1) with the Quikchange II site-directed mutagenesis kit from Stratagene (La Jolla, CA).  The resultant plasmid was designated as pPIC3.5Kx.  Plasmid pPIC3.5Kx was sequentially digested by AfeI and BstZ17I and yielded two blunt-ended DNA fragments (7,911 and 1,093 bp).  The 7,911-bp DNA fragment was gel-purified and self-ligated to form pPIC4Kx and was used in all subsequent cloning experiment.

Cloning of the Bacillus subtilis glucose dehydrogenase gene (gdh)
Plasmid pUC19-gdh was a generous gift from Dr. Jack Rosazza (Univ. of Iowa).  The gdh gene sequence contained an internal AsuII restriction site which interfered with subsequent cloning procedures.  Therefore, site-directed mutagenesis was used to remove this internal AsuII site (without changing protein sequence) with primers gdh-sdm-F and gdh-sdm-R (Table S1).  After that, the mutated gdh gene was amplified by PCR using primers gdh-F and gdh-R (Table S1).  The PCR product was gel-purified, followed by AsuII and EcoRI digestion, and ligated into pPIC4Kx pre-digested with AsuII and EcoRI, forming plasmid pPIC4Kx-gdh.  DNA sequencing confirmed successful cloning of the mutated gdh into pPIC4Kx, with no mutation introduced in the coding sequence due to cloning procedures.

Cloning of the Pichia stipitis xylose reductase gene (PsXYL1)
Genomic DNA of Pichia stipitis CBS 6054 was purchased from American Type Culture Collection (ATCC 58785D-2) and was used as template for PCR amplification of the PsXYL1 gene with primers PsXYL1-F and PsXYL1-R (Table S1).  The PCR product was gel-purified, followed by AsuII and MfeI digestion, and ligated into pPIC4Kx pre-digested with AsuII and EcoRI (EcoRI cut site is compatible with MfeI cut site), forming plasmid pPIC4Kx-PsXYL1.  DNA sequencing confirmed successful cloning of the PsXYL1 gene into pPIC4Kx with no mutation introduced due to the cloning procedures.

Cloning of the Candida parapsilosis xylose reductase gene (CpXR) 
C. parapsilosis ATCC 22019 was cultivated in YM broth (Becton, Dickinson and Company, Sparks, MD) and genomic DNA was extracted from the culture using Puregene yeast genomic DNA purification kit (Qiagen).  An uncharacterized xylose reductase gene (CpXR) was identified in the genome of Candida parapsilosis isolate 317 [18].  A pair of degenerate PCR primers CpXR-F2 and –R2 (Table S1) were designed based on this uncharacterized XR gene and successfully amplified a 1-kb PCR product from genomic DNA prepared from ATCC 22019 using FailSafe PCR buffer G (Epicentre) in combination with Taq DNA polymerase (New England Biolabs).  The PCR product was directly cloned into PCR product cloning vector pGEM-Teasy (Promega).  DNA sequencing confirmed the resultant plasmid, pGEM-Teasy+CpxR F2R2B6, contained CpXR identified in C. parapsilosis isolate 317 genome.  PCR primers CpXR-F3 and CpXR-R3 (Table S1) were used to amplify the CpXR from pGEM-Teasy+CpxR F2R2B6 using FailSafe PCR buffer G and Taq DNA polymerase.  The PCR product was gel-purified, followed by AsuII and EcoRI digestion.  The restriction digested PCR product was ligated into plasmid pPIC4Kx pre-digested with AsuII and EcoRI, forming plasmid pPIC4Kx-CpXR.  

Cloning of the Neurospora crassa xylose reductase gene (NcXR) 
NcXR is (Genbank accession no. NW_001849801.1) composed of 3 exons which are 142, 791, and 486 bp in size.  Coding sequences of NcXR are located on exon 1, exon 2, and the first 36 nucleotides of exon 3.  So, the complete NcXR ORF is 969 nucleotides in length.  We used the crossover PCR technique described by Link et al. [51] to create in-frame fusion of exons 1 and 2.  A N. crassa cosmid clone, G1-F11, that contained the NcXR gene was purchased from the Fungal Genetics Stock Center at the University of Missouri, Kansas City.  Forward primer Ex1out (Table S1) was designed in region 5′ to the ATG start codon of NcXR in exon 1.  In combination with reverse prime Ex1in (Table S1), a PCR product that contained exon 1 DNA sequence was amplified from cosmid G1-F11 using Turbo Pfu DNA polymerase.  Another pair of primers Ex2in and Ex2out (Table S1) were used to amplify exon 2 from cosmid G1-F11.  These 2 PCR products were mixed together with primers Ex1out and Ex2out for amplification of an exon 1-exon 2 in-frame fusion product by the crossover PCR procedure.  The PCR product was  designated as PCR #F.  PCR #F was gel purified and was used as template for a regular PCR using primers NcXR-F and Ex1&2in (Table S1) with Turbo Pfu DNA polymerase.  This 0.9-kb PCR product was gel purified and used as template in a final round of PCR with primers NcXR-F and Ex123-R (Table S1).  This final PCR product was ligated into pGEM-Teasy, forming pGEMT-easy NcXR and DNA sequencing confirmed successful cloning of NcXR.  The NcXR was released from pGEM-Teasy NcXR using AsuII and EcoRI (AsuII site engineered on primer NcXR-F.  EcoRI site located on pGEM-Teasy plasmid, 10 nucleotides 3' to the stop codon of NcXR).  This AsuII-EcoRI fragment was ligated into plasmid pPIC4Kx pre-digested with AsuII and EcoRI, forming plasmid pPIC4Kx-NcXR.  

Construction of expression plasmid with both XR and GDH expression cassettes
In all the P. pastoris expression plasmids, the gene of interest (either XR or gdh) is flanked by an AOX1 promoter (PAOX1) and the AOX1 transcription terminator (AOXTT).  The PAOX1-gdh-AOXTT expression cassette was released from pPIC4Kx-gdh by BamHI and BglII digestion.  This cassette was cloned into pPIC4Kx-PsXYL1 and pPIC4Kx-CpXR at the BamHI site, forming plasmids pPIC4Kx-PsXYL1-gdh and pPIC4Kx-CpXR, respectively.  The gdh expression cassette was cloned into the BglII site of pPIC4Kx-NcXR, producing pPIC4Kx-gdh-NcXR.

Transformation of Pichia pastoris GS115 with expression plasmids
Plasmids pPIC4Kx-PsXYL1-gdh, pPIC4Kx-CpXR-gdh, pPIC4Kx-gdh-NcXR, pPIC4Kx-PsXYL1, pPIC4Kx-CpXR, pPIC4Kx-NcXR, and pPIC4Kx were linearized by BspEI before electroporation.  The linearized plasmids were individually transformed into electrocompetent P. pastoris GS115 prepared according to the procedure reported by Wu and Letchworth [52].  The transformed cells were then plated on minimal dextrose-sorbitol agar (1.34% yeast nitrogen base without ammonium and amino acids, 410-5 % biotin, 2% dextrose, 1 M sorbitol, and 2% agar) plates and incubated at 30C for 5-7 days.  Expression plasmids integrated into GS115 genome would render a His+ phenotype to the transformants.  His+ transformants that grew on minimal dextrose-sorbitol agar were pooled together and plated on YPD agar (1% yeast extract, 2% peptone, 2% dextrose, and 2% agar) containing 250, 500, 1000, 1500, 2000, 3000, and 4000 microgram/ml of geneticin to screen for His+ transformants with multiple copies of expression plasmids integrated into the GS115 genome.  Colonies that grew on YPD-geneticin (1000 microgram/ml) and YPD-geneticin (4000 microgram/ml) plates are termed as “NcXR 1000” and “NcXR 4000”, respectively.  After the geneticin concentration, the numbers such as, 1 and 2 were used to identify the specific colonies on the respective YPD-geneticin plates.  Colonies grown on YPD-geneticin plates were streaked for purity on minimal dextrose-sorbitol agar plates.  After obtaining single colonies, they were transferred back to YPD-geneticin agar to ensure the isolated colonies were resistant to high concentration geneticin before chosen for protein expression study.

Protein expression study of selected transformants
Five transformants generated from each expression plasmid were chosen for protein expression study.  Among the five transformants, two were resistant to 1 mg/mL of geneticin and three were resistant to 4 mg/mL geneticin.  A single colony of each transformant was used to inoculate 20 mL BMGY broth (1% yeast extract, 2% peptone, 100 mM potassium phosphate (pH 6), 1.34% yeast nitrogen base without ammonium and amino acids, 410-5 % biotin, and 1% glycerol).  The cultures were incubated at 30C for 16 h with orbital shaking at 300 rpm.  In the next day, the BMGY cultures were used to inoculate 40 mL BMMY broth (same as BMGY except 0.5% methanol replaced 1% glycerol) in 500-mL baffled flasks.  Methanol in the BMMY broth served as carbon/energy source for the cells as well as the inducer for protein expression.  The BMMY cultures were incubated at 30C for 48 h with orbital shaking at 300 rpm.  After 24 h, methanol was added to the BMMY cultures to a final concentration of 0.5% to maintain induction.  At 24 and 48 h, 1 mL of cells was sampled from each culture for measuring the cell density and protein expression levels.  At 48 h, all the cells in each culture were harvested by centrifugation at 4,000  g for 5 min.  The 1-mL cell samples collected at 24 and 48 h post induction were re-suspended in 196 L of Y-PerR Plus yeast protein extraction reagent (Thermo Scientific), 2 L 0.5 M EDTA, and 2 L 100X Halt Protease inhibitor cocktail (Thermo Scientific).  To each cell pellet, an equal volume of glass beads (0.5 mm) was also added.  The glass beads-cells suspensions were then vortexed vigorously for 30 sec and then immediately chilled on ice for 30 sec.  This vortex-chilling procedure was repeated 7 more times.  After that, the whole suspensions were incubated at 45C for 15 min with shaking at 300 rpm.  Finally, the suspensions were centrifuged at 13,000 rpm for 2 min and the supernatants were loaded onto 10% SDS-PAGE gels (Bio-Rad) for analyses of XR and GDH expressions. 

Fed-batch fermentation of P. pastoris PsXYL1+GDH 4000-4
Fed-batch fermentation was conducted by following a modified procedure that was originally described by Zhang et al. [37].  Fermentation was done at 10 L scale to obtain biomass containing xylose reductase and glucose dehydrogenase.  Inoculum was grown to an optical density of 1.5 in shake flasks with medium consisting of 15.5 g/L glycerol, 5 g/L ammonium sulfate, 1.5 g/L yeast nitrogen base (YNB), and 0.16 mg/L biotin.  Fermentation medium contained 10 g/L glycerol, 3.5 g/L ammonium sulfate, 4.7 g/L corn steep, and P2000 antifoam.  Fermentation conditions were: 30 °C, pH of 5 controlled with 4 M sodium hydroxide and 25 LPM airflow with agitation increasing from 300 to 800 rpm to maintain 30% dissolved oxygen.  The glycerol concentration was monitored, and glycerol (50.0 g/L) & corn steep (18.3 g/L) feed was initiated when glycerol levels fell below 2 g/L (at 18 hrs).  Glycerol and corn steep were used to increase the cell biomass where they were acted as a carbon source and nitrogen source supplements, respectively.  When OD at 595 nm reached over 100 at 32 h, 60 mL methanol was added to the fermentor to start induction of xylose reductase and glucose dehydrogenase.  The glycerol & corn steep feed was stopped 30 min after methanol addition.  Methanol concentration was monitored, and methanol feed was initiated to maintain concentrations between 2 and 10 g/L.  At 7 hrs post-induction, YNB and biotin feed was started, with a total addition of 9 g YNB and 2.7 mg biotin over 10 hours.  Samples were withdrawn at different time intervals and OD, concentration of glycerol & methanol were measured.  Cells (2.67 kg) were harvested at 63 h of elapsed fermentation time and stored at – 80º C until further use.

Enzyme activity assays
The major cell pellets harvested from BMMY cultures were suspended in 7 mL 50 mM KPi buffer (pH 6.0) with 70 L 100X Halt Protease inhibitor cocktail, and 7 L 1M dithiothreitol.  Each cell suspension was lysed by passing through a chilled French Press cell twice at 138 MPa.  Unbroken cells and cell debris were removed from the lysate by centrifugation (22,000  g for 20 min at 4°C).  The clear supernatant was designated as cell extracts.  XR activity assay was carried out at 30C in 50 mM KPi buffer (pH 6) containing an appropriate amount of cell extracts, 200 mM D-xylose, and 0.2 mM of NADPH.  The reaction was initiated by the addition of NADPH to the reaction mixture.  XR enzyme activity was determined by monitoring the decrease in absorbance at 340 nm (340 = 6,220 M-1cm-1) due to NADPH consumption.  One unit of XR activity was defined as the consumption of 1 mole of NADPH per min under the defined conditions.  Formate dehydrogenase (FDH) activity assay was carried out at 35C in 50 mM KPi buffer (pH 7.5) containing an appropriate amount of cell extracts, 100 mM ammonium formate, and 1.5 mM of NAD+.  The reaction was initiated by the addition of ammonium formate to the reaction mixture.  FDH enzyme activity was determined by monitoring the increase in absorbance at 340 nm due to NADH production.  One unit of FDH activity was defined as the production of 1 mole of NADH per min under the defined conditions.  Glucose dehydrogenase (GDH) activity assay was carried out at 30C in 50 mM KPi buffer (pH 7.5) containing an appropriate amount of cell extracts, 100 mM glucose, and 1 mM of NAD+.  The reaction was initiated by the addition of glucose to the reaction mixture.  GDH enzyme activity was determined by monitoring the increase in absorbance at 340 nm due to NADH production.  One unit of GDH activity was defined as the production of 1 mole of NADH per min under the defined conditions.

Biotransformation of D-xylose to xylitol by whole cells
All D-xylose-to-xylitol biotransformation reactions that used pure D-xylose as substrate were incubated at 30C in 50 mM KPi (pH 7) buffer with 10 mg/mL cells and 200 mM D-xylose.  The total reaction volume was 5 mL.  NAD+ (0.25 mM), glucose (100 mM) and formate (100 mM) were added when specified.  In the recycling experiment in which cells were reused in multiple rounds of reaction, reactions were scaled up 10-fold (50 mL final volume).  After each round of reaction, cells were collected by centrifugation (4,000  g, 5 min) and re-suspended in 50 mL fresh reaction solution for the next cycle of biocatalysis.  When hemicelluloses hydrolysate was used directly as substrate, the pH of the hemicelluloses hydrolysate was first adjusted to approximately 7.0 with a 5 M sodium hydroxide solution.  One liter of the pH adjusted hydrolysate solution was then incubated with 100 mg/mL cells at 30oC with orbital shaking at 200 rpm.  In all experiments with cells, aliquots of reaction mixtures were removed from the reactions at various time points.  Solids in the samples were removed by centrifugation at 13,000 rpm for 2 min, followed by filtration through a 0.22-m filter.  The cell-free supernatants were analyzed by for xylitol production and D-xylose consumption by a high performance liquid chromatography (HPLC) system.

Analytical procedures  
Identification and quantification of D-xylose and xylitol were conducted with a Shimadzu LC-10AD HPLC system equipped with a photodiode array detector and a Shimadzu RID-10A refractive index detector.  Separation of compounds was achieved on an Aminex HPX-87H column (Bio-Rad, 300  7.8 mm).  The column was maintained at 30°C during operation.  Sulfuric acid (5 mM) was used as a mobile phase with a flow rate of 0.6 mL/min.  HPLC peak identifications were established by comparing the compounds’ retention times with those of authentic standards.  Protein concentrations in cell extracts were determined by Bradford assay (Bio-Rad) with bovine serum albumin as standard.  Protein bands on SDS-PAGE gels were visualized after staining with GelCode Blue staining reagent (Thermo Scientific).  The weight of the cells was expressed as a dry weight in this study.  After harvesting the cells, the pre-weighed wet cells were placed in an oven and dried at 90°C until a stable weight was reached.  One hundred gram of wet cells produced 26.2 gram of dried cells under the above conditions used.  Xylitol productivity was calculated based on the amount of xylitol produced in gram by each gram of dry cells in every hour of reaction, for a specific biotransformation.  For the recycling experiments, as we reused the cells, we added all the yields and reaction times from each cycle whereas amount of cells used was considered only from the 1st cycle.  The percentage of bioconversion of xylose to xylitol was calculated based on the molar concentrations of xylose used at the beginning of the reaction and xylitol produced at the end of the reaction in a specific bioconversion.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
SD (Shuvendu) & ML contributed to the concept of cloning.  SD & MS conceived the idea of using Pichia pastoris whole cells for the transformation of D-xylose to xylitol.  SD and TML contributed to design of experiments, data analyses, and writing the manuscript.  SD, TML and KL carried out all of the experiments and acquisition of data.  SD, SDH (Samuel), SG & MA contributed to reviewing and editing the manuscript.  All authors read and approved the final manuscript.

Acknowledgements 
The financial support from Sriya Innovations, Inc. and Center for Biocatalysis & Bioprocessing is gratefully acknowledged.

References
Salli K, Markus LJ, Tiihonen K: Xylitol’s Health Benefits beyond Dental Health: A Comprehensive Review. Nutrients 2007, 11: 1-19.
Chattopadhyay S, Raychaudhuri U, Chakraborty R: Artificial sweeteners – a review. Journal of Food Science Technology 2011, 5: 611–621.
Nayak PA, Nayak UA, Khandelwal V: The effect of xylitol on dental caries and oral flora. Clinical, Cosmetic, and Investigational Dentistry 2014 6: 89–94.
Granstrom TB, Izumori K, Leisola M: A rare sugar xylitol.  Part I: the biochemistry and biosynthesis of xylitol. Appl Microbiol Biotechnol 2007, 74:277-281.
Akinterinwa O, Khankal R, Cirino PC: Metabolic engineering for bioproduction of sugar alcohols. Curr Opin Biotech 2008, 19:461-467.
Werpy T, Petersen G: Top value added chemicals from biomass.  Volume 1: results of screening for potential candidates from sugars and synthesis gas. US Department of Energy, 2004. 
7.	Melaja A, Hamalainen L: Process for making xylitol. US Patent No. 4008285.
8.	Granstrom TB, Izumori K, Leisola M: A rare sugar xylitol.  Part II: biotechnological productions and future applications of xylitol. Appl Microbiol Biotechnol 2007, 74:273-276.
9.	Kwon SG, Park SW, Oh DK: Increase of xylitol productivity by cell-recycle fermentation of Candida tropicalis using submerged membrane bioreactor. J Biosci Bioeng 2006, 101:13-18.
10.	Toivari MH, Ruohonen L, Miasnikov AN, Richard P, Penttila M: Metabolic engineering of Saccharomyces cerevisiae for conversion of D-glucose to xylitol and other five-carbon sugars and sugar alcohols. Appl Environ Microbiol 2007, 73:5471-5476.
11.	Cirino PC, Chin JW, Ingram LO: Engineering Escherichia coli for xylitol production from glucose-xylose mixtures. Biotech Bioeng 2006, 95:1167-1176.
12.	Ravella SR: Overview on Commercial Production of Xylitol, Economic Analysis and Market Trends Aberystwyth. Springer 2012, 291-306.
13.	Jagtap SS, Rao CV: Microbial conversion of xylose into useful bioproducts. Appl Microbiol Biotechnol 2018, 102: 9015-9036.
14.	Zhuang J, Liu Y, Wu Z, Sun Y, Lin L: Detoxification Of The Hydrolysate For Xylitol Production. Bio Resources 2009, 4: 674-686.
15.	Canilha L, Almeida E Silva JB, Felipe MGA, Sarvalho W: Batch xylitol production from wheat straw hemicellulosic hydrolysate using Candida guilliermondii in a stirred tank reactor. Biotechnol Lett 2003, 25:1811-1814.
16.	Rivas B, Torre P, Dominguez JM, Converti A, Parajo JC: Purification of xylitol obtained by fermentation of corncob hydrolysates. J Agric Food Chem 2006, 54:4430-4435.
17.	Rivas B, Dominguez JM, Dominguez H, Parajo JC: Bioconversion of posthydrolysed autohydrolysis liquors: an alternative for xylitol production from corn cobs. Enz Microb Technol 2002, 31:431-438.
18.	Tada K, Horiuchi JI, Kanno T, Kobayashi M: Microbial xylitol production from corn cobs using Candida magnoliae. J Biosci Bioeng 2004, 98:228-230.
19.	Mussatto SI, Roberto IC: Alternatives for detoxification of diluted-acid lignocellulosic hydrolyzates for use in fermentative processes: a review. Biores technol 2004, 93:1-10.
20.	Woodyer R, Simurdiak M, Van der Donk WA, Zhao H: Heterologous expression, purification, and characterization of a highly active xylose reductase from Neurospora crassa. Appl Environ Microbiol 2005, 71:1642.
21.	Verduyn C, Kleef RV, Frank J, Schreuder H, Van Dijkn JP, Scheffers WA: Properties of the NAD(P)H-dependent xylose reductase from the xylose-fermenting yeast Pichia stipitis. Biochem J 1985, 226:669-677.
22.	Lee JK, Koo BS, Kim SY: Cloning and characterization of the xyl1 gene, encoding an NADH-preferring xylose reductase from Candida parapsilosis, and its functional expression in Candida tropicalis. Appl Environ Microbiol 2003, 69:6179-6188.
23. Oh DK, Kim SY, Kim JH: Increase of xylitol production rate by controlling redox potential in Candida parapsilosis. Biotech Bioeng 1998, 58.
24. 	Candida parapsilosis Sequencing [http://www.sanger.ac.uk/sequencing/Candida/parapsilosis/]
25.	Handumrongkul C, Ma DP, Silva JL: Cloning and expression of Candida guilliermondii xylose reductase gene (xyl1) in Pichia pastoris. Appl Microbiol Biotechnol 1998, 49:399-404.
26.	Suzuki T, Yokoyama SI, Kinoshita Y, Yamada H, Hatsu M, Takamizawa K, Kawai K: Expression of xyrA gene encoding for D-xylose reductase of Candida tropicalis and production of xylitol in Escherichia coli. J Biosci Bioeng 1999, 87:280-284.
27.	Wang X, Fang B, Luo J, Li W, Zhang L: Heterologous expression, purification, and characterization of xylose reductase from Candida shehatae. Biotechnol Lett 2007, 29:1409-1412.
28.	Hacker B, Habenicht A, Kiess M, Mattes R: Xylose utilisation: cloning and characterization of the xylose reductase from Candida tenuis. Biol Chem 1999, 380:1395-1403.
29.	Hou CT, Patel RH, Laskin AI, Barnabe N: NAD-linked formate dehydrogenase from methanol-grown Pichia pastoris NRRL-Y-7556. Arch Biochem Biophys 1982, 216:296-305.

30.	Li P, Sun H, Chen Z, Li Y, Zhu T: Construction of efficient xylose utilizing Pichia pastoris for industrial enzyme production. Microb Cell Fact 2015, 14:1-10.
31.	Slininger PJ, Bolen PL, Kurtzman CP: Pachysolen tannophilus: properties and process consideration for ethanol production from D-xylose. Enzyme Microb. Technol 1987, 9:5-15.


32.	Liese A, Seelbach K, Buchholz A, Haberland J: Processes. In Industrial biotransformations. 2nd edition. Edited by Liese A, Seelbach K, Wandrey C. Weinheim: Wiley-VCH; 2006:147-513.
33.	Goldberg K, Schroer K, Lutz S, Liese A: Biocatalytic ketone reductiona powerful tool for the production of chiral alcoholspart II: whole cell reductions. Appl Microbiol Biotechnol 2007, 76:249-255.
34.	Schrewe M, Julsing MK, Buhler B, Schmid A: Whole-cell biocatalysis for selective and productive C–O functional group introduction and modification. Chem Soc Rev. 2013, 42:6346–6377.
35.	Gough S, Dostal L, HoweM A, Deshpande M, Scher M, Rosazza JNP: Production of pyruvate from lactate using recombinant Pichia pastoris cells as catalyst. Process Biochemistry 2005, 40:2597–2601.
36.	Das S, Glenn J, Subramanian M: Enantioselective oxidation of 2-hydroxy carboxylic acids by glycolate oxidase and catalase coexpressed in methylotrophic Pichia pastoris. Biotechnol Prog 2010, 26:607-615.

37.	Zhang W, Inan M, Meagher MM: Rational design and optimization of fed-batch and continuous fermentation. In Pichia protocols. 2nd edition. Edited by Cregg JM. Totowa: Humana Press; 2007:43-63.
38.	Zhang BL, Pionnier S: Cofactor recycling mechanism in asymmetric biocatalytic reduction of carbonyl compounds mediated by yeast: which is the efficient electron donor? Chem Eur J 2003, 9:3604-3610.
39.	Chu Y, Zhang BL, Silvestre V, Cheng JP: Hydrogen transfer pathways of the asymmetric reduction of ,-unsaturated ketone mediated by baker's yeast. Bioorg Chem 2006, 34:158-166.
40.	Zhang M, Melouk HA, Chenault K, Rassi ZE: Determination of cellular carbohydrates in peanut fungal pathogens and baker's yeast by capillary electrophoresis and electrochromatography. J Agric Food Chem 2001, 49:5265-5269.
41.	Rajakumari S, Grillitsch K, Daum G: Synthesis and turnover of non-polar lipids in yeast. Prog Lipid Res 2008, 47:157-171.
42.	Sorger D, Daum G: Triacylglycerol biosynthesis in yeast. Appl Microbiol Biotechnol 2003, 61:289-299.
43.	Mattanovich D, Graf A, Stadlmann J, Dragosits M, Redl A, Maurer M, Kleinheinz M, Sauer M, Altmann F, Gasser B: Genome, secretome and glucose transport highlight unique features of the protein production host Pichia pastoris. Microb Cell Fact 2009, 8:29.
44.	Schutter KD, Lin YC, Tiels P, Hecke AV, Glinka S, Weber-Lehmann J, Rouze P, Peer YVd, Callewaert N: Genome sequence of the recombinant protein production host Pichia pastoris. Nat Biotechnol 2009, 27:561-565.
45.	Bioinformatics & Evolutionary Genomics [http://bioinformatics.psb.ugent.be/webtools/bogas/]
46.	Hisafumi S, Hideki F: Recovery of coenzymes from a reaction mixture using a pseudofluidized bed. Jpn. Kokai Tokkyo Koho 1988, JP 63007788 A 19880113.

47.	Schroer K, Luef KP, Hartner FS, Glieder A, Pscheidt B: Engineering the Pichia pastoris methanol oxidation pathway for improved NADH regeneration during whole-cell biotransformation. Metab Eng 2010, 12:8-17.
48.	Goldberg K, Schroer K, Lutz S, Liese A: Biocatalytic ketone reductiona powerful tool for the production of chrial alcoholspart I: process with isolated enzymes. Appl Microbiol Biotechnol 2007, 76:237-248.
49.	Hanson RL, Goldberg SL, Brzozowski DB, Tully TP, Cazzulino D, Parker WL, Lyngberg OK, Vu TC, Wong MK, Patel RN: Preparation of an amino acid intermediate for the dipeptidyl peptidase IV inhibitor, Saxagliptin, using a modified phenylalanine dehydrogenase. Adv Synth Catal 2007, 349:1369-1378.
50.	De Wildeman SMA, Sonke T, Schoemaker HE, May O: Biocatalytic reductions: from lab curiosity to “first choice”. Acc Chem Res 2007, 40:1260-1266.
51.	Link AJ, Phillips D, Church GM: Methods for generating precise deletions and insertions in genome of wild-type Escherichia coli: Application to open reading frame characterization. J Bacteriol 1997, 179:6228-6237.
52.	Wu S, Letchworth GJ: High efficiency transformation by electroporation of Pichia pastoris pretreated with lithium acetate and dithiothreitol. Biotechniques 2004, 36:152-154.

Figures
Figure 1: SDS-PAGE gels of cell extracts prepared from various recombinant P. pastoris (A) expressing XR alone or (B) co-expressing XR with GDH. 
(A) Lanes 1 to 5: pPIC4Kx-PsXYL1 clones 1000-1, 1000-2, 4000-1, 4000-2, and 4000-3, respectively.  Lanes 6-10: pPIC4Kx-NcXR clones 1000-1, 1000-3, 4000-2, 4000-3, and 4000-6, respectively.  Lanes 11-15: pPIC4Kx-CpXr clones 4000-8, 4000-6, 4000-2, 1000-6, and 1000-2, respectively.
(B) Lanes 1 to 5: pPIC4Kx+PsXLY1+gdh clones 1000-7, 1000-8, 4000-4, 4000-7, and 4000-8, respectively.  Lanes 6 to 10: pPIC4Kx+NcXR+gdh clones 1000-1, 1000-2, 4000-1, 4000-2, and 4000-3, respectively.  Lanes 11 to 15: pPIC4Kx+CpXR+gdh clones 1000-5, 1000-6, 4000-4, 4000-5, and 4000-6, respectively.
Lane C contained cell extracts of P. pastoris GS115 transformed with an empty pPIC4Kx.  The red arrows indicated the over-expressed XR proteins.

Figure 2: Xylitol production by (A) NcXR+GDH 4000-1 and (B) PsXYL1+GDH 4000-4 cells.
All reactions had 10 mg/mL of cells.  The weight of the cells was a dry cell weight.  The cells were incubated at 30oC with 200 mM D-xylose and 0.25 mM NAD+ in 50 mM KPi (pH 7.0) buffer.  The reactions also had 100 mM formate (), 100 mM glucose () or no auxiliary substrate as electron donor (  ).  Solid lines represent D-xylose consumption; dashed lines represent xylitol production. The data shown in the figure is the average of 3 values. All the values are within the 5% SD.

Figure 3: Xylitol production by (A & C) PsXYL1+GDH 4000-4 and (B) NcXR+GDH 4000-1 cells in multiple cylces of reactions.
Symbols: () 1st cycle, () 2nd cycle, (  ) 3rd cycle, () 4th cycle, () 5th cycle, () 6th cycle.  (A) 10 mg/mL of PsXYL1+GDH 4000-4 cells in 50 mM KPi (pH 7.0) buffer were incubated at 30oC with 200 mM D-xylose and 0.25 mM NAD+.  At the end of each reaction cycle, the cells were collected by centrifugation and supernatants were removed.  Fresh reaction mixture was added to the cells to start another cycle of reaction.  (B) 10 mg/mL of NcXR+GDH 4000-1 cells in 50 mM KPi (pH 7.0) buffer were incubated at 30oC with 200 mM D-xylose and 0.25 mM NAD+.  Recycling was carried out as described above.  During the 3rd cycle, 100 mM of formate and glucose were added as indicated.  (C) 10 mg/mL of PsXYL1+GDH 4000-4 cells in 50 mM KPi (pH 7.0) buffer were incubated at 30oC with 200 mM D-xylose but without NAD+.  NAD+ (0.25 mM) was added at the indicated time points (red and blue arrows) in the 3rd and 4th cycles. The data shown in the figure is the average of 3 values. All the values are within the 5% SD.

Figure 4: Xylitol production by PsXYL1+GDH 4000-4 from different D-xylose concentrations. 
10 mg/mL of PsXYL1+GDH 4000-4 cells in 50 mM KPi (pH 7.0) buffer were incubated at 30oC with 400 mM (), 750 mM (), and 1500 mM (  ) of D-xylose.  NAD+ and auxiliary substrate were not added to the reactions.  Solid lines represent xylitol production; dashed lines represent D-xylose consumption. The data shown in the figure is the average of 3 values. All the values are within the 5% SD.

Figure 5: Xylitol production by PsXYL1+GDH 4000-4 from a hemicelluloses hydrolysate.
The PsXYL1+GDH 4000-4 cells used in this experiment was originated from a 10-L fed-batch ferementation.  One L of hemicelluloses hydrolysate (pH 7.0) was incubated with 100 mg/mL PsXYL1+GDH 4000-4 cells at 30oC.  Solid lines represent xylitol production; dashed lines represent D-xylose consumption. The data shown in the figure is the average of 3 values. All the values are within the 5% SD.


Table
Table 1: Specific XR, FDH, and GDH activities in cell extracts of selected single recombinant and double recombinant clones (n=3, avg  SD).
	
	Specific activity (U/mg protein)

	Clone
	XR1
	GDH2
	FDH2

	NcXR 1000-1
	62.1  7.1
	0.0
	0.21  0.03

	NcXR 4000-2
	35.7  4.0
	0.0
	0.29  0.03

	PsXYL1 1000-1
	10.1  0.7
	0.0
	0.34  0.02

	PsXYL14000-3
	 9.7  1.0
	0.0
	0.31  0.02

	CpXR 1000-6
	 1.3  0.02
	0.0
	Not tested

	CpXR 4000-8
	 3.3  0.4
	0.0
	Not tested

	

	NcXR+GDH 1000-2
	22.4  0.8
	6.7  0.5
	Not tested

	NcXR+GDH 4000-1
	38.6  1.9
	9.2  0.3
	Not tested

	PsXYL1+GDH 1000-8
	  1.7  0. 2
	4.4  0.6
	Not tested

	PsXYL1+GDH 4000-4
	10.2  2.1
	 17.4  1.0
	Not tested

	CpXR+GDH 1000-5
	 0.0
	4.6  0.3
	Not tested

	CpXR+GDH 4000-6
	 0.0
	9.4  0.8
	Not tested

	
	
	
	

	pPIC4Kx empty vector control
	 0.2  0.1
	 0.02  0.01
	Not tested


1 XR activities were determined with NADPH as electron donor.
2 FDH and GDH activities were determined with NAD+ as electron acceptor.


Supplementary Information:
Table S1: PCR primers used in this study
	
	

	Primer
	DNA sequence*

	
	

	
	

	pPIC35sdm-F
	5'-GTCACTATGGCGTGCTGCTGGATCCATATGCGTTGATGCAATTTC-3'

	pPIC35sdm-R
	5'-GAAATTGCATCAACGCATATGGATCCAGCAGCACGCCATAGTGAC-3'

	gdh-sdm-F
	5'-GCCTGGCTTGCTTCCAAGGAAGCCAGCTA-3'

	gdh-sdm-R
	5'-TAGCTGGCTTCCTTGGAAGCAAGCCAGGC-3'

	gdh-F
	5'-CGCGCGTTCGAACAAAATGTACCCGGATTTAAAAGG-3'

	gdh-R
	5'-GAATTAGAATTCTTAACCGCGGCCTGCCTGGA-3'

	PsXR-F
	5'-GCGCGCTTCGAACAAAATGCCTTCTATTAAGTTGAA-3'

	PsXR-R
	5'-GGCGAGCAATTGTTAGACGAAGATAGGAATCT-3'

	CpXR-F2
	5'-ATGTCNATYAARTTRAAYTCNGG-3'

	CpXR-R2
	5'-CTARACAAARAYTGGAATGT-3'

	CpXR-F3
	5'-CGCGGCTTCGAACAAAATGTCGATTAAATTAAATTC-3'

	CpXR-R3
	5'-TAAGCTGAATTCCTAGACAAAGATTGGAATGTGATC-3'

	Ex1out
	5'-ACGCAGTGAGGGGACAACATGAGCCGAAGT-3'

	Ex1in
	5'-CTCAACCTCGTTGCCGTAGTCGCAGGCACCATCGAAGAGG-3'

	Ex2in
	5'-CCTCTTCGATGGTGCCTGCGACTACGGCAACGAGGTTGAG-3'

	Ex2out
	5'-GTTGGTGGGCTGGTTGAAGCGGATGCC-3'

	NcXR-F
	5'-GCGCGCTTCGAACAAAATGGTTCCTGCTATCAAGCT-3'

	Ex1&2in
	5'-AGGTTCTCAGCGGAGAAGTAGTTGGTGGGCTGGTTGAAGCG-3'

	Ex123-R
	5'-CTAACCGAAAATCCAGAGGTTCTCAGCGGAGAAGTA-3'

	
	


*Underlined sequences represent restriction enzyme cut sites engineered into the primers.



Figure S1: Biotransformation of D-xylose to xylitol by cell extracts of (A) NcXR+GDH 1000-2, (B) NcXR+GDH 4000-1, and (C) PsXYL1+GDH 4000-4. 
Enzyme reactions in (A) and (B) had 13 and 24 U of NcXR activity, respectively.  Reaction in (C) had 5.4 U of PsXYL1 activity.  Cell extracts was incubated at 30oC with 200 mM D-xylose, 100 mM glucose, and 0.25 mM NAD+ in 50 mM KPi (pH 7.0) buffer.  Glycerol (10%, v/v) was added to all reactions for stabilizing enzyme activities.  At 0 hr (black), 2 hr (blue), and 12 hr (red), samples were drawn from each reaction for HPLC analyses. 

Figure S2: Biotransformation of D-xylose to xylitol by cell extracts of (A & B) PsXYL1+GDH 4000-4 and (C & D) NcXR+GDH 4000-1 with or without formate. 
Enzyme reactions in (A & B) had 2.7 U of PsXYL1 activity while reactions in (C & D) had 12 U of NcXR activity.  Cell extracts was incubated at 30oC with 200 mM D-xylose and 0.25 mM NAD+ in 50 mM KPi (pH 7.0) buffer.  Formate (100 mM) was present only in the reactions in (A & C). 

Cost Analysis for Generation of Biocatalyst:
Cost of 10-L in-house fed-batch fermentation was $4800 including the raw materials and harvest. We have shown that these cells can be recycled at least 6 times without loss of significant activity, which effectively reduces the cost of biocatalyst to $800 per cycle. The sixth cycle produced 82.5% of xylitol compared to the production of the first cycle, which leaves additional activity beyond the sixth cycle, thereby further reducing the production cost on a per cycle basis.  Additional costs per cycle can be realized by producing the cells at a 1000 L pilot scale fermentation at a cost of $10,800. Assuming a corresponding 100-fold increase in cell production, the cost per cycle drops to $18 compared to $800 for the cells produced at a 10 L scale. Beyond 6 cycles, the effective unit cost of the cells is reduced further.
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