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Abstract  Biodiesel is emerging as a major renewable energy resource. Glycerol is byproduct of biodiesel production, 
which cannot be directly used as fuel. Using Pichia pastoris as aerobic yeast cell factory, we engineered pathway to convert 
glycerol to propylene glycol (PG; 1,2-propanediol, 1,2-dihydroxypropane), a fuel additive and commodity compound. PG 
biosynthetic pathway was designed with unique combination of 3 enzymes: Escherichia coli methylglyoxal synthase and 
alcohol dehydrogenase; and Pichia ofunaensis glycerol dehydrogenase. Engineered genes were successfully integrated in 
yeast genome and actively expressed. Analysis, by HPLC of shake flask and fermenter broths of glycerol-grown cells, 
demonstrated engineered yeast produced PG. In fermenter, highest PG concentration was 0.11 g/L. When engineered P. 
pastoris was grown on biodiesel crude glycerol as sole carbon source, PG was detected. Basically, this is a proof of concept to 
demonstrate that Pichia was engineered to produce PG from glycerol. 
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1. Introduction 
With decline of natural fossil fuel reserves of the world, 

development and industrial production of renewable energy 
has expanded to supply increasing world energy demand. 
Perhaps the most successful efforts in this direction so far 
have been in production of biodiesel from crop plant re-
sources. In biodiesel technology, plant lipids are transesteri-
fied with methanol, leading to formation of three long chain 
hydrocarbon fatty acid methyl-esters, and a molecule of 
glycerol. The fatty acid esters are the fuel in biodiesel, and 
glycerol is a byproduct that cannot be used as fuel. It is es-
timated that for every 9 kg of biodiesel produced, 1 kg of 
crude biodiesel glycerol (crude glycerol) is generated. The 
amount of byproduct crude glycerol from biodiesel produc-
tion was about 200 million pounds for 2006, and should be 
reaching 1.4 billion pounds by 2011 in the US alone[1]. The 
annual glycerol consumption in the US is about 400 million 
pounds per year, so production is now well exceeding de-
mand. 

Two billion pounds of Propylene Glycol (PG) are pro-
duced yearly in the US by petroleum-based processes, and 
the annual market growth is about 4%. The petro-
leum-based PG production involves chemical processes that 
are highly energy consuming and relies on a supply of fossil 
fuel-based propylene.  
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Genetic engineering of Escherichia coli and the yeast 
Saccharomyces cerevisiae for aerobic production of 
1,2-propanediol from glucose have been described[2-4], and 
a patent application filed[5].Glucose is assimilated and un-
dergoes glycolysis. The entry point of the PG pathway is 
dihydroxyacetone phosphate which is metabolized to me-
thylglyoxal (MG). From there, two pathways are found to 
produce PG, depending on the sequence of reduction of oxo 
groups of MG (Fig. 1). In one route, also called the lactal-
dehyde-forming pathway, the 2-oxo group is first reduced 
to form lactaldehyde, and then the 1-oxo group of lactalde-
hyde is reduced to form PG. The alternative route, known as 
the acetol-forming pathway, is to reduce the 1-oxo group 
first, which leads to acetol, and then reduce the 2-oxo of 
acetol to yield PG. 

 
Figure 1.  Metabolic pathways for formation of 1,2-propanediol (propyl-
ene glycol) from dihydroxyacetone phosphate. In these pathways, either R- 
or S-1,2-propanediol is produced, depending on the stereospecificity of the 
reductase enzymes utilized 
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Recently, two E. coli strains were developed for produc-
tion of PG from waste glycerol. An anaerobic pathway to 
biotransform glycerol into PG was described[6]. The E .coli 
strain was implemented with a glycerol assimilation path-
way and R-PG producing pathway. The strain overex-
pressed the gldA, mgsA and yqhD genes from E. coli and a 
dihydroxyacetone kinase (DHAK) encoded by the dhaKL 
gene from Citrobacter freundii. The highest titer obtained 
with this strain in anaerobic culture was 5.6 g/L. An E. coli 
strain producing S-PG aerobically from crude glycerol was 
described and involved overexpressing mgsA, gldA, and 
fucO, an AKR specific to S-lactaldehyde generated by the 
reduction of methylglyoxal by GldA[7]. The highest titer 
achieved by this strain aerobically is, according to the pat-
ent application, 0.44 g/L. 

 
Figure 2.  A: Glycerol assimilation in P. pastoris (in italics, name of the 
P. pastoris gene). B: The acetol-forming 1,2-propanediol (propylene glycol) 
biosynthetic pathway engineered in P. pastoris. The msgA gene is from E. 
coli. The yqhD gene is from E. coli. The glydh gene is from P. ofunaensis. 
Since the glycerol dehydrogenase from P. ofunaensis is stereospecific, 
R-1,2-propanediol is produced in this pathway 

P. pastoris has been widely used as a cell factory in the 
biotechnological industry for the production of recombinant 
eukaryotic proteins[8-11]. P. pastoris naturally grows at 
high density (more than 300 g/L) on different carbon 
sources such as glucose, glycerol, methanol, and sugar al-
cohols. Unlike S. cerevisiae and E. coli, methanol, the pri-
mary contaminant found in crude glycerol, has no negative 
impact on the growth of the methylotrophic yeast P. pas-
toris[12]. Moreover, P. pastoris grows preferentially in a 

respiratory mode, decreasing the excretion in the media of 
compounds like acetate and ethanol, byproducts of the fer-
mentation mode[13]. Recently, the P. pastoris genome has 
been sequenced[14,15]. Analyzing the genome of P. pas-
toris, we were able to delineate the glycerol assimilation 
pathway: glycerol is metabolized to dihydroxyacetone 
phosphate (DHAP) via a well characterized two step reac-
tion catalyzed by glycerol kinase and glycerol-3-phosphate 
dehydrogenase (Fig. 2A). In P. pastoris, genes are intro-
duced by homologous recombination into the genome, so 
the resulting strain is plasmid free, and transformants are 
highly stable[11].  

In the present study, we have transformed Pichia with the 
genes of the acetol-forming pathway for production of 
R-PG (Fig. 2B). After demonstrating the presence of the 3 
foreign genes in genome of Pichia transformants, we 
showed that not only were the enzymes active, but also that 
PG was produced. Subsequently, one Pichia cell line 
(PG1-1) was shown to produce PG when grown in the fer-
menter with glycerol as the sole carbon source. We also 
demonstrated that PG was produced when crude glycerol 
from a biodiesel producer was used as the substrate. Overall, 
we have demonstrated the feasibility of making PG from 
glycerol in engineered Pichia; however, further engineering 
of Pichia metabolism is needed to make this a practical 
industrial process. 

2. Methods 
2.1. Gene Synthesis 

The synthetic PG pathway cassette containing the mgsA, 
yqhD and glydh gene cassettes was contiguously synthe-
sized by Genscript (Piscataway, NJ) according to our pre-
cise specifications and was delivered in a pGAPZ plasmid 
(Invitrogen, Carlsbad, CA) from which the “endogenous” 
Pgap was previously removed by restriction digestion 
(pPG1, see Fig. 3). Each gene cassette was designed with 
the following parts: strong constitutive glycerol aldehyde 
phosphate dehydrogenase Pichia promoter sequence (Pgap), 
a consensus ribosome binding site (RBS), the gene of inter-
est-codon-optimized for expression in Pichia, transcription 
termination from Pichia alcohol oxidase 1 gene (AOX1 TT) 
and restriction sites (see Fig. 3A).  

 
Figure 3.  A: The mgsA gene cassette. The components of the cassette 
are not drawn to scale; see Table 1 for exact dimensions of the components. 
Pgap, Pichia promoter for glycerol aldehyde phosphate dehydrogenase; 
RBS, ribosome binding site; AOX1TT, Pichia transcription terminator for 
alcohol oxidase 1 B: PG pathway plasmid (pPG1) 
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2.2. Plasmid Transformation and Selection 

The pPG1 plasmid (Fig. 3B) was transformed into E. coli 
Novablue electrocompetent cells. Clones were selected on 
LB-LS plates containing 50 µg/L Zeocin®, which is the 
antibiotic corresponding to the resistance gene in the 
pGAPZ plasmid. About 20 Zeocin® resistant E. coli clones 
were randomly picked from the plates and screened by col-
ony PCR for the presence of the genes using gene specific 
primers (35 cycles, denaturation: 94℃, annealing: 57℃ 
extension: 72℃). The gene specific forward and reverse 
primers for mgsA were: 

5’-CGATCACTGCAAACAAATGC-3’ 
and  

5’-CGCGAGATAACGCTGATAATC-3’. 
The gene forward and reverse specific primers for yqhD 

were:  
5’-CCGCATTCTGTTTGGTAAAG-3’ 

and  
5’-GGTGTAGGTATAAACCGGATC-3’. 

The gene forward and reverse specific primers for glydh 
were: 

5’-CAATCAGGTAGCCATCTCTG-3’ 
and  

5’-ATCTTGACGTCGTGACTACTC-3’. 
PCR products for each of the 3 genes were analyzed by 

agarose gel electrophoresis. One PCR positive E. coli cell 
line (E. coli pPG1), thus containing the pPG1 plasmid, was 
grown in 100 mL LB-LS medium with 50 µg/mL Zeocin® 
(37℃, 16 h, 220 rpm). From the harvested cells, the pPG1 
plasmid was extracted and purified using Promega Wizard 
DNA prep (Madison, WI). 

 
Figure 4.  Agarose gel electrophoresis of gene specific PCR products 
from 4 pPG1 transformed P. pastoris cell lines. Gel A: mgsA gene specific 
primers; Gel B: yqhD gene specific primers; Gel C: glydh gene specific 
primers; Lanes in each gel: L = 1kb DNA ladder; 1-4 = Pichia cell line 
PG1-1 to PG1-4 

P. pastoris Y11430 was transformed by electro- trans-
formation with ~10 µg pPG1 plasmid. About 50 µL of the 
transformed cell solution was plated on YPDS plates con-
taining 100, 200, and 400 µg/mL Zeocin®. About 60 Zeo-
cin®-resistant clones were used to inoculate 3 mL glycerol 
minimal media (MGY) cultures containing 100 µg Zeo-
cin®/mL. After overnight growth (30℃, 220 rpm), cells 
were harvested and digested with lyticase (3 mL, 200 Uts, 3 
h, 37℃). PCR was carried out on the lysed cell supernatant 
containing Pichia genomic DNA using the gene specific 
primers described above (35 cycles, denaturation: 94℃, 

annealing: 57℃, extension: 72℃), and analyzed on agarose 
gels to determine if genes of interest were integrated in the 
yeast genome. The mgsA specific gene product was found 
to be ~400 bp as predicted, and the yqhD and glydh PCR 
product were found to be ~500 bp, as predicted (Fig. 4). 
Half the positive Zeocin®-resistant cell lines contained each 
of genes, regardless of the level of antibiotic in plates from 
which they originated. The PG biosynthetic cassette was 
successfully integrated in the yeast genome. 

PCR pPG1 positive Pichia cell lines (Pichia-PG1-n) 
were screened for PG production in shake flasks. Clones 
were picked up from plates and inoculated in 50 mL of 
MGY containing 40 g/L glycerol and grown (220 rpm, 
30℃). After 48 h, cells were centrifuged (10 min, 10,000 
rpm, 4℃), and spent cell broth and cells were collected and 
stored at -80℃. P. pastoris wild type Y11430 (Pichia-wt) 
was grown as a control.  

2.3. HPLC Analysis of Pichia Culture Spent Broth 

Spent cell broths were concentrated 5 fold using a freeze 
dryer, filtered, centrifuged (3 min, 10,000 rpm) and then 
analyzed with a Waters Corporation HPLC system equip- 
ped with a Waters 410 differential refractometer (Milford, 
Ma). The column was a Bio-Rad Aminex HP-87X (Bio-Rad, 
Hercules, Ca), and the mobile phase, 0.025 M sulfuric acid, 
was pumped at 0.3 mL/min flow rate. The column tem-
perature was kept at 40℃ and we used a 50 µL injection 
loop. Results were matched against wild type Pichia ex-
tracts and spent broths, and positive samples were re-run 
and spiked with a known amount of PG standard. Under 
these conditions, PG retention time was 32.75 min. A stan-
dard curve was made using the PG standard to quantify and 
determine the detection limit of the product. 

2.4. Pichia Extraction and Enzyme Activity Assays 

For each cell lines, cells were centrifuged (10 min, 
20,000 g, 4℃) and resuspended in breaking buffer (50 mM 
phosphate, pH 7.0) to a concentration of 50-100 OD600 nm. 
Cells were disrupted using a Mini-Bead-Beater (Biospec 
Products, Bartlesville, OK): 1 mL of cell suspension was 
mixed in a micro-centrifuge tube with 0.5 mL of 0.5 mm 
zirconium-coated glass beads. Samples were then disrupted 
by processing them for 1 min with the Mini-Bead-Beater, 
and placed on ice for 2 min. The cycle was repeated 3 times, 
and tubes were centrifuged 10 min, 20,000 g, 4℃. Super-
natant was collected and designated the Centrifuged Crude 
Extract (CCE). 

CCE (10-100 µL) of Pichia-wt and Pichia-PG1 were 
used to assay enzyme activities at room temperature 
(~22℃). MSG activity was monitored by following ap-
pearance of MG by the DNPH method as previously de-
scribed (Hopper and Cooper, 1972). One unit of MGS ac-
tivity was defined as the amount required for the formation 
of 1 nmol of MG per minute under assay conditions. YqhD 
methylglyoxal reductase activity was assayed by following 
NADPH disappearance at 340 nm. Crude extract (100 µL) 
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was incubated in assay buffer, which contained 50 mM 
Tris-Cl (pH 7.7), 10 mM MG, 1 mM EDTA and 1 mM 
2-mercaptoethanol. After incubation at 37℃ for 2 min, 100 
µL of NADPH at 5 mM was added, and the reaction was 
followed on a spectrophotometer at 340 nm. One unit of 
YqhD MG reductase was defined as the amount required 
for the disappearance of 1 nmol of NADH per minute under 
assay conditions. GlyDH acetol reductase activity was de-
termined by observing the disappearance of NADH at 340 
nm as previously described[16]. One unit of GlyDH acetol 
reductase was defined as the amount required for the disap-
pearance of 1 µmol of NADH per minute under assay con-
ditions. 

2.5. Fed-Batch Fermentation 

Pichia-PG1-1 cell line was grown in a one-liter fermenter 
run for 50 h, using a standard in-house protocol developed 
for Pichia[8]. The carbon source was ACS grade glycerol. 
The fermenter was a BioFlo3000 (New Brunswick Scien-
tific, Edison, NJ) with a vessel of 1.25 L. The fermenter 
was interfaced to a computer using the NBS-BioCommand 
software. The fermenter was operated at 30℃, the pH was 
maintained at 4.9 by addition of 28 % NH4OH, and the dis-
solved oxygen level was kept above 35 % by using the DO 
cascade loop of the fermenter. The glycerol introduced was 
monitored using a balance (APX 6001, Denver Instruments) 
interfaced to a computer via Winwedge Pro software (Tal 
Technologies, Philadelphia, PA). 

First, cells were grown in batch mode for about 24 hours, 
and when all the glycerol was depleted from the media, a 
glycerol feed batch was carried out for an additional 26 h. 
We fed glycerol (500 g/L glycerol, 24 mL PTM4 salt solu-
tion) at a flow rate calculated for a growth rate of 0.02 h-1 to 
ensure carbon limitation since it was shown that high glyc-
erol concentration has a negative impact on the expression 
of Pgap[17]. Samples were taken and processed as described 
above for HPLC analysis of the PG content. In the later 
stage of the fermentation (after 42 h), PG concentration was 

high enough in the broth that no concentration step was 
required for detection and quantification. 

2.6. Pichia-PG1-1 Growth on Crude-Glycerol Media 

A preliminary study on growth and production in MGY 
containing crude glycerol from a biodiesel production unit 
(Point Hope Energy, Midland, MI) instead of ACS grade 
glycerol was conducted. Crude glycerol was processed by a 
single step filter-sterilization prior to use and mixed with 
the other components of the minimum media (MM). First, 
we tested the Pichia-wt with different concentrations of 
crude glycerol (0 to 80 g/L) in the minimum media. Next, 
we grew Pichia-PG1-1 cell line with crude glycerol at 40 
g/L and 24 h (220 rpm, 30℃) and assessed the PG produc-
tion by HPLC. 

3. Results 
3.1. Design of the PG Metabolic Pathway Cassette 

The biosynthetic pathway we engineered in P. pastoris 
for production of PG from crude biodiesel glycerol is pre-
sented in Figure 2B. The pathway consisted of the follow-
ing genes: mgsA gene from E. coli to produce the enzyme 
MG synthase[18], the yqhD gene from E. coli to produce 
the enzyme aldo-keto reductase[19], and the glydh gene 
from P. ofunaensis coding for glycerol dehydrogenase with 
acetol reductase activity[16]. When the 3 gene cassettes 
were combined, the construct was synthesized as a con-
tinuous sequence and cloned in pGAPZ (Fig. 3B; Table 1). 

3.2. Pichia Transformation and Screening 

Transformed cells were grown at different level of Zeo-
cin concentration and tested by PCR for specific gene inte-
gration of the PG biosynthetic pathway genes. Thirty clones 
out of the 60 we screened contained the PG biosynthetic 
pathway cassette. Fifteen clones were further processed. 

Table 1.  Synthetic DNA Specifications for PG Engineered Pathway Gene Cassette. The values in the table are bp positions of features of the complete 
gene cassette. The genes for the enzymes were codon-optimized by GenScript. Cut Site = Restriction Enzyme Site 

Pgap promoter Cut site RBS Gene Cut site AOX1TT Cut site 

7-483 BglII 1-6 
EcoR1 1484 -89 490- 93 mgsA 494- 952 Pml1 953- 58 959 –1293 KpnI 1294- 99 

1300-1776 XhoI 1777 -82 1783- 86 yqhD 1787- 2950 SacII 2951 -56 2957-3291 NotI 3292- 99 

3300-3776 EcoR1 377 -82 3783 -86 Glydh 3787- 4917 PmlI 4918 -23 4924-5258 BamH1 5259- 5264 

Table 2.  Enzyme Activities for the PG Biosynthetic Pathway in Pichia 

Gene mgsA yqhD glydh 
Enzyme Activity MG Synthase MG Reductase Acetol Reductase 

Specific Activity nmol MG formed /min/  
mg protein 

nmol MG reduced /min/  
mg protein 

µmol acetol reduced/ 
min /mg protein 

Wild Type Pichia 0.66 0.31 0.80 

Engineered Pichia PG1-1 1.26 2.54 107 

Ratio PG1-1 to Wild Type 1.9 8.2 134 
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3.3. PG Determination in Culture Spent Broth and 
Enzyme Activities 

Pichia clones containing the full PG biosynthetic gene 
were tested for PG production in shake flask cultures. A 
Pichia-wt was also grown for control. PG was detected by 
HPLC in concentrated spent broth of all the Zeocin®- re-
sistant Pichia cell lines, and no PG was detected in the 
Pichia-wt concentrated spent broth. Thus, the biosynthetic 
pathway was successfully implemented in P. pastoris. In 
our experimental conditions, the detection limit for PG was 
determined to be at around 0.005 g/L. The cell line with the 
highest PG production (0.04 g/L) was used for further ex-
periment and designated Pichia-PG1-1. Crude cell extracts 
were also tested by HPLC but no PG was detected (results 
not shown).  

Specific activities of the enzymes of the PG biosynthetic 
pathway were determined on extracts of Pichia-PG1-1 and 
compared to extracts of Pichia-wt. The activities of the PG 
biosynthetic enzymes were higher in the Pichia-PG1 than in 
Pichia-wt (see Table 2): about 134 times for the acetol re-
ductase activity carried by Glydh, roughly 8 times for the 
MG reductase activity carried by YqhD, and only 2 times 
for the MG synthase activity carried by MgsA. 

3.4. Pichia-PG1 Fermentation 

Fed-batch fermentation was run in 1.25 L fermentation 
vessel for 50 h. PG was detected in the fermentation broth, 
and the extracellular concentration increased steadily during 
the fermentation (Fig.5). PG concentration increased pro-
portionally to yeast cell mass at an average of 0.2 mg PG/g 
WCW +/- 0.01. This result is expected since the promoter 
Pgap is a constitutive promoter and PG is stable in the fer-
mentation broth. The highest PG concentration was 0.11 
g/L at 49.5 hours. Specific PG productivity increased at the 
end of the glycerol batch, and decreased during the feed 
batch phase (Fig.5).  

 
Figure 5.  Time course analysis of Pichia-PG1-1 cell line grown in the 

fermenter. The initial part of the batch glycerol phase is omitted for clarity 

3.5. Pichia-PG1-1 Growth on Crude-Glycerol Media 

Like previously observed[12], Pichia-wt grew on a 
minimum media (MM) containing up to 60 g/L of the crude 
glycerol, but grew slower at higher concentrations. The 
presence of inhibitory substances in the crude glycerol 
might be responsible for this effect. We then tested the im-
pact of a 40 g/L crude glycerol MM on the Pichia-PG1-1 
cell line and matched it against a Pichia-wt (Table 3). 
Growth parameters were similar for both cell lines: final 
biomasses were lower on the glycerol MM. No PG was 
detected in the Pichia-wt cultures. PG production of Pichia- 
PG1-1 was lower in glycerol MM than in MGY, which 
could be explained by the lower biomass obtained since 
production and growth are linked. 

Table 3.  Comparison of growth in glycerol minimal media and PG pro-
duction in Pichia wild type and the engineered PG1-1 cell line 

 Pure Glycerol Crude Glycerol 
Clone µ (h-1) PG (g/L) µ (h-1) PG (g/L) 

Pichia-wt 018 ND* 0.16 ND 
Pichia-PG1-1 0.19 0.05 0.16 0.02 

*ND: not detected at a detection limit of 0.005 g/L. 

4. Discussion 
In this proof of concept, we demonstrated that an engi-

neered P. pastoris cell line aerobically biosynthesized PG 
from glycerol. The theoretical biochemical equation for the 
conversion is (Fig. 2): 

1 Glycerol + 1 ATP + 1 NADPH  1 Propylene Glycol 
+ 1 ADP + 1 Pi + 1 NADP+ 

Thus, all the carbons of glycerol are conserved in the PG 
product, which is in contrast to ethanol production from 
glycerol where one carbon is lost as CO2. The theoretical 
biochemical equation for production of PG from glucose 
is[20]: 

1 Glucose  1.5 PG + 1.5 CO2 
This corresponds to the more reduced state of glycerol 

compared to glucose. In theory, when 1 g of glycerol is 
consumed, 0.83 g PG would be produced. However, in real-
ity some glycerol must be consumed to produce ATP and 
NAD(P)H and maintain cell growth. For glucose, the theory 
predicts 0.63 g PG per g glucose, but the actual yields are 
much lower. 

To engineer the PG pathway, we inserted contiguously at 
the GAP locus in P. pastoris Y11430 wild type three engi-
neered genes for aerobic PG production from glycerol. Two 
of the genes were from E. coli: mgsA for the enzyme MG 
synthase and yqhD for the enzyme MG reductase. The other 
gene was P. ofunaensis glydh for a glycerol dehydrogenase 
to catalyze the final step from acetol to PG (Fig. 2B). The 
coding sequence for each of the genes was optimized with 
Pichia codons for highly expressed genes. We used the 
strong, constitutive promoter Pgap for control of expression 
of each of the genes (Fig. 3). After establishing by gene 
specific PCR of genomic DNA from the transformants that 
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each of the genes was present in the engineered Pichia cells, 
we selected a PG producing cell line (Pichia-PG1-1) using 
shake flask cultures and demonstrated that the 3 enzymes 
were active in Pichia cell extracts (Table 2). Next we grew 
the PG1-1 cell line aerobically in the fermenter on glycerol 
where the PG level reached 0.11 g/L and specific PG pro-
ductivity peaked at 0.4 mg per g WCW (Fig.5). Based on 
these results, the PG biosynthetic pathway was successfully 
implemented and functional in engineered Pichia cells. We 
also demonstrated that PG was produced when waste glyc-
erol from a biodiesel production facility treated by a simple 
filtration step was used as carbon source to grow aerobi-
cally Pichia cell line PG1-1 (Table 3). PG accumulated in 
the spent cell broth, so this small hydrophilic molecule is 
exported from the cells by endogenous membrane trans-
porters or simple diffusion.  

For comparison to our results, we have summarized all 
the results for PG production in the various engineered or-
ganisms studied to date (Table 4). The highest titers of PG 
are produced in E. coli strains, which must be grown an-
aerobically especially when glycerol is the carbon source. 
By very extensive modification of E. coli metabolic path-
ways for fermentation products and gene augmentations, a 
PG level of 5.6 g/L with a yield of 213 mg PG per g glyc-
erol consumed was achieved[6]. However, when grown in 
the fermenter, this strain of E. coli also produced: ~330 mg 
ethanol/g glycerol; ~150 mg formate/g glycerol; ~50 mg 
succinate/g glycerol; and ~50 mg acetate/g glycerol. Clearly, 
this high level of PG production is unique, but it is in a 
complex mixture of products listed above as well as glyc-
erol that was not consumed at the end of the fermentation. 
For yeast, the levels of PG produced are much lower in the 
range of a few hundreds of mg of PG/L of culture. Thus, the 
results presented here are comparable to those from other 
yeast systems; especially in consideration of the simple 
manipulations that have been applied in the engineered 
Pichia stain. 

Thus, Pichia pastoris is a good platform to produce PG 
aerobically from crude glycerol. But in order to have a 
competitive and attractive industrial strain able to create 
value from biodiesel waste crude glycerol, the titer, produc-
tivity and yield of the Pichia glycerol to PG process must 
be increased. In evaluating the limitations on production of 
PG by Pichia cell line PG1-1, we assayed cell extracts for 

enzyme activities of the 3 genes we integrated into the 
Pichia genome (Table 2). For the 1st enzyme in the engi-
neered PG pathway, methylglyoxal synthase, the specific 
activity was about 2 fold higher in Pichia-PG1-1 than 
Pichia-wt. For the 2nd enzyme, methylglyoxal reductase 
encoded by E. coli yqhD, the specific activity was about 8 
fold higher in Pichia-PG1-1 than Pichia-wt. For the last 
enzyme, acetol reductase, the specific activity was 134 fold 
higher in Pichia-PG1-1 than Pichia-wt. This would make it 
appear that production of methylglyoxal is a factor limiting 
flux into the engineered PG pathway. However, we found 
pyruvate/lactate was produced along with PG in the spent 
broth of the Pichia-PG1-1 cell line (data not shown), which 
most likely results from the detoxification of excess me-
thylglyoxal by action of methylglyoxalase I. 

Thus, it appears that the reduction of methylglyoxal to 
acetol by the action of YqhD is insufficient to keep up with 
the flux of this intermediate. Therefore, YqhD appears to be 
the bottleneck in the biosynthetic PG pathway especially 
since the last enzyme, acetol reductase, is more than 1000 
fold more active than YqhD (Table 2). This suggests that 
increasing number of copies of the yqhD gene would en-
hance activity of the 2nd enzyme in the PG biosynthetic 
pathway, and perhaps increase the titer of PG. Nevertheless, 
to increase the gene copy number, more than one loci of 
insertion must be available. In the P. pastoris system, genes 
are inserted in the genome by single crossover between the 
transforming DNA and homologous sequence in the Pichia 
genome[11]. We used the pGAPZ plasmid as a backbone 
for our work, so the targeted insertion is driven by homolo-
gous sequences located in front of the Pgap and the corre-
sponding DNA at the GAP locus. Multiple insertion events 
at one locus can happen, but it is a random event occurring 
at a low frequency[11]. Finding a multiple insertion clone 
necessitates time consuming and laborious screening. 
Moreover, it can lead to an uncontrolled genomic rear-
rangement, which can end up in gene loss and genomic in-
stability. Therefore, we have started the development of a 
set of plasmids with different insertion loci to increment 
rationally the copy number of the 3 genes encoding PG 
synthetic pathway enzymes. Since industrial strains need to 
be antibiotic resistance gene free, we are implementing 
these plasmids with a removable Zeocin® cassette based on 
the LoxP/Cre technology[22]. 

Table 4.  Summary of PG Production in Engineered Organisms. For comparison, production of PG by a natural organism (Thermoanaerobacterium 
thermosaccharolyticum) is shown 

Organism Genes Introduced and Deleted or Modified Carbon Source and Growth PG (g/L) Ref 
T. thermosaccharolyticum None Glucose Anaerobic 4-9 20 
E. coli mgsA, gldA Glucose Aerobic 0.25 2 
E. coli mgsA, gldA, fucO, dhaK, dkgA, ΔaraB Glycerol Aerobic 0.44 7 
E. coli mgsA, gldA, yqhD, ΔackA-pta, Δldh, ΔdhaK Glycerol Anaerobic 5.6 6 
S. cerevisiae mgsA, gldA Glucose Aerobic 0.24 3 
S. cerevisiae mgsA, gldA, Δtpi1 Glucose/ethanol Aerobic 1.11 21 
S. cerevisiae mgsA, dhaD Glucose Aerobic 0.45 4 
P. pastoris mgsA, yqhD, glydh Glycerol Aerobic 0.11 -- 
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Besides increasing the levels of the introduced genes of 
the PG pathway, other possible manipulations might also 
increase PG production in Pichia. For example, the produc-
tion of pyruvate/lactate in our system may be resulting from 
the action of methylglyoxalase I which detoxifies MG pro-
duced in wild type Pichia. Thus, knocking out methylgly-
oxalase I might increase flux of MG into the PG pathway 
and increase the yield of PG. To summarize possible ways 
to modify Pichia metabolism to increase PG production, we 
have presented a simplified view of the biochemical proc-
esses to be targeted in future engineering of this system (Fig. 
6). In addition, optimization of the growth system for 
Pichia cell lines engineered to produce PG may also yield 
great dividends. For example, growing the Pichia strain 
under stress conditions, such as phosphate limitation or os-
motic stress, could increase PG production[23]. Another 
way to increase the yeast PG productivity would be to op-
timize the enzymes involved in the PG metabolic pathway 
by rational mutagenesis. Overall, the present study is a first 
step toward producing PG in engineered Pichia, which may 
be the system of choice for making this product from glyc-
erol. 

 
Figure 6.  Summary schematic of key pathways in P. pastoris and pro-
posed modifications to increase PG production. Glycerol is assimilated to 
DHAP and then converted to PG via the metabolically engineered pathway, 
shown with bold arrows. The 2nd enzyme in the pathway will be increased 
by augmenting copy number of the yqhD gene, shown by double bold 
arrows. Conversion of MG to lactate and pyruvate catalyzed by methyl-
glyoxalase 1, which drains carbon away from PG production, will be 
blocked by knocking-out the gene for this enzyme, shown by bold X. Ad-
ditional enhancements of PG production may be achieved by attenuating 
expression of triose phosphate isomerase, shown by dashed line; and by 
increasing the expression levels of enzymes in the pentose phosphate 
pathway for augmenting the cellular reducing power, dashed bold arrows 
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