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Abstract
Diols are versatile chemicals used for multiple manufacturing products. In some previous studies, Escherichia coli has 
been engineered to produce 1,2-propanediol (1,2-PDO) and 1,3-propanediol (1,3-PDO) from glucose. However, there are 
no reports on the direct production of these diols from starch instead of glucose as a substrate. In this study, we directly 
produced 1,2-PDO and 1,3-PDO from starch using E. coli engineered for expressing a heterologous α-amylase, along with 
the expression of 1,2-PDO and 1,3-PDO synthetic genes. For this, the recombinant plasmids, pVUB3-SBA harboring amyA 
gene for α-amylase production, pSR5 harboring pct, pduP, and yahK genes for 1,2-PDO production, and pSR8 harboring 
gpd1-gpp2, dhaB123, gdrAB, and dhaT genes for 1,3-PDO production, were constructed. Subsequently, E. coli BW25113 
(ΔpflA) and BW25113 strains were transformed with pVUB3-SBA, pSR5, and/or pSR8. Using these transformants, direct 
production of 1,2-PDO and 1,3-PDO from starch was demonstrated under microaerobic condition. As a result, the maximum 
production titers of 1,2-PDO and 1,3-PDO from 1% glucose as a sole carbon source were 13 mg/L and 150 mg/L, respectively. 
The maximum production titers from 1% starch were similar levels (30 mg/L 1,2-PDO and 120 mg/L 1,3-PDO). These data 
indicate that starch can be an alternative carbon source for the production of 1,2-PDO and 1,3-PDO in engineered E. coli. 
This technology could simplify the upstream process of diol bioproduction.

Introduction

Biorefining is a technology that produces biobased fuels and 
chemicals from primarily starch-based crops such as corn 
[1, 2]. Since diols are versatile compounds harboring two 
hydroxyl groups, they are used as platform chemicals for 
many industrial applications. Biobased diols are promising 
targets produced from biomass through the biorefinery pro-
cess [3]. Among biobased diols, 1,3-propanediol (1,3-PDO) 
has enabled synthesis of multiple synthetic polymers such 
as new biobased polyester, poly(trimethylene terephthalate) 
[4, 5].

Both 1,2-PDO and 1,3-PDO are C3 diols that can be pro-
duced by engineered and non-engineered microbes, using 
glucose, glycerol, or xylose as the carbon source [6–8]. 
Clostridium spp. and Corynebacterium glutamicum produce 
1,2-PDO from glucose or xylose [9–12]. Clostridium ace-
tobutylicum and ` produce 1,3-PDO from glycerol [13–15]. 
Escherichia coli is a suitable host for many biobased chemi-
cal production processes since it grows rapidly and can eas-
ily be genetically manipulated. There are reports of 1,2-PDO 
production from glucose in recombinant E. coli strains har-
boring 1,2-PDO synthetic genes pct, pduP, and yahK [6, 
8]. In another study, gpd1 and gpp2 from Saccharomyces 
cerevisiae and the dha operon (dhaB123, gdrAB, and dhaT) 
from K. pneumoniae were introduced into E. coli DH5α and 
BL21 to produce 1,3-PDO from glycerol or glucose [8, 16]. 
However, there is no report of direct production of these 
diols from starch instead of glucose because E. coli unas-
similated oligo- and polysaccharides [17].

The cell surface display is a protein expression technol-
ogy for expression of desired proteins on the cell mem-
brane, using membrane anchors such as glycosylphos-
phatidylinositol [18, 19]. The cell surface display enables 
the beneficial production of desired products from starch 
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in multiple microbial strains, including S. cerevisiae, Lac-
tobacillus casei, and C. glutamicum [20–23]. Recently, 
an E. coli recombinant strain producing itaconic acid has 
been engineered to display the starch-digesting enzyme, 
α-amylase from Streptococcus bovis NRIC1535, fused 
with an OprI’ lipoprotein anchor on its cell membrane, 
so that the recombinant strain produces itaconic acid 
directly from starch [24, 25]. These findings suggest that 
α-amylase expression on the cell surface could allow 
E. coli to produce 1,2-PDO and 1,3-PDO directly from 
starch. Direct production of 1,2-PDO and 1,3-PDO in E. 
coli from starch simplifies the upstream process of the 
bioproduction of these diols, leading to lower production 
costs.

In this study, we demonstrate the production of 1,2-
PDO and 1,3-PDO directly from starch in E. coli by 
expressing α-amylase on the cell surface, along with the 
expression of diol synthetic genes.

Materials and Methods

Bacterial Strains and Media

The bacterial strains and plasmids used in this study are 
listed in Table 1. Spectinomycin and carbenicillin were 
added to cultures at final concentrations of 100 µg/mL and 
50 µg/mL, respectively. For diol production, recombinant 
E. coli were grown at 30 °C and 150 rpm under microaero-
bic condition in M9 medium (15.14 g/L,  Na2HPO4, 3 g/L 
 KH2PO4, 0.5 g/L NaCl), supplemented with 2 g/L yeast 
extract [16] and 10 g/L glucose or starch as a carbon source. 
Microaerobic cultivation was performed in 200-mL flasks 
filled with 133 mL medium and sealed with rubber stoppers. 
The culture medium was further supplemented with 0.12 g/L 
 MgSO4, 0.028 g/L  CaCl2, and 1 mg/L thiamin hydrochloride 
for 1,2-PDO production. Vitamin B12 (10 µM) was added 
into the medium for 1,3-PDO production. Isopropyl-β-d-1-
thiogalactopyranoside (IPTG) was added to a final concen-
tration of 0.5 mM to induce gene expression when the opti-
cal density of cultures at 600 nm  (OD600) reached 0.4 to 0.6.

Table 1  Strains and plasmids used in study

Ampr ampicillin resistance, Spcr spectinomycin resistance

Strains or plasmids Description Source

Strains
 Escherichia coli JM109 Cloning and expression host TOYOBO
 Klebsiella pneumoniae NCIMB 418 Anaerobic bacterium NCIMB
 Megasphaera elsdenii JCM 1772 Firmicutes bacterium JCM
 Salmonella enterica NBRC 13245 Gram-negative bacterium NBRC
 Streptococcus bovis NRIC 1535 Amylolytic bacterium NRIC
 E. coli BW25113 Cloning and expression host NBRP
 E. coli EC_1 BW25113 (ΔpflA) [25]
 E. coli EC_2 E. coli JM109, pVUB3-SBA [24]
 E. coli EC_3 EC_1, pSR5 This study
 E. coli EC_4 EC_3, pVUB3-SBA [24]
 E. coli EC_5 E. coli BW25113, pSR8 This study
 E. coli EC_6 EC_5, pVUB3-SBA This study

Plasmids
 pTV118N pUC ori, lac promoter,  Ampr Takara
 pVUB3 pMB ori, trc promoter, oprI’,  Ampr NBRP
 pVUB3-SBA pVUB3 containing amyA (NRIC 1535) [24]
 pGV3 pSC101 ori, trc promoter, oprI’,  Spcr [24]
 pSR3 pTV118N containing gpd1-gpp2 fusion gene This study
 pSR4 pGV3 containing dhaB1 B2 B3, gdrA B, and dhaT (NCIMB 418) This study
 pSR5 pGV3 containing pct (JCM 1772), pduP (NBRC 13245), and yahK (BW25113) This study
 pSR8 pGV3 containing gpd1-gpp2 fusion gene and dhaB1 B2 B3, gdrA B, and dhaT 

(NCIMB 418)
This study
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Plasmid Construction

The primer sets for PCR amplification used in this study 
are listed in S. Table 1. The vector pGV3, the pct gene from 
Megasphaera elsdenii JCM 1772 (accession No. M26493), 
the pduP gene from Salmonella enterica subsp. enterica 
NBRC 13245 (accession No. AB68030), and the yahK 
gene from E. coli BW25113 (accession No. U00096) were 
amplified by PCR using Q5 High-Fidelity DNA Polymerase 
(New England Biolabs, MA, USA). The amplified genes 
were ligated with the amplified pGV3 vector fragment using 
the Gibson assembly system [26] with the Gibson Assembly 
Master mix (New England Biolabs), resulting in pSR5.

The gpd1-gpp2 fusion gene [16] was synthesized by 
GenScript Japan Co. (Tokyo, Japan). The vectors pTV118N 
and pGV3, the gpd1-gpp2 fusion gene, and dha operon 
(dhaB123, gdrAB, and dhaT) from K. pneumoniae NCIMB 
418 (accession no. U30903) were amplified by PCR. The 
amplified gpd1-gpp2 fusion gene was ligated with the ampli-
fied pTV118N vector fragment by Gibson assembly, result-
ing in pSR3. The amplified dha operon was ligated with 
the amplified pGV3 vector fragment by Gibson assembly, 
resulting in pSR4. The regions of lac promoter (Plac) and 
gpd1-gpp2 fusion gene and pSR4 were amplified by PCR. 
The amplified Plac-gpd1-gpp2 fragment was ligated with 
the amplified pSR4 plasmid fragment by Gibson assembly, 
resulting in pSR8. The amyA gene from S. bovis NRIC 1535 
(accession no. AB000829) was amplified by PCR using 
KOD plus DNA Polymerase (TOYOBO, Osaka, Japan). The 
amplified amyA gene was ligated at BglII and PstI sites of 
pVUB3 plasmid vector, resulting in pVUB3-SBA.

Analytical Methods

The recombinant strains cultivated in LB medium at 30 °C 
for 18 h were inoculated in fresh LB medium, and cul-
tured to  OD600 of 0.1. After the cultures were subsequently 
grown at 30 °C until they reached an  OD600 to 0.5, IPTG was 
added to the cultures to a final concentration of 0.5 mM and 

incubated at 30 °C for 18 h for amyA expression. Cultures 
were centrifuged at 15,000 rpm for 5 min, and then the cul-
ture supernatant was removed and the bacterial pellet was 
resuspended in 20 mM phosphate buffer to bring the  OD600 
to 1.0. The α-amylase activity was tested using a commer-
cial α-Amylase activity assay kit (Kikkoman Corp., Chiba, 
Japan). The culture supernatant was cultivated overnight and 
then tested by iodine starch reaction. Glucose concentra-
tion was determined using a commercial Glucose CII-test 
kit (Fujifilm Wako Co., Osaka, Japan). Starch concentration 
was measured by the Glucose CII-test kit after digesting 
starch to glucose by treatment of the culture supernatant 
with 1% sulfuric acid at 120 °C for 2 h.

Concentrations of lactate, 1,2-PDO, glycerol, and 1,3-
PDO in culture supernatants were quantified using a Promi-
nence HPLC system (Shimadzu, Kyoto Japan) equipped with 
an Aminex HPX-87H column (Bio-Rad, CA, USA) and a 
refractive index detector (GL Science, Tokyo, Japan). A 
mobile phase (5 mM  H2SO4) was eluted at a flow rate of 
0.5 mL/min at 65 °C.

Results

Engineering E. coli

The plasmids pSR5, pSR8, and pVUB3-SBA for 1,2-PDO 
and 1,3-PDO production, and α-amylase expression were 
constructed, respectively (Fig. 1). E. coli BW25113 (ΔpflA) 
and E. coli BW25113 strains were transformed with pVUB3-
SBA, pSR5, and/or pSR8, resulting in E. coli strains EC_3, 
EC_4, EC_5, and EC_6. The α-amylase activity was meas-
ured in E. coli strains, showing that the activities of E. coli 
BW25113, EC_1, EC_2, EC_4, and EC_6 were 0.06 ± 0.04 
U/mL, 0.01 ± 0.00 U/mL, 4.6 ± 0.0 U/mL, 2.70 ± 0.00 U/mL, 
and 2.53 ± 0.51 U/mL, respectively (Fig. 2a). There was no 
significant difference (P > 0.05) between their activities. The 
culture supernatants of E. coli BW25113 and EC_2 showed 
negligible amylolytic activity (BW25113, 0.03 ± 0.02 U/mL; 
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Fig. 1  Recombinant plasmids for 1,2-PDO and 1,3-PDO production. Ampr ampicillin resistance gene; Spcr spectinomycin resistance gene
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EC_2, 0.31 ± 0.07 U/mL). These results show that α-amylase 
expressed is not secreted into the cultures but located on the 
cell surface. To test for amylolytic activity in the cultures of 
E. coli harboring pVUB3-SBA, iodine tests were performed. 
The E. coli BW25113 culture showed amylolytic activity but 
the E. coli EC_6 culture did not (Fig. 2b). This result shows 
that α-amylase digests starch in EC_6.

Direct Production of 1,2‑PDO from Glucose or Starch

We performed 1,2-PDO production in engineered E. coli in 
M9 medium supplemented with 1% glucose or 1% starch 
as the sole carbon source under microaerobic condition. 
Glucose added in the culture was completely consumed 
by 96 h (Fig. 3a). The  OD600 after 96 h cultivation was 
2.60 ± 0.12 when 1% glucose was used. E. coli EC_4 pro-
duced 6.11 ± 0.11 g/L lactate and 13.0 ± 0.0 mg/L 1,2-PDO 
from 1% glucose after 96 h cultivation. The lactate and 1,2-
PDO yields from glucose were 60.7% and 0.31% (mol/mol), 
respectively, and 1,2-PDO yield from lactate was 0.25% 

(mol/mol). The specific growth rate was 0.11 ± 0.01 h−1 
when 1,2-PDO was produced from 1% glucose.

The same strain was cultivated in M9 medium supple-
mented with 1% starch as the sole carbon source under 
microaerobic condition. The concentration of residual sugar 
detected was 1.97 ± 0.60 g/L when starch was used after 96 h 
cultivation (Fig. 3b). The  OD600 after 96 h cultivation was 
2.18 ± 0.12 when 1% starch was used. The specific growth 
rate was 0.08 ± 0.00 h−1 when 1,2-PDO was produced from 
starch. There was no significant difference between the spe-
cific growth rates during cultivation from glucose and starch 
(P > 0.05). After 96 h cultivation with 1% starch, production 
of 3.08 ± 0.00 g/L lactate and 28.0 ± 0.0 mg/L 1,2-PDO was 
observed. The lactate and 1,2-PDO yields from starch were 
38.3 and 0.8% (mol/mol), respectively, and 1,2-PDO yield 
from lactate was 1.1% (mol/mol). These results show that 
starch assimilation and lactate production are rate-limiting 
reactions for 1,2-PDO production. However, the produc-
tion level of 1,2-PDO from starch was similar to that from 
glucose.

Direct Production of 1,3‑PDO from Glucose or Starch

We demonstrated 1,3-PDO production in engineered E. coli 
in M9 medium supplemented with 1% glucose or 1% starch 
as the sole carbon source under microaerobic condition. Glu-
cose added in the culture was completely consumed by 72 h 
(Fig. 4a). E. coli EC_6 produced 350.0 ± 0.0 mg/L glycerol 
and 140.0 ± 0.0 mg/L 1,3-PDO from 1% glucose after 72 h 
cultivation  (OD600 = 1.13 ± 0.03). The specific growth rate 
was 0.05 ± 0.00 h−1 when 1% glucose was used. The glycerol 
and 1,3-PDO yields from glucose were 7.1 and 3.4% (mol/
mol), respectively, and 1,3-PDO yield from glycerol was 
48.4% (mol/mol).

The same strain was cultivated in M9 medium supple-
mented with 1% starch as the sole carbon source under 
microaerobic condition. The concentration of residual sugar 
detected was 0.49 ± 0.06 g/L when starch was used after 72 h 
cultivation (Fig. 4b). The  OD600 and specific growth rate 
were 1.27 ± 0.00 and 0.05 ± 0.00 h−1, respectively, when 1% 
starch was used. There was no significant difference between 
the specific growth rates during cultivation from glucose and 
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starch (P > 0.05). E. coli EC_6 produced 410.0 ± 0.0 mg/L 
glycerol and 100.0 ± 0.0 mg/L 1,3-PDO from 1% starch 
after 72 h cultivation  (OD600 = 0.83 ± 0.06). The glycerol 
and 1,3-PDO yields from starch were 8.4 and 2.5% (mol/
mol), respectively, and the 1,3-PDO yield from glycerol was 
29.5% (mol/mol). These results show that growth and pro-
duction levels of glycerol and 1,3-PDO are similar when 1% 
glucose or 1% starch is used (P > 0.05). E. coli cells express-
ing α-amylase had similar growth rates when grown in the 
presence of 1% glucose or 1% starch.

Discussion

It has been reported that engineered E. coli strains produce 
1,2-PDO and 1,3-PDO from glucose [6–8, 16]. However, 
the direct production of these diols from starch has not been 
reported so far. In this study, we demonstrated 1,2-PDO and 
1,3-PDO production from starch as the sole carbon source 
in engineered E. coli.

Prior to the demonstration of 1,2-PDO and 1,3-PDO pro-
duction, we constructed an amylolytic plasmid pVUB3-SBA 
and evaluated its function. The α-amylase activities of E. 
coli EC_4 and EC_6 were somewhat lower than that of EC_2 
(Fig. 2a). This may be due to competition with RNA poly-
merase, since the plasmids pVUB3-SBA, pSR5, and pSR8 
possess the Plac or its derived promoter (Fig. 1). Starch 
digestion by E. coli harboring pVUB3-SBA was tested with 
the iodine starch reaction (Fig. 2b). This showed that starch 
added to the medium was almost completely digested, but 
the residual sugar concentration was found to be 1.6 g/L at 
96 h (Fig. 3b). The reason starch was not completely con-
sumed is that E. coli unassimilated oligosaccharide [17].

We demonstrated the production of 1,2-PDO from glu-
cose or starch by engineered E. coli. Production titers of 
1,2-PDO from glucose in this study were lower than those 
reported in previous studies [6, 8]. However, lactate pro-
duction in this study was no more significant than that 
reported by Niu et al. (3.8 g/L lactate and 0.5 g/L 1,2-PDO 
from 1% glucose in engineered E. coli MG1655) [8]. The 

reactions involved in the conversion of lactoyl-CoA to 
1,2-PDO require NADH and NADPH, which are partially 
derived from glucose [8]. Glucose added in the culture was 
completely consumed by 96 h in this study. Consequently, 
quantities of NADH and NADPH were less than required 
for the synthesis of 1,2-PDO from lactoyl-CoA. This sug-
gests that additional glucose improves 1,2-PDO production 
after glucose is consumed. There was no significant differ-
ence between the specific growth rates when 1% glucose 
and starch were used (P > 0.05). The quantities of lactate 
produced in E. coli EC_4 from glucose and starch at 96 h 
cultivation were 6 and 3 g/L, respectively (Fig. 3). This is 
because glucose was consumed rapidly and completely com-
pared to starch.

We have demonstrated direct production of 1,3-PDO from 
starch in engineered E. coli. The production level in this 
study was lower than that reported by Liang et al. (1.15 g/L 
glycerol and 0.48 g/L 1,3-PDO from 1% glucose in engi-
neered E. coli DH5α) [16]. They reported that 1,3-PDO 
production was improved by using a stress-induced rpoS 
promoter instead of the Plac. Because the induction level 
of rpoS promoter is stronger than that of Plac. In addition, 
this promoter has been reported to be inducible under stress 
conditions including cold shock and pH stress [27, 28]. Lee 
et al. also reported that deletion of the glycerol oxidation 
pathway in E. coli improves glycerol and 1,3-PDO produc-
tion [7]. These reports suggest that further engineering of 
our constructed strain can improve 1,3-PDO production 
efficiency.

In this study, the glycerol yield from starch was higher 
than that from glucose, while the 1,3-PDO yield from glu-
cose was higher than that from starch. However, glycerol 
and 1,3-PDO yields from glucose were 7.1 and 3.4% (mol/
mol), respectively. On the other hand, the glycerol and 
1,3-PDO yields from starch were 8.4 and 2.5% (mol/mol), 
respectively. These results showed that there is no signifi-
cant difference in glycerol yields from glucose and starch, 
but the 1,3-PDO yield from glucose was higher. This may 
be because glucose was consumed more slowly than starch. 
The reactions from dihydroxyacetone phosphate to 1,3-PDO 

Fig. 4  Production of 1,3-PDO 
in E. coli EC_6 from a 1% 
glucose or b 1% starch. Closed 
circles, glucose and sugar con-
centrations; open circles, cell 
growth  (OD600); open squares, 
glycerol concentration; open tri-
angles, 1,3-PDO concentration

(A)

Time (h)

G
lu

co
se

 (g
/L

)

C
el

l g
ro

w
th

 (O
D

60
0)

0

2

4

6

8

10

12

0

0.5

1

1.5

0 40 80

G
ly

ce
ro

l ,
 

1,
3-

PD
O

 (g
/L

)

(B)

Time (h)

Su
ga

r (
g/

L)

0

2

4

6

8

10

12

0

0.5

1

1.5

0 40 80

G
ly

ce
ro

l ,
 

1,
3-

PD
O

 (g
/L

)

C
el

l g
ro

w
th

 (O
D

60
0)



3709Engineering Escherichia coli for Direct Production of 1,2-Propanediol and 1,3-Propanediol…

1 3

require NADH [29]. Glucose in the culture was almost com-
pletely consumed by 24 h in this study. Consequently, the 
quantity of NADH was less than required for the synthesis 
of 1,3-PDO from dihydroxyacetone phosphate, causing the 
1,3-PDO production level to be lower than when starch was 
used.

We have demonstrated direct production of 1,2-PDO and 
1,3-PDO from starch in engineered E. coli based on cell 
surface display technology. This technology would play an 
important role in skipping the saccharification step for diges-
tion of starch to lower-molecular-weight sugars upstream of 
diol production, leading to accelerated diol production by 
bioprocess.

Conclusion

In conclusion, 1,2-PDO and 1,3-PDO, the raw materials for 
several multiple manufacturing products, were produced 
directly from starch. This technology simplifies the process 
of saccharification for digestion of sugar in the microbial 
production process of these diols, leading to cost savings.
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