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Abstract 
Glycerol dehydratase (gdrAB-dhaB123) operon from Klebsiella pneumoniae and NADPH-dependent 1,3-propanediol oxi-
doreductase (yqhD) from Escherichia coli were stably integrated on the chromosomal DNA of E. coli under the control of 
the native-host ldhA and pflB constitutive promoters, respectively. The developed E. coli NSK015 (∆ldhA::gdrAB-dhaB123 
∆ackA::FRT ∆pflB::yqhD ∆frdABCD::cat-sacB) produced 1,3-propanediol (1,3-PDO) at the level of 36.8 g/L with a yield 
of 0.99 mol/mol of glycerol consumed when glucose was used as a co-substrate with glycerol. Co-substrate of glycerol and 
cassava starch was also utilized for 1,3-PDO production with the concentration and yield of 31.9 g/L and 0.84 mol/mol of 
glycerol respectively. This represents a work for efficient 1,3-PDO production in which the overexpression of heterologous 
genes on the E. coli host genome devoid of plasmid expression systems. Plasmids, antibiotics, IPTG, and rich nutrients 
were omitted during 1,3-PDO production. This may allow a further application of E. coli NSK015 for the efficient 1,3-PDO 
production in an economically industrial scale.

Key points  
• gdrAB-dhaB123 and yqhD were overexpressed in E. coli devoid of a plasmid system
• E. coli NSK015 produced a high yield of 1,3-PDO at 99% theoretical maximum
• Cassava starch was alternatively used as substrate for economical 1,3-PDO production

Keywords 1,3-propanediol · E. coli · K. pneumoniae · Glycerol · Heterologous gene expression · Native host promoter

Introduction

1,3-propanediol (1,3-PDO) can be used in many appli-
cations, such as the manufacture of cosmetics, lubri-
cants, adhesives, laminates, coating materials, and per-
sonal care products. It is also a monomer for producing 
poly(trimethylene terephthalate) (PTT) that has the com-
bined property of poly(ethylene terephthalate) (PET) and 
poly(butyrene terephthalate) (PBT), thus making PTT a 
suitable fiber for application in carpet and textile industries. 

Conventionally, 1,3-PDO has been chemically synthesized 
from acrolein and ethylene oxide derived from crude oil 
(Zhu et al. 2002). As an awareness on global warming and 
environmental challenges increase, researchers are attracted 
to focusing on an alternative bio-based production of 1,3-
PDO from wasted glycerol from biodiesel plants using 
microbes including Klebsiella pneumoniae (Lee et al. 2018a; 
Oh et al. 2018) and Clostridium sp. (Liu et al. 2010). How-
ever, a disadvantage for the use of K. pneumoniae is that it is 
a potential pathogen that is dangerous to operators and may 
contaminate the surroundings. Additionally, the growth of 
Clostridium sp. greatly relies on strict anaerobic conditions 
that are quite difficult to control during 1,3-PDO produc-
tion and may cause an increase in capital investments and 
operational expenses in the industry (Liu et al. 2010). So far, 
metabolically engineered E. coli strains producing 1,3-PDO 
have been previously reported. The 1,3-PDO production by 
developed E. coli strains was extensively studied through an 
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overexpression of heterologous genes for glycerol utiliza-
tion in E. coli strains. However, the overexpression of these 
genes was normally employed using plasmid-dependent sys-
tems while the low production yield of 1,3-PDO was then 
reported (Table 1).

In this study, the artificially re-arranged gdrAB-dhaB123 
(glycerol dehydratase) operon from K. pneumoniae and the 
native E. coli NADPH-dependent 1,3-propanediol oxidore-
ductase (yqhD) gene were simultaneously introduced into 
E. coli host cell. To the best of our knowledge, this is a 
pioneer work for 1,3-PDO production in which our con-
structed strains possessed genes that were integrated and 
constitutively expressed on the host E. coli genome under 
the control of the native host ldhA and pflB promoters 
respectively, devoid of plasmid-dependent conditions. Con-
cerns about plasmid instability and plasmid induction for 
the heterologous gene expression in the developed E. coli 
strain and the occurrence of pathogenicity by K. pneumo-
niae for 1,3-PDO production were thus excluded. Addition-
ally, some anaerobic fermentative genes were also deleted 
from the host genome to conserve the maximum carbon 
flow through 1,3-PDO production route. The developed E. 
coli NSK015 strain capable of the over-expression of neces-
sary enzymes involved in the reduction of glycerol through 
1,3-PDO biosynthesis pathway is resemble to that of K. 
pneumoniae, a native 1,3-PDO producer (Fig. 1). The strain 
allowed producing a high yield of 1,3-PDO from glycerol 
closed to theoretical maximum (1.0 mol/mol glycerol) when 
glucose was provided as a co-substrate under both micro-
aerobic conditions (shaking flasks) and aerobic conditions 
(1–2 vvm aeration). The strain was able to utilize mineral 
salts medium (4 g/L total salts) regardless of yeast extract or 
any rich and expensive nutrients during fermentation, thus 
reducing production costs related to medium preparation, 
product recovery, purification, and waste disposal. E. coli 
NSK015 strain may be industrially applied for the economi-
cally and environmentally friendly production of 1,3-PDO.

Materials and methods

Microbial strains, plasmid, media, primers, 
and growth conditions

Table 2 shows microbial strains used in this study. E. 
coli C was used as a parental strain for engineering its 
metabolic pathway. E. coli TOP 10 was used to maintain 
constructed plasmids. Microbial strains were cultivated 
and maintained in LB broth or agar, at 37 ◦C . Apramy-
cin (Apra), chloramphenicol (Cm), ampicillin (Amp), and 
kanamycin (Km) antibiotics were supplemented into media 
as appropriated. An LB aldehyde indicator plate contain-
ing 3% (w/v) glycerol, 0.5% (w/v) sodium bisulfite, and 

0.05% (w/v) pararosaniline in ethanol was modified from 
the report of Conway et al. (1987) and used to identify the 
expression of glycerol dehydratase operon under the native 
ldhA promoter. Coenzyme-B12 was also provided at the 
concentration of 15 µM during 1,3-PDO production. The 
low salt AM1 production medium (Martinez et al. 2007) 
was used throughout this study. The medium is composed 
of 19.9 mM  (NH4)2HPO4, 7.6 mM  (NH4)2HPO4, 1.5 mM 
 MgSO4.7H2O, 1 mM betaine HCl and trace metal (8.9 µM 
 FeCl3.6H2O, 1.3 µM  CoCl2.6H2O, 0.9 µM  CuCl2.2H2O, 
2.2 µM  ZnCl2, 1.2 µM  Na2MoO4.2H2O, 1.2 µM  H3BO3, 
and 2.5 µM  MnCl2.4H2O2). Yeast extract (5 g/L) was only 
provided in AM1 if required to determine its effect over 
fermentation.

Construction of an artificially expressing operon 
of glycerol dehydratase with its reactivating factors

Table S1 shows primers and plasmids used in this study. 
Briefly, gdrB gene and its surrounding sequences were ampli-
fied using Comp-gdrA(down)-gdrB-R (forward) and DH-
ldhAp-gdrAB-dhaB123-F (reverse) primers. The amplified 
PCR fragment (gdrB fragment) was cloned into pCR2.1-
TOPO, and the plasmid was designated to be pKJ1010. The 
plasmid pKJ1010 was further used as the template for PCR 
amplification in an inside-out direction using dhaB1-M13-R/F 
(forward) and Comp-gdrA(down)-gdrB-R (reverse) primers. 
The resulting PCR fragment was a linearized pKJ1010 plasmid 
missing surrounding sequences of gdrB gene. The linearized 
DpnI-treated pKJ1010 plasmid was used as the template to 
generate sticky ends at both sides using either dhaB1-M13-
R/F or Comp-gdrA(down)-gdrB-R primers in separated PCR 
reactions. Both single-stranded amplified PCR fragments were 
recombined, and the double-stranded PCR product was CIP 
treated.

On the other hand, dhaB123 and gdrA genes and their 
surrounding sequences were also amplified using Comp-
gdrB(up)-gdrA-F (forward) and DH-ldhAp-gdrAB-dhaB123-
R (reverse) primers. The resulting PCR fragment contained 
5’-gdrA-dhaB123-3’ sequences lying in the same orientation 
of gdrB gene on the plasmid pKJ1010. Consequently, this 
fragment was amplified using either Comp-gdrB(up)-gdrA-
F and M13-dhaB1-R primers in separate PCR reactions fol-
lowed by CIP treatment in the same manner as previously 
mentioned. The resulting double-stranded PCR fragment con-
tained sequences derived from the gdrA-dhaB123 with sticky 
ends at both sides. Finally, the CIP-treated linearized pKJ1010 
plasmid was ligated with the T4-PNK treated gdrA-dhaB123 
insert cassette facilitated by the complementary sequences at 
overhangs on their both ends. The ligated plasmid contained 
the artificially expressing cassette gdrAB-dhaB123 and was 
designated to pKJ1011.
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Construction of an expressing cassette encoding 
the native E. coli yqhD

The upstream of pflB was first amplified by polymer-
ase chain reaction (PCR) using yqhD-pflB-F (forward) 
and upfocA-R (reverse) primers. Next, a pair of prim-
ers, pflB-yqhD-F and pflB-yqhD-R, was further used 
to initiate the amplification of the yqhD gene and its 
own promoter sequences while the downstream of pflB 
gene was also amplified by PCR using pflA-F and yqhD-
pflB-R primers. Both PCR fragments were then com-
bined as a molar ratio of 1:1 in the reaction containing 
DNA polymerase without primers using a slow annealing 
procedure. The resulting fragment was further amplified 
using pflA-F and pflB-yqhD-R primers. The amplified 
fragment was then joined to the upstream fragment of 
pflB as previously amplified. The annealed fragment was 
used as a template for the amplification of the shorter 
fragment containing focA’-yqhD-pflB” sequences using 
pflA-F and focA-R primers. The focA’-yqhD-pflB”, an 
expressing cassette encoding the native E. coli yqhD, was 
thus cloned into pCR2.1-TOPO, generating the plasmid 
pKJ1014.

Deletions of ldhA, ackA, and frdABCD genes 
and chromosomal integrations of the artificial 
gdrAB‑dhaB123 operon and yqhD gene in E. coli C

Gene encoding lactate dehydrogenase (ldhA) was initially 
deleted in E. coli C wild type. Briefly, the cat-sacB (chlo-
ramphenicol acetyltransferase-levan sucrase) cassette was 
amplified by PCR using the genomic DNA of K. oxytoca 
KMS005 (Jantama et al. 2015) as a template and DH-ldhAp-
cat-sacB-F and DH-ldhAp-cat-sacB-R as primers. The 
amplified PCR fragment (ldhA’-cat-sacB-ldhA”) was then 
transformed into E. coli C carrying the plasmid pLOI3420. 
The homologous recombination of the fragment on the chro-
mosomal ldhA region of E. coli C wildtype was confirmed 
using the colony PCR technique. The verified clone was 
renamed as E. coli NSK001 (ΔldhA::cat-sacB).

Gene encoding acetate kinase (ackA) was also inter-
rupted using techniques previously developed by Dat-
senko and Wanner (2000). The PCR fragments contain-
ing kanamycin resistant gene flanked by parts of upstream 
and downstream sequences encoding ackA genes were 
amplified by PCR reaction using the pKD4 plasmid as 
a template with ackA-pKD4-F and ackA-pKD4-R prim-
ers. The resulting PCR fragments (ackA’-FRT-km-FRT-
ackA”) were transformed into E. coli NSK001 carrying 
the plasmid pLOI3420. The integration of the fragment 
on the chromosomal ackA region of E. coli NSK001 was 
verified and the clone was renamed as E. coli NSK002 
(ΔldhA::cat-sacB ΔackA::FRT-km-FRT). Furthermore, E. 

coli NSK002 strain carrying pLOI3420 was transformed 
with the fragment of gdrAB-dhaB123 cassette derived 
from pKJ1011 by electroporation. A specific integration 
of the artificially expressing gdrAB-dhaB123 cassette at 
E. coli ldhA region occurred via a double homologous 
recombination event. The gdrAB-dhaB123 cassette was 
designed to integrate in frame with the start codon at the 
ldhA promoter. The confirmed clone was designated E. coli 
NSK003 (ΔldhA::gdrAB-dhaB123ΔackA::FRT-km-FRT). 
To remove the km gene, a plasmid pFT-A expressing a 
recombinase was transformed into E. coli NSK003. E. coli 
NSK003 strain carrying pFT-A was further cultured in LB 
medium containing chlortetracycline (20 µg/mL) at 30 °C 
for 8 h to allow self-recombining between FRT sites facili-
tated by the recombinase. The verified clone was renamed 
as E. coli NSK012 (ΔldhA::gdrAB-dhaB123ΔackA::FRT).

Gene encoding pyruvate formate lyase (pflB) was 
deleted in E. coli NSK012. The PCR fragment (pflB’-
cat-sacB-pflB”) amplified using WMpflBA-F and WMp-
flBA-R as primers and the genomic DNA of K. oxytoca 
KMS005 as template was then transformed into E. coli 
NSK012 carrying the plasmid pLOI3420. The verified 
clone was re-named as E. coli NSK013 (ΔldhA::gdrAB-
dhaB123ΔackA::FRTΔpflB::cat-sacB). E. coli NSK013 
strain carrying pLOI3420 was further transformed with 
the fragment of focA’-yqhD-pflB” derived from pKJ1014. 
The confirmed clone was designated E. coli NSK014 
(ΔldhAB::gdrAB-dhaB123ΔackA::FRTΔpflB::yqhD).

Gene encoding fumarate reductase (frdABCD) was 
further deleted in E. coli NSK014 following the same 
strategy of Jantama et al. (2008). The frdABCD frag-
ments were amplified by frdABCD-F and frdABCD-R 
primers and cloned into pCR2.1-TOPO. The cloned plas-
mid was used as the template by IOfrd-F and IOfrd-R 
primers. The PCR product contained sequences derived 
from pCR2.1-TOPO with the flanking regions of frd-
ABCD. The cat-sacB cassette amplified from K. oxytoca 
KMS005 by catfrd-F and catfrd-R primers was ligated 
into the PCR product to generate pKJ1012. The ampli-
fied PCR fragment (frd’-cat-sacB-frd”) derived from 
pKJ1012 was then transformed into E. coli NSK014 car-
rying pLOI3420. The verified clone was re-named E. coli 
NSK015 (ΔldhA::gdrAB-dhaB123ΔackA::FRTΔpflB::yq
hDΔfrdABCD::cat-sacB).

Enzyme assay

Cells at the late-log phase cultures were harvested by 
centrifugation of 4000 g at 4 ℃ for 10 min. The pellets 
were washed using 0.05 M PBS buffer (pH 8.0) twice 
then re-suspended with a final volume of 2 mL. The cell 
was further disrupted by an ultrasonic disintegrator at 
40 kHz with alternate pulses of sonication for 10 min. 
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The cell debris in the crude lysate were separated. The 
supernatant was used to determine the total protein 
concentration by the Bradford (1976) and its enzymatic 
activities.

To determine activities of glycerol dehydratase and 
1,3-propanediol oxidoreductase, the method of Knietsch 
et al. (2003) was applied. The apparent molar extinction 

coefficient derived from 3-hydroxypropionaldehyde (3-HPA) 
used for the calculation of the specific enzyme activities 
was 5.23*103  M−1  cm−1 determined at the absorbance of 
670 nm. The specific glycerol dehydratase and 1,3-propan-
ediol oxidoreductase activities were reported as amounts of 
aldehydes in the unit of micromole formed (U) in 1 min per 
mg total protein.

Fig. 1  Proposed metabolism for 1,3-propanediol production in a 
metabolically engineered Escherichia coli NSK015. Genes involving 
in the pathway are summarized in the box. Red cross signs represent 

the gene deletion. Genes gdrAB-dhaB123 and yqhD were expressed 
under the control of native ldhA and pflB promoters

Table 2  Strains used for this 
study

Strains Relevant characteristic Source

Strains
E. coli TOP10 Invitrogen
E. coli C Wild type ATCC 8739
K. pneumoniae K. pneumoniae subsp. pneumoniae TISTR 1867
KMS005 K. oxytoca ∆adhE ∆ackA-pta ∆ldhA::cat-sacB Jantama et al. (2015)
NSK001 E. coli C ∆ldhA::cat-sacB This study
NSK002 E. coli C ∆ldhA::cat-sacB ∆ackA::FRT-km-FRT This study
NSK003 E. coli C ∆ldhA::gdrAB-dhaB123∆ackA::FRT-km -FRT This study
NSK012 E. coli C ∆ldhA::gdrAB-dhaB123∆ackA::FRT This study
NSK013 E. coli C ∆ldhA::gdrAB-dhaB123∆ackA::FRT∆pflB::cat-sacB This study
NSK014 E. coli C ∆ldhA::gdrAB-dhaB123∆ackA::FRT∆pflB::yqhD This study
NSK015 E. coli C ∆ldhA::gdrAB-dhaB123∆ackA::FRT∆pflB::yqhD∆frd

ABCD::cat-sacB
This study
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Fermentation experiment

In shake flask experiments, the seed cultures at an initial  OD550 
of 0.1 were inoculated in 100 mL AM1 medium containing 
20 g/L glycerol and 100 mM  KHCO3 with or without either 
glucose or yeast extract in a 500 mL Erlenmeyer flask at 37 ℃, 
200 rpm for 72 h. Samples were intermittently taken every 12 h 
for analyses. In 2 L fermenter experiments, E. coli NSK015 
strain was initially grown in 100 mL LB supplemented with 
2% (w/v) glucose in a 250 mL shaking flask at 37 °C, 200 rpm 
for 12 h. The inoculum was transferred into AM1 medium con-
taining substrates with the initial  OD550 of 0.1 with specified 
volumes. The solution of 3 M KOH was automatically added 
into the broth to maintain pH of cultures at 7.0. The aeration 
rate of 1 or 2 vvm and agitation of 200 rpm were provided 
according to experiments. One milliliter of sample was taken 
every 12 h for analyses for 108 h.

The mixed cassava starch (70 g/L) and glycerol (50 g/L) in 
AM1 medium containing coenzyme B12 were used as sub-
strates for studying 1,3-PDO production in a 2 L fermenter. 
After sterilization, the solution mixture was cooled down to 
60 °C. The crude lysate enzyme containing amylase (Amy) 
and amylo-glucosidase (AMG) at concentrations of 100 U and 
600 U per gram cassava starch, respectively, was used to hydro-
lyze the cassava starch (Khor et al. 2016; Khunnonkwao et al. 
2020). The cassava hydrolysis was allowed for 4 h at 50 °C for 
2 h. After hydrolysis, the seed of E. coli NSK015 strain was 
inoculated into the medium with the initial  OD550 of 0.1 and 
temperature was maintained at 37 °C during fermentation.

Analytical method

Fermentation broth was collected and separated by centrifuga-
tion at 15,000 rpm for 5 min. The supernatant was analyzed 
with HPLC while cell pellet was mixed with 1 mL DI water 
and determined the cell biomass. The biomass concentration 
was determined when three  OD550 are approximately 1 g/L 
cell dry weight (Khunnonkwao et al. 2018). HPLC analysis 
coupled with an anion exclusion column (Bio-RAD, Aminex, 
HPX-87H, USA) was used to analyze sugars and fermenta-
tive products. The column was controlled at the temperature 
of 45 °C. The solution of 4 mM  H2SO4 was used as a mobile 
phase with a flow rate of 0.4 mL/min.

Statistical analysis

All experiments were performed in triplicate. All data repre-
sent the averages of three fermentations with standard devia-
tions. Data were analyzed with the SPSS program (version 
13.0). Duncan’s multiple-ranges test (DMRT) was used to 
determine differences among mean values at 95% significance 
level (P < 0.05).

Results

Functional expression of the gdrAB‑dhaB123 operon 
for 1,3‑PDO pathway in E. coli

In this study, the glycerol dehydratase operon (dhaB123), 
catalyzing the conversion of glycerol to 3-HPA, from K. 
pneumoniae subsp. pneumoniae TISTR1867 was overex-
pressed with its re-activating factors (gdrAB) in E. coli 
NSK002. Since dhaB123 and gdrA genes in K. pneumo-
niae are arranged in the opposite direction to gdrB gene 
(Rathnasingh et al. 2009), the re-arranged gdrAB-dhaB123 
cassette was constructed (pKJ1011). The structural ldhA 
gene of E. coli NSK002 was simultaneously deleted and 
replaced by the artificially constructed gdrAB-dhaB123 
operon (Fig. S1A). The operon was then stably integrated 
in frame with the E. coli ldhA promoter. The automated 
sequencing analysis confirmed that no mutations at the 
ldhA promoter region and gdrAB-dhaB123 gene were 
found (Fig. S1B) on the genome of recombinant clone 
named E. coli NSK012. The aldehyde indicator plate 
was used to preliminarily screen clones owning an ability 
to produce aldehydes. The produced aldehyde can react 
with sodium bisulfite and pararosaniline in ethanol thus 
developing a dark pink color. Out of 150 clones, only two 
positive clones of E. coli NSK012 accumulated 3-HPA 
from glycerol since they developed the dark pink colo-
nies on the aldehyde indicator plate containing glycerol, 
thus resemble to that of K. pneumoniae while E. coli C 
wild type did not (Fig. S1C). This result indicated that the 
artificially constructed gdrAB-dhaB123 operon was suc-
cessfully functioned in the E. coli NSK012 clones (and 
its derivatives) under the control of ldhA promoter as a 
minimally inducible promoter thus sufficiently allowing a 
glycerol conversion to 3-HPA. All developed strains were 
also summarized in Fig. S1D.

E. coli NSK012 grew well in mineral salts AM1 medium 
containing glycerol as a sole carbon source (Fig. 2A) and 
produced 1,3-PDO from glycerol at the level of 4.63 g/L 
within 72 h incubation in a shaking flask. Whereas, no 1,3-
PDO production was observed by E. coli NSK002 lacking 
glycerol dehydratase activity (Fig. 2B and C). This demon-
strated that an overexpressed glycerol dehydratase in E. coli 
NSK012 was mandatory to convert glycerol to 3-HPA, an 
intermediate of 1,3-PDO. Together, results of the enzymatic 
activity assay showed that E. coli NSK012 possessed the 
significantly higher activity of glycerol dehydratase at the 
level of 0.38 ± 0.07 U/min/mg protein compared with that 
of its parental E. coli NSK002 strain (0.26 ± 0.05 U/min/
mg protein). Though, the background activity detected in E. 
coli NSK002 strain could arise from the presence of other 
aldehydes (not 3-HPA) in the crude lysate. These aldehydes 
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may include glyceraldehyde-3-phosphate, one of the inter-
mediates in glycolysis that is partially diverted from the con-
sumed glycerol (Fig. 1).

Improved 1,3‑PDO yield caused by deletion of pflB 
but not the over‑expression of yqhD

Acetate up to 2.0 g/L with a few formate was accumu-
lated during 1,3-PDO production by E. coli NSK012 strain 
(Fig. 2C) even though the strain possessed the deletion of 
ackA (encoding acetate kinase enzyme). Previous stud-
ies demonstrated that the elimination of pflB gene in E. 
coli and K. oxytoca led the strain lacking the ability to 
produce acetyl-CoA and formic acid from pyruvate in 
the central metabolism, thus conserving the carbon flux 
towards production pathways of desired biochemicals (In 
et al. 2020; Jampatesh et al. 2019; Sawisit et al. 2018). 
After the deletion of pflB, E. coli NSK013 considerably 
increased the level of 1,3-PDO up to 5.8 g/L (Fig. 2C), 
which was about a 26.1% increase, compared to that of E. 
coli NSK012 (4.6 g/L). The 1,3-PDO production yield by 
E. coli NSK013 was significantly improved to be 0.38 mol/
mol glycerol used in shaking flask conditions (Fig. 2B). 
Acetate production declined by three folds in E. coli 
NSK013 (0.8 g/L), compared to that of E. coli NSK012 
(2.4 g/L).

With the hope to increase 1,3-PDO production, pflB gene 
was simultaneously replaced by the native E. coli yqhD gene 
thus the 1,3-propanediol oxidoreductase (YqhD) was overex-
pressed. Results of the enzymatic activity analysis revealed 
that both E. coli NSK013 and E. coli NSK014 strains 
showed comparable levels of glycerol dehydratase activity 
(0.44 ± 0.04 and 0.42 ± 0.04 U/min/mg protein, respectively) 
compared to that of E. coli NSK012 (0.38 ± 0.07 U/min/
mg protein). Additionally, E. coli NSK013 (0.47 ± 0.03 U/
min/mg protein) and E. coli NSK014 (0.50 ± 0.07 U/min/
mg protein) possessed the YqhD activity at a significantly 
higher level (about 2 folds increase) than that of E. coli 
NSK012 (0.25 ± 0.02 U/min/mg protein). Surprisingly, the 
over-expression of yqhD gene did not result in an increase 
in 1,3-PDO concentration and yield in E. coli NSK014 com-
pared to those of E. coli NSK013 (Fig. 2B and C). The result 
indicated that the deletion of pflB provided more effects on 
improving 1,3-PDO yield even though the YqhD activity 
was enhanced in E. coli NSK014.

Effect of frdABCD deletion on 1,3‑PDO production

E. coli NSK014 produced up to 4.3 g/L succinate as a major 
by-product (Fig. 2C), which accounted for about 20.7% of 
the carbon recovery during fermentation. This was likely 
that E. coli NSK014 as an E. coli C derivative preferably 

Fig. 2  Comparison of growth (A), maximum 1,3-PDO production yield (B), and fermentation profiles (C) in AM1 medium containing 20 g/L 
glycerol and 100 mM  KHCO3 of developed E. coli NSK derivatives in shaking flasks
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diverted glycerol through the succinate-producing pathway. 
To further conserve more carbon flux and NADH through 
1,3-PDO route, the frdABCD genes (encoding fumarate 
dehydrogenase; FRD) were therefore deleted from E. coli 
NSK014. The resulting strain, E. coli NSK015, did not 
exhibit an impaired growth while the 1,3-PDO yield of 
0.43 mol/mol was improved about 7.5% compared to that 
of E. coli NSK014 (Fig. 2B). Succinate was also abolished 
in E. coli NSK015 (Fig. 2C). Considering the enzymatic 
activities, it was surprised that both activities of glycerol 
dehydratase and YqhD were about two-folds decreases in E. 
coli NSK015 (0.27 ± 0.06 and 0.24 ± 0.07 U/min/mg protein, 
respectively) compared to those of E. coli NSK014.

Improved 1,3‑PDO yield by the supplementation 
of glucose but not yeast extract

The yield of 1,3-PDO production reached 0.43 mol/mol 
glycerol used by E. coli NSK015. Tong and Cameron (1992) 
suggested that the maximum theoretical yield of 1,3-PDO 
varied in the range of 0.67–1.0 mol/mol depending on car-
bon substrates used. The maximum theoretical yield of 

1,3-PDO (1.0 mol/mol glycerol used) also depended on the 
availability of external sources of reducing powers (derived 
from glucose, xylose, or even  H2) and nutritional constraints 
during fermentation (Tong et al. 1991). An addition of yeast 
extract (5 g/L) into AM1 medium resulted in a two folds 
increase of biomass up to 3 g/L  (OD550 ≈ 9.0) in both E. coli 
NSK014 and NSK015 strains compared to those without 
yeast extract (Fig. 2A). However, the 1,3-PDO yields and 
concentrations by both strains were not improved when com-
pared to those without yeast extract (Fig. 3A and B). Further 
investigation was done by the addition of both yeast extract 
and glucose (20 g/L) into AM1 medium containing glyc-
erol. The 1,3-PDO concentrations and yields (Fig. 3C and 
D) were dramatically improved up to 0.94 mol/mol glyc-
erol used for both strains, accounting for two folds increase 
(Fig. 2B). Furthermore, yeast extract was removed from the 
medium to observe the sole effect of glucose on 1,3-PDO 
biosynthesis. The yields from both strains (0.90–0.92 mol/
mol glycerol used) in the medium containing both glycerol 
and glucose as co-substrate were comparable to those with 
the sole supplementation of yeast extract (Figs. 2B and 
3E and F). This clearly demonstrated that an only addition 
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of glucose as a co-substrate with glycerol was enough to 
improve the production yield of 1,3-PDO. Noticeably, our 
achieved 1,3-PDO yields and even proposed theoretical 
maximum yield were calculated based on a sole utilization 
of glycerol by the strains, not a combined glucose and glyc-
erol. This was due to fact that no production of 1,3-PDO by 
E. coli NSK015 was observed in the medium containing 
only glucose as a sole carbon source (Fig. S2).

Improved 1,3‑PDO production in 2L fermenter by E. 
coli NSK015

Most previously reported studies in 1,3-PDO production by 
natural producers and other engineered E. coli strains were 
done under anaerobic or even microaerobic conditions (Chen 
et al., 2003; Tong and Cameron 1992). Though, Tang et al. 
(2009) reported 1,3-PDO production by an engineered E. 
coli under dual aerobic/anaerobic phases while Emptage 
et al. (2003) produced 1,3-PDO under fully aerated condi-
tions. In our experiments, growth and glycerol assimilation 
of our engineered strains were impaired in AM1 medium 
containing glycerol (Fig. S3) in shaking flasks (resemble to 

microaerobic conditions). On the other hand, glycerol was 
efficiently consumed by all strains when bicarbonate (source 
of  CO2) was supplemented (Fig. 2C) and growths were then 
not impaired. This was likely that bicarbonate was essential 
for the growth and utilization of glycerol during 1,3-PDO 
production for the strains when conditions were not fully 
aerated as in shaking flasks. To see effects of oxygen on 
1,3-PDO production, the fully aerated condition at 2 vvm 
aeration was allowed when E. coli NSK015 was cultivated 
in 2 L fermenter in AM1 medium containing co-substrates of 
glucose and glycerol without the bicarbonate supplementa-
tion. The result showed that the growth and utilizations of 
glucose and glycerol by E. coli NSK015 were repaired even 
though bicarbonate was not provided (Fig. 4A). Glucose 
and glycerol were exhausted within 10 and 16 h incubation, 
respectively. 1,3-PDO was produced at the level of 7.2 g/L 
with the yield and productivity of 0.82 mol/mol glycerol 
used and 0.45 g/(L∙h), respectively. Results suggested that 
the complete aeration was mandatory for 1,3-PDO produc-
tion by E. coli NSK015 while bicarbonate prevented subop-
timal growth and substrate utilization during glycerol fer-
mentation under oxygen-limited conditions. Cintolesi et al. 
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Fig. 3  Fermentation profiles of developed E. coli NSK014 and NSK015 strains in AM1 medium containing only 20  g/L glycerol (Gly) and 
100 mM  KHCO3 with or without glucose (Glu) and yeast extract (YE) in shaking flasks
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(2012) suggested that E. coli possessed higher activities of 
glycerol dehydrogenase and dihydroxyacetone kinase when 
glycerol was supplied together with  CO2. This resulted in 
increasing rates of glycolytic flux and glycerol utilization 
under microaerobic or anaerobic conditions.

Glucose concentrations affected the rate of glycerol 
utilization

To see the effect of glucose levels on the rate of glyc-
erol utilization, glucose at different concentrations was 
supplied with 50 g/L glycerol for 1,3-PDO production by 
E. coli NSK015. Results revealed that the glucose sup-
plementation at levels of 20 g/L detrimentally affected 
on the glycerol utilization of the strain. Even though the 
strain grew well and biomass was produced at 2.5 g/L 
 (OD550 ≈ 7.5), the utilization of glycerol was completely 
stalled after glucose was exhausted at 36 h incubation. 
This clearly demonstrated that glycerol was co-transported 
with glucose into cells. The production of 1,3-PDO was 
only 15.5 ± 0.2 g/L with the productivity of 0.14 ± 0.02 g/
(L∙h) (Fig. 4B). With 70 g/L glucose, the high osmotic 
pressure caused from high combined concentrations of 
glucose and glycerol also provided adverse effects on 
substrates utilization by the strain. In Fig. 4C, glucose 
and glycerol were remained at concentrations of 20.0 and 
16.6 g/L, respectively, even the incubation time was pro-
longed till 108 h. 1,3-PDO was produced at the level of 
33.2 ± 0.1 g/L with the productivity of 0.31 ± 0.01 g/(L∙h). 
On the other hand, 1,3-PDO was produced at the best level 
of 35.3 ± 0.9 g/L with the yield reaching 1.03 ± 0.05 mol/
mol glycerol used and productivity of 0.42 ± 0.08 g/(L∙h) 
when the co-substrate of glucose and glycerol at 50 g/L 
each was provided. Glucose and glycerol were simultane-
ously utilized at comparable rates during the first 48 h 
incubation. The overall utilization rate of glycerol was 
thus improved. Glucose was then completely consumed 
within 72 h followed by a slow consumption of glycerol 
after that (Fig. 4D). Our results suggested that the suitable 
ratio of glucose and glycerol at the level of 1:1 allowed 
an efficient utilization of glycerol for 1,3-PDO produc-
tion. The further improvement in 1,3-PDO production was 
attempted at the aeration rate of 1.0 vvm to reduce the 
power requirement during fermentation. The result showed 
that glucose was exhausted after 96 h incubation while 
glycerol remained at the level less than 1 g/L (Fig. 4E). 
The concentration and yield of 1,3-PDO at 36.8 ± 0.7 g/L 
and 0.99 ± 0.04 mol/mol glycerol utilized respectively 
were observed with acetate as a sole by-product of 5.0 g/L. 
Even though 1,3-PDO production obtained at 1 vvm was 
comparable to that at 2 vvm, the 1,3-PDO productivity 
was lower. This may cause from that the overall utiliza-
tion rates of glucose and glycerol were lower than those at 

the higher aeration. Based on our experiments, 1,3-PDO 
yield by E. coli NSK015 was approached the theoretical 
maximum (1.0 mol/mol glycerol used) proposed by Tong 
and Cameron (1992).

Valorization of cassava starch for 1,3‑PDO 
production by E. coli NSK015

E. coli NSK015 was further elucidated an ability to co-
metabolize glycerol and cassava starch as a source of glu-
cose for the biosynthesis 1,3-PDO to reduce production cost 
related to the use of a pure glucose. The result revealed that 
the use of hydrolyzed cassava starch with glycerol did not 
affect the microbial growth. The cell growth was resembled 
to that observed when a pure glucose was used in which the 
maximum biomass was reached 2 g/L after 36 h. Glucose 
was exhausted within 84 h while about 10 g/L of glycerol 
remained. However, 1,3-PDO concentration was gradually 
reduced to 31.9 ± 0.1 g/L with the yield of 0.84 ± 0.01 mol/
mol glycerol used. This result suggested that the sustainable 
production of 1,3-PDO from renewable and cheap agricul-
tural substrates by E. coli NSK015 is promising. Though, 
acetate was produced with a two-fold increase as a main 
by-product (11.4 g/L) compared to that of a pure glucose 
(5.5 g/L) (Fig. 4F). The overall consumption rates of glu-
cose and glycerol by the strain in the condition of cassava 
starch seemed higher than those of pure glucose. This may 
be the effect of nitrogen sources in the cassava starch thus 
accelerating the growth and substrate consumptions. The 
rapid consumption of glycerol and glucose derived from cas-
sava starch caused an imbalance ratio of NADH/NAD due 
to a high glycolytic flux. The strain channeled more carbon 
fluxes through the acetate-producing pathway to prevent 
detrimental effects to cells due to a high accumulation of 
NADH. This resulted in more carbon wasting to an acetate 
excretion rather than 1,3-PDO biosynthesis.

Discussion

Removal of some fermentative genes contributed 
to an improvement of 1,3‑PDO production yield

It is well known that 1,3-PDO production by natural 1,3-
PDO producers like K. pneumoniae occurs under anerobic 
or microaerobic conditions. The maximum theoretical yield 
under anaerobic conditions has been proposed in range of 
0.67–0.875 mol/mol glycerol when some of the glycerol 
fluxes are wasted to acetate and/or formate during the mixed-
acid fermentation (Tong and Cameron 1992). Several groups 
firmly reported that 1,3-PDO production yield was in the 
range only of 0.5–0.82 mol/mol glycerol when cultivating 
their constructed strains under anaerobic or microaerobic 

2946 Applied Microbiology and Biotechnology (2022) 106:2937–2951



1 3

conditions (Table 1). To improve the 1,3-PDO yield, the car-
bon flux should be conserved by deleting some genes encod-
ing enzymes involved in fermentative metabolism. E. coli 
NSK012 produced acetate and formate at the total level up to 
6 g/L during the late log and stationary phases (Figs. 2C and 
3) under shaking flasks conditions. This suggested that pyru-
vate dehydrogenase was likely to be responsible for supple-
menting acetyl-CoA at the initial growth in the presence of 

oxygen by an oxidative decarboxylation of pyruvate while 
the acetate/formate accumulated at later stages of growth 
could arise from PflB activity resulting from an oxygen limi-
tation due to increasing cell density. The deletion of pflB in 
E. coli NSK013 showed a significant reduction of acetate 
production about 75% without the formation of formate. 
This clearly confirmed that E. coli NSK013 could conserve 
more carbon fluxes through 1,3-PDO pathway resulting in 
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Fig. 4  Preliminary optimization of 1,3-PDO production by E. coli NSK015 in 2 L fermenter
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a significant increase in the 1,3-PDO yield about 41% com-
pared to that of E. coli NSK012 (Fig. 2B).

In addition to pflB, E. coli C possesses relatively high 
expression of frdABCD genes regardless of level of oxygen 
and generally converts glycerol to succinate due to its highly 
reduced nature of glycerol (Dharmadi et al. 2006; Jantama 
et al. 2008; McCloskey et al. 2018). Since our developed 
strains were derived from E. coli C, E. coli NSK014 also 
concomitantly produced 1,3-PDO with succinate as one of 
the major byproducts to maintain the overall redox balance 
and to synthesize macromolecules for biomass. The deletion 
of frdABCD genes from E. coli NSK014 caused an improved 
1,3-PDO yield about 7.5% and succinate production was 
abolished in E. coli NSK015. The results suggested that E. 
coli NSK015 lacking FRD activity diverted more glycerol 
flux through 1,3-PDO biosynthesis as a major route for 
NADH or NADPH reoxidation during glycerol fermentation.

E. coli NSK015 produced 1,3‑PDO production 
approaching the theoretical maximum

In previous studies, the high activity of glycerol dehydratase 
caused an accumulation of 3-HPA from glycerol. This inhib-
ited cell growth and ceased 1,3-PDO production (Chen et al. 
2011; Kim et al. 2014). To overcome this obstacle, overexpres-
sion of glycerol dehydratase on low-copy number plasmids and 
codon optimization were performed to ensure that the glyc-
erol conversion to 3-HPA was not too rapid. However, these 
attempts caused an imbalance expression and an instability 
of glycerol dehydratase enzyme thus resulting in the low 1,3-
PDO yield and concentration (Lim et al. 2016; Rathnasingh 
et al. 2009). It has been suggested that the overexpression of 
glycerol dehydratase should be controlled by appropriate pro-
moters to maintain its suitable enzymatic activity inside cells. 
Based on the results in our study, the ldhA promoter allowed 
the suitable employment of a constitutive expression of the 
gdrAB-dhaB123 operon without the growth retardation in  
E. coli NSK015 and provided 1,3-PDO production with the 
high yield up to the theoretical maximum (1.0 mol/mol glyc-
erol used) from glycerol in the presence of glucose. These 
results indicated that the control expression of glycerol dehy-
dratase by the native host ldhA promoter resulted in a bal-
ance between its enzymatic activity suiting the conversion of 
glycerol to 3-HPA and the intact YqhD activity facilitating the 
reduction of 3-HPA to 1,3-PDO in the strain.

In E. coli, an endogenous NADPH-dependent aldehyde 
dehydrogenase/reductase family including YqhD, YjgB, and 
YahK contributed to the degradation of several aldehydes to 
desired alcohols (Koma et al. 2012; Rodriguez and Atsumi 
2012). Additionally, the NADH-dependent aldo–keto reduc-
tase (AKR) superfamily including methylglyoxal reductase 
had been also demonstrated to catalyze the reduction of 
carbonyl-containing aldehyde and/or ketone containing 

compounds to their corresponding alcohols (Di Laccio et al. 
2006). In our study, the deletion of yqhD in E. coli NSKD2 
caused about 89% reduction of 1,3-PDO (Fig. S4) compared 
to that of E. coli NSK012. This result suggested that YqhD 
played a major and specific role in the reduction of 3-HPA to 
1,3-PDO to relieve the inhibitory growth effect caused by the 
accumulation of 3-HPA. Other aldehyde dehydrogenases or 
reductases may only involve in the non-specific reduction of 
3-HPA to 1,3-PDO with a limited extent. Perez et al. (2008) 
and Li et al. (2008) previously reported the Michalis-Menten 
constant (Km) and the catalytic constant (Kcat) of a purified 
YqhD from E. coli. They also confirmed that the purified 
YqhD catalyzed the in vitro reduction of short-chain alde-
hydes to alcohols in the NADPH-dependent reaction. They 
both have suggested that YqhD may have a physiological 
function by protecting the cell against the detrimental effect 
of aldehydes derived from lipid oxidation.

Many attempts for overexpressing E. coli yqhD gene 
were then applied in many microorganisms to accelerate 
the reduction reaction of 3-HPA to 1,3-PDO. The overex-
pression of the E. coli yqhD in wildtype K. pnuemoniae 
increased 1,3-PDO oxidoreductase activity about 100 folds 
and enhanced the production of 1,3-PDO about 125% (Zhu 
et al. 2009). An introduction of multiple copies of the E. coli 
yqhD could also restore 1,3-PDO production in the 1,3-PDO 
oxidoreductase (DhaT) deficient K. pnuemoniae (Seo et al. 
2010). A simultaneous overexpression of K. pneumoniae 
glycerol dehydratase (dhaB) and E. coli yqhD was performed 
in Saccharomyces cerevisiae to directly convert glucose to 
1,3-PDO. The 1,3-PDO concentration of 0.4 g/L was only 
obtained from D-glucose though it introduced a new strat-
egy to produce 1,3-PDO from low-cost feedstock (Rao et al. 
2008). Additionally, E. coli overexpressing K. pneumoniae 
dhaB and E. coli yqhD using incompatible plasmids system 
was developed thus increasing 1,3-PDO level to 13.2 g/L 
compare to 8.6 g/L of E. coli overexpressing K. pneumoniae 
dhaT (Wang et al. 2007). Due to many successful works 
to enhance 1,3-PDO by overexpressing E. coli yqhD, an 
increased level of YqhD was therefore attempted in E. coli 
NSK014 to enhance 1,3-PDO production yield. However, no 
further increase in 1,3-PDO yield was observed in E. coli 
NSK014 compared to that of E. coli NSK013. These results 
suggested that the native YqhD activity was sufficient to 
detoxify the toxicity of 3-HPA and to complete the 1,3-PDO 
biosynthesis. Our results were in an accordance with the 
study of Emptage et al. (2003) in which they also demon-
strated that E. coli strain was preferable to utilize its intact 
YqhD to efficiently convert 3-HPA to 1,3-PDO. The further 
overexpression of 1,3-propanediol oxidoreductase (encoded 
by dhaT from Klebsiella sp.) in E. coli did not substantially 
enhance the 1,3-PDO yield.

The rate of 3-HPA reduction by YqhD activity depends 
upon the availability of reducing powers, especially NADPH 
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or NADH, inside cells thus governing the reaction. The 
availability of reducing equivalents subjecting to topologi-
cal constraints owning to different metabolic stages of cells 
determines the maximum theoretical yield of 1,3-PDO from 
glycerol (Tong and Cameron 1992). Then, the conversion of 
3-HPA by the activity of YqhD is considered a rate-limit-
ing step in the 1,3-PDO biosynthesis in E. coli (Jiang et al. 
2015). Several studies successfully enhanced the metabolic 
shift toward reduction of 3-HPA to 1,3-PDO by supplying 
an exogenous NADH pool (Yun et al. 2018) or increasing 
NADPH pools by overexpressing the  NADP+-dependent 
glyceroldehyse-3-phosphate dehydrogenase (Yang et al. 
2018). In our experiments, the maximum theoretical yield 
of 1,3-PDO at 1.0 mol/mol glycerol used was achieved when 
glucose was used as a co-substrate with glycerol and served 
as an additional source of reducing equivalents. The rate of 
glycerol utilization by E. coli NSK015 was greatly improved 
and 1,3-PDO production was enhanced in the presence of 
glucose. It was likely that glycerol was simultaneously con-
sumed with glucose even though glucose is a preferred cat-
abolite (Fig. 4). When glucose was only provided as a sole 
carbon in the medium, 1,3-PDO was not detected (Fig. S2). 
This confirmed that glucose only served as a source of car-
bon intermediates during glycolysis to generate ATP and 
NADH for biosynthesis and cell maintenance but did not 
involve in 1,3-PDO biosynthesis. Not only glycolysis, but 
glucose was also partially utilized by hexose monophosphate 
(HMP) shunt to generate NADPH as a preferred reducing 
equivalent coupled in the reduction of 3-HPA to 1,3-PDO 
by the activity of YqhD (Fig. 1). The additional reducing 
equivalents derived from glucose contributed to the high 
1,3-PDO yield (0.99–1.03 mol/mol glycerol) closed to the 
theoretical maximum by E. coli NSK015. Without glucose, 
the glycerol flux was channeled through both 1,3-PDO bio-
synthesis and glycolysis thus limiting 1,3-PDO yield up to 
only 0.43 mol/mol glycerol used.

Future improvement of 1,3‑PDO production by E. 
coli NSK015

Chromosomal integration of glycerol dehydratase and 1,3-
PDO oxidoreductase genes may be optimal for 1,3-PDO 
production in the industrial scale by E. coli NSK015, as 
Rathnasingh et al. (2009) have suggested that plasmid-based 
fermentation causes extra metabolic burden and genetic 
instabilities. Together, deletion of genes encoding enzymes 
involving in mixed acid fermentation could prevent the car-
bon wasting and preserved carbon fluxes through 1,3-PDO 
biosynthetic pathway. To achieve the theoretical maximum 
of 1,3-PDO production by E. coli NSK015, the aeration 
was also required to maximize the cell growth and to effi-
ciently co-transport glycerol and glucose. Even the theo-
retical maximum 1,3-PDO yield was achieved, the 1,3-PDO 

concentration and productivity by E. coli NSK015 have not 
yet been satisfied the industrial criterion for its commercial-
ized scales. The 1,3-PDO production by the strain should 
be further improved. Since the rate of glycerol utilization 
depends upon the availability of glucose (Fig. 4), glucose 
seems to be a more preferred carbon catabolite and may be 
provided as a sole substrate for 1,3-PDO production. Genes 
encoding glycerol 3-phosphate dehydrogenase (encoded 
by dar) and glycerol 3-phosphate phosphatase (encoded 
by gpp) may be overexpressed for converting glucose to 
an internal glycerol thus directly channeling through 1,3-
PDO production route. Galactose permease (encoded by 
galP) and glucokinase (encoded by glk) may be also over-
expressed to enhance the rate of glucose transportation in 
E. coli NSK015. By fermentation optimization, fed-batch 
fermentation with different loading patterns of substrates 
should be further assessed to improve 1,3-PDO concentra-
tion and productivity by E. coli NSK015 thus satisfying its 
industrial needs.
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