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ction from glycerol by engineered
Klebsiella pneumoniae

Miaomiao Wang, Lihai Fan and Tianwei Tan*

To utilize the by-product of biodiesel production, Klebsiella pneumoniae, a well-known glycerol-

fermenting microorganism, was engineered to produce 1-butanol. The modified CoA-dependent and 2-

keto acid pathways were established by expressing the genes ter-bdhB-bdhA and kivd, respectively. The

1-butanol titer and specific BuOH yield were 15.03 mg L�1 and 27.79 mg-BuOH per g cell in KpTBB (K.

pneumoniae overexpressing the genes ter-bdhB-bdhA), and 28.7 mg L�1 and 51.58 mg-BuOH per g cell

in Kp-kivd (K. pneumoniae overexpressing the gene kivd), respectively. Moreover, the native products in

K. pneumoniae fermentation were down regulated using the antisense RNA strategy. The resulting yield

of 1,3-propanediol and 2,3-butanediol was reduced by 81% and 15%, respectively. This work reports a

new strain, K. pneumoniae, for 1-butanol production and the application of an antisense RNA strategy as

an effective method for reducing the main by-products.
1. Introduction

Alternative energy sources have gained increasing popularity
due to the shortage of fuel and the increasing global environ-
mental concerns. Over the past few decades, ethanol has been
regarded as a major renewable substitute of fuel.1,2 Ethanol,
however, is not ideally suited because of its lower energy density
and hygroscopicity-resulting storage and distribution prob-
lems.3–5 In addition, due to the limits set by regulations and the
requirements for engine modication, the percentage of
ethanol blended with gasoline is generally limited to 10%.
Compared to ethanol, 1-butanol has higher energy density and
lower vapor pressure, and can be blended with gasoline up to
85% and used to fuel cars without engine modication.6

Therefore, 1-butanol, especially biobutanol, is considered a
highly promising alternative fuel.6–8

The microbial production of 1-butanol using lower cost
substrates has received worldwide attention, and Clostridium
species, a solventogenic bacteria, can produce 1-butanol by
anaerobic fermentation.9,10 On the other hand, the industrial
production of 1-butanol by Clostridium species has been
restricted due to its complex physiology and difficulty for
genetic modication.9–11 Many other engineered strains have
been used for 1-butanol production. E. coli, which has a higher
growth rate than Clostridium species,12 was engineered to
produce 1-butanol by transferring the CoA-dependent 1-butanol
production pathway9 or by introducing the synthetic 2-keto acid
pathway.3,10 Saccharomyces cerevisiae, which has a higher
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tolerance to ethanol and potentially to 1-butanol than Clos-
tridium species,12 was engineered with some substituted Clos-
tridium enzymes for 1-butanol production.13 Clostridium
tyrobutyricum,14 a native butyric acid-producing bacterium, was
introduced the aldehyde/alcohol dehydrogenase of Clostridium
acetobutylicum to produce 1-butanol. Lactobacillus brevis,15

which has a higher tolerance to 1-butanol, was engineered to
utilize C5 and C6 substrates to produce 1-butanol. Synecho-
coccus elongatus,16 a kind of autotrophic photosynthetic micro-
organism, was engineered by introducing a CoA-dependent
pathway to produce 1-butanol utilizing CO2. The byproducts10,17

in host fermentation, however, are normally reduced by RED
system or homologous recombination. Although they are suit-
able for knocking out a single gene, they are not practical for
more advanced metabolic engineering strategies according to
the introduced multi FRT sites or the multi selection markers.
The asRNA strategy18 could be an alternative and possibly a
more exible and empowering method to down regulate the
enzyme level and product titer.

Glycerol, as a by-product of biodiesel production, is
produced abundantly every year.19,20 Utilizing the crude glycerol
and converting it to value-added products have become
increasingly attractive.21,22 Klebsiella pneumoniae, which can
grow on glycerol as the sole carbon source, has been studied
extensively since the 1980s. Although K. pneumoniae is a path-
ogenic microorganism, a great deal of research on chemicals
(1,3-propanediol,17,19 3-hydroxypropionic acid,23,24 2-butanol25)
production has been conducted. This is due mainly to its
capacity to metabolize glycerol and having a similar genetic
background to Escherichia coli, together with rapid cell prolif-
eration.23 To our knowledge, K. pneumoniae has not been engi-
neered to produce 1-butanol.
RSC Adv., 2014, 4, 57791–57798 | 57791
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In this study, we established two kinds of 1-butanol synthesis
pathways to convert glycerol to 1-butanol in engineered K.
pneumoniae. In contrast, the main by-products, 1,3-propanediol
(1,3-PDO) and 2,3-butanediol (2,3-BD), were down regulated by
antisense RNA (asRNA) strategy.
2. Materials and methods
2.1. Reagents

Restriction enzymes and ligase were obtained from New
England Bio-labs (Ipswich, MA). Polymerase and other enzymes
were obtained from TAKARA (Dalian, China). The kits used for
genomic DNA isolation, plasmid extraction and gene retrieve
were purchased from OMEGA (America). The DNA recovery kit
was purchased from Biomed (Beijing, China). All other chem-
icals used in this study were of analytical grade or chromato-
graphic grade from Beijing Chemical Company (Beijing, China).
Table 1 Strains and plasmids used in this study

Strain or plasmid Relevant characteristicsb

Strains
E. coli TOP10 Applied for harvesting plasm
Klebsiella pneumoniae Wild-type
KpTBB pET-TBB
Kp-kivd pET-kivd
KpTBB-dhaB1 pET-TBB, pACYC-dhaB1
KpTBB-dhaB2 pET-TBB, pACYC-dhaB2
KpTBB-dhaB3 pET-TBB, pACYC-dhaB3
KpTBB-gdrf1 pET-TBB, pACYC-gdrf1
KpTBB-gdrf2 pET-TBB, pACYC-gdrf2
KpTBB-dhaT pET-TBB, pACYC-dhaT
KpTBB-gdrf12 pET-TBB, pACYC-gdrf12
KpTBB-dhaB123 pET-TBB, pACYC-dhaB123
KpTBB-gdrf12-dhaB123 pET-TBB, pACYC-gdrf12-dha
KpTBB-gdrf12-dhaB123-dhaT pET-TBB, pACYC-gdrf12-dha
KpTBB-alaS pET-TBB, pACYC-alaS
KpTBB-budC pET-TBB, pACYC-budC

Plasmids
pET28a pBR322 ori, Kanar

pET-pk pBR322 ori, Kanar, pk prom
pET-TBB From pET-pk, Ppk::ter(TD)-P
pET-kivd From pET-pk, Ppk::kivd(LL)
pACYC-Duet P15A ori, Cmr

pACYC-pk p15A ori, Cmr, pk promoter
pACYC-bdhB1 p15A ori, Cmr, Ppk::dhaB1a

pACYC-bdhB2 p15A ori, Cmr, Ppk::dhaB2a

pACYC-bdhB3 p15A ori, Cmr, Ppk::dhaB3a

pACYC-gdrf1 p15A ori, Cmr, Ppk::gdrf1a

pACYC-gdrf2 p15A ori, Cmr, Ppk::gdrf2a

pACYC-dhaT p15A ori, Cmr, Ppk::dhaTa

pACYC-gdrf12 p15A ori, Cmr, Ppk::gdrf2a-gd
pACYC-dhaB123 p15A ori, Cmr, Ppk::dhaB3a-d
pACYC-gdrf12-dhaB123 p15A ori, Cmr, Ppk::gdrf2a-gd
pACYC-gdrf12-dhaB123-dhaT p15A ori, Cmr, Ppk::gdrf2a-gd
pACYC-alaS p15A ori, Cmr, Ppk::alaSa

pACYC-budC p15A ori, Cmr, Ppk::budCa

a A 300 bp reverse complementary sequence of the subject gene. b Kanar,

57792 | RSC Adv., 2014, 4, 57791–57798
2.2. Strains and plasmids

The strains and plasmids used in this study are listed in Table 1.
The fundamental vectors pET-pk and pACYC-pk were devised
from pET-28a and pACYC-Duet by substituting the original
promoter with a native promoter pk of the rst subunit of the
dhaB gene cluster (Genebank no. U30903) in K. pneumoniae. The
construction strategies for all plasmids and strains in Table 1
are shown in Fig. 1.

All plasmids listed in Table 1 were sequenced to verify the
cloning accuracy. All oligonucleotides are listed in Table 2.
2.3. Culture media, inoculation and ask culture of
recombinant K. pneumoniae

E. coli TOP10 and the derivatives were grown in LB medium (5 g
yeast extract, 5 g NaCl, and 10 g tryptone per liter water). The
seed culture of K. pneumoniae was LB with a relevant antibiotic.
The ask culture of K. pneumoniae and the derivatives were Kp
Reference or source

id Lab. Collection
Lab. Collection
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

B123 This study
B123-dhaT This study

This study
This study

This study
oter This study
pk::bdhB(CA)-Ppk::bdhA(CA) This study

This study

This study
This study
This study
This study
This study
This study
This study

rf1a This study
haB1a-dhaB2a This study
rf1a-dhaB3a-dhaB1a-dhaB2a This study
rf1a-dhaB3a-dhaB1a-dhaB2a-dhaTa This study

This study
This study

Kanamycin resistance; Cmr, chloramphenicol resistance.

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Strategy for plasmids and strain construction. Oppositely inserted a 300-nucleotide molecule with 100% complementarity in a 300-
nucleotide region of the mRNA of the specific gene was adopted to down regulate the special gene. The plasmids used for single gene down
regulation were constructed by oppositely inserting a single gene with BamH I and Avr II. The gene gdrf1 encoded glycerol dehydratase-
reactivation factor 1, the gene gdrf2 encoded glycerol dehydratase-reactivation factor 2, the genes dhaB123 encoded glycerol dehydratase, the
gene dhaT encoded 1,3-propanediol oxidoreductase, the gene alaS encoded acetolactate synthase, and the gene budC encoded acetoin
reductase.
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medium17 (5 g glucose, 20 g glycerol, 3 g yeast extract, 1.3 g
KH2PO4, 3.4 g K2HPO4$3H2O, 0.24 g MgSO4$7H2O, 3.0 g
(NH4)2SO4, 0.01 g FeSO4$7H2O, 0.01 g CaCl2 per liter water) and
1000 � trace element solution (2.72 g ZnCl2$6H2O, 32 g FeSO4,
0.68 g MnCl2$4H2O, 1.88 g CoCl2$6H2O, 0.24 g H3BO3, 0.02 g
Na2MoO4, 1.88 g CuCl2$2H2O, and 40 mL conc. HCl per liter
water).

The medium mentioned above was sterilized by autoclaving
at 116 �C for 25 min. Before inoculation, Kanamycin and/or
Chloromycetin were added for selection of the recombinant
strains, and the nal concentrations were 50 mg L�1 and 85 mg
L�1, respectively.

Micro-aerobic conditions were achieved using a 100 mL
Erlenmeyer ask containing 50 mL medium followed by
shaking at 140 rpm for the rst 4 h, and then at 70 rpm until the
This journal is © The Royal Society of Chemistry 2014
end. The temperature and growth period were xed at 37 �C and
24 h, respectively. The ask fermentation for decreasing by-
products was carried out at 37 �C and 140 rpm for the whole
culture period.

2.4. Assays

The cell density was analyzed by measuring the optical density
of the culture broth at 600 nm using a spectrophotometer
(Thermo Scientic, USA). The specic growth rates were esti-
mated from the OD600 data.

1-Butanol was analyzed by gas chromatography (GC) (GC-
2010 Shimazu, Japan) equipped with a FID detector and DB-
FFAP capillary column (30 m, 0.32 mm i.d., 0.25 mm lm
thickness) from Agilent Technologies.16 For the other metabo-
lites, glycerol, 1,3-PDO, and 2,3-BD, lter supernatant was
RSC Adv., 2014, 4, 57791–57798 | 57793

http://dx.doi.org/10.1039/c4ra09016k


Table 2 Primer sequences

Primer names Sequence 50 / 30

kivd-F (BamH I) CACGGATCCATGTACACTGTCGGTGACTACCT
kivd-R (Sac I) GACGAGCTCTTAGGACTTGTTCTGTTCAGCGAAC
ter-F (BamH I) CACGGATCCATGATCGTTAAACCGATGG
ter-R (Sac I) ACAGAGCTCTTAGATACGGTCG
bdhB-F (BamH I) CGGGATCCGTGGTTGATTTCGAATATT
bdhB-R (Sac I) CGCGAGCTCTTACACAGATTTTTTG
bdhA-F (BamH I) CGGGATCCATGCTAAGTTTTGATTATTC
bdhA-R (Sac I) CGCGAGCTCTTAATAAGATTTTTT
pk-bdhB-F (Sac I) ATAGAGCTCCGTTATTTTGTCGCC
pk-bdhB-R (Sal I) CGGGTCGACTTACACAGATTTTTTG
pk-bdhA-F (Sal I) ATAGTCGACCGTTATTTTGTCGCCCGCCAT
pk-bdhA-R (Not I) CGCGCGGCCGCTTAATAAGATTTTTTAAATATC
as-dhaB3-F (Avr II) CGCCCTAGGCGGCAAACCATTGACCGATATT
as-dhaB3-R (BamH I) ATAGGATCCCGGACAAAGGCGGCATTCAC
as-dhaB2-F (Avr II) ACACCTAGGGGGGATCGGCATCGGTATCC
as-dhaB2-R (BamH I) ACAGGATCCCTTACTAAGTCGACGTGCAGGGTG
as-dhaB1-F (Avr II) CGCCCTAGGTTGACATGATCGACCGGTTTATC
as-dhaB1-R (BamH I) ATAGGATCCCGGCGTCAGCGGCAATCTG
as-gdrf1-R (Avr II) ATACCTAGGCTTCTTCGGGCTAAGCCCGGAAGAG
as-gdrf1-F (BamH I) CACGGATCCCGCCAGCAGATCCTGGATGTATATC
as-gdrf2-R (Avr II) ACACCTAGGGCCAGGCGTACGCCTGTTTTACGAT
as-gdrf2-F (BamH I) CGCGGATCCAGTTTCTCTCACTTAACGGCAGGAC
as-dhaT-R (Avr II) CACCCTAGGTCCGCTGCTGATGATCGGTAAACCG
as-dhaT-F (BamH I) ACAGGATCCATCAGGTTGTAGCGCGCCACATGCG
as-alaS-F (Avr II) CGCCCTAGGCCATATCTGGATTGCCCGCTACC
as-alaS-R (BamH I) ACCGGATCCCCAAACTCGACGCCGGACAG
as-budC-F (Avr II) CGCCCTAGGGAGGGTCACGGCGGGAAAAT
as-budC-R (BamH I) ATCGGATCCGACATCTTCCGGCTCGGACAGG
pk-gdrf2-R (EcoR I) CGCGAATTCCAAAAAACCCCTCAAGACCCGTT
pk-gdrf1-F (EcoR I) ACGGAATTCCGTTATTTTGTCGCCCGCCATGATT
pk-gdrf1-R (Hind III) CGCAAGCTTCAAAAAACCCCTCAAGACCC
pk-dhaB1-F (BsrG I) ACGTGTACACGTTATTTTGTCGCCCGCCATGATT
pk-dhaB1-R (Nde I) CGGCATATGCAAAAAACCCCTCAAGACCC
pk-dhaB2-F (Nde I) ACGCATATGCGTTATTTTGTCGCCCGCCATGATT
pk-dhaB2-R (EcoR V) CGCGATATCCAAAAAACCCCTCAAGACCC
pk-dhaB3-F (Not I) ATAGCGGCCGCCGTTATTTTGTCGCCCGCCATGATT
pk-dhaB3-R (A II) CGCCGCCTTAAGCAAAAAACCCCTCAAGACCC
pk-dhaT-F (EcoR V) ACGGATATCCGTTATTTTGTCGCCCGCCATGATT
pk-dhaT-R (Kpn I) CATGGTACCCAAAAAACCCCTCAAGACCC
16sRNA-F CCTACGGGAGGCAGCAG
16sRNA-R ATTACCGCGGCTGCTGG
budC-F CATCACGGTCAACGGCTACT
budC-R TGGCAAGATAGGAGACGCAG
alaS-F GGTGAATCAGGATAACTTCTCTCG
alaS-R ATCACCAGGTCGGCAAGC
dhaB2-F TGCCGATGAAGTGGTGATC
dhaB2-R ATAAAGGAGACGTCGGACGT
dhaB3-F GAGACCAAACATGTGGTGCA
dhaB3-R AGGATATGCTCCGGGCAG
dhaT-F ATCTGGTGCCAAACGTTAACT
dhaT-R ACGATGATGTCGCACTGTTC
gdrf2-F CTACATGGCGGAGATGGCT
gdrf2-R GCGGTGAAAGCGACATGAC
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applied (20 mL) to UltiMate 3000 HPLC (Thermo Scientic, USA)
equipped with a Bio-Rad (Biorad Laboratories, USA) Aminex
HPX-87H column (0.5 mM H2SO4, 0.6 mL min�1, column
temperature at 65 �C) with a RID detector.

The mRNA levels were measured and quantied by quanti-
tative PCR (ABI, USA), which was performed by Sangon Biotech
57794 | RSC Adv., 2014, 4, 57791–57798
Co. Ltd. (Shanghai, China). The kits used for total RNA extrac-
tion, rst strand cDNA synthesis, and real time analysis were
obtained from Sangon (Shanghai, China). The reported RNA
concentrations in Fig. 6 are expressed as a percentage of the 16S
rRNA concentration within each sample.
This journal is © The Royal Society of Chemistry 2014
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3. Results and discussion
3.1. Establish 1-butanol synthesis pathway in K. pneumoniae

There are two distinct pathways for 1-butanol synthesis
according to the literature [1–5, 8, 9, 13, 14], i.e., CoA-dependent
pathway naturally exists in C. acetobutylicum and 2-keto acid
pathway that utilizes intermediates in the amino acid pathway.
According to the database (KEGG, http://www.genome.jp/kegg/),
several enzymes in K. pneumoniae have similar catalytic ability
compared to those required in 1-butanol synthesis in C. aceto-
butylicum. Only the absent genes, bcd/etfAB, bdhB and bdhA, are
to be introduced. To establish the CoA-dependent pathway in
the host, the gene ter (Genebank no. TDE0597) was introduced
with bdhB (Genebank no. CA_C3298) and bdhA (Genebank no.
CA_C3299) to engineer the recombinant KpTBB (see Fig. 2),
replacing the gene bcd/etfAB due to the sensitivity of Bcd/EtfAB
complex to oxygen.26

In the 2-keto acid pathway, 1-butanol is produced from 2-
ketovalerate, a rare metabolite, which is the intermediate in the
synthesis of the unnatural amino acid-norvaline.3 Several
studies3,5,27 have reported that LeuABCD which has broad
substrate specicity has been overexpressed for 2-ketovalerate
syntheses. On the other hand, Soini et al.28 suggested that
norvaline can be accumulated immediately aer a shi to
oxygen limitation. The oxygen limitation could give an impetus
to the formation of 2-ketovalerate. Based on this, the engineered
strain, Kp-kivd, was constructed by the introduction of only one
gene, kivd (Genebank no. ADA65057.1) (see Fig. 2).

The wild-type strain, KpTBB and Kp-kivd were selected and
tested for 1-butanol production in ask fermentation with
glycerol as the substrate, and the results are shown in Fig. 3. It
was easy to conclude that they had similar growth rates, the
maximum peak of OD600 in the recombinant strains was slightly
Fig. 2 Metabolic pathway in K. pneumoniae. The pathways for 1-
butanol formation shown in the dotted lines are absent in wild-type K.
pneumoniae. The introduced genes bdhA and bdhB were amplified
from the C. acetobutylicum genome, and the gene ter and kivd
amplified from Treponema denticola and Lactococcus lactis sepa-
rately were introduced after codon optimization. The reaction shown
in dash line was achieved by oxygen limited operation.

This journal is © The Royal Society of Chemistry 2014
lower than the control strain, and the wild-type strain did not
produce any detectable 1-butanol. 1,3-PDO and 2,3-BD were two
major products in these fermentations. In contrast, signicant
amounts of 1-butanol were produced in both KpTBB and Kp-
kivd, conrming that the introduction of ter-bdhBA and kivd into
K. pneumoniae enabled the host cells to produce 1-butanol. The
resulting 1-butanol titer and specic BuOH yield were 15mg L�1

and 27.8 mg-BuOH per g cell in KpTBB, and 28.7 mg L�1 and
51.6 mg-BuOH per g cell in Kp-kivd, respectively.

The 1-butanol produced by the CoA-dependent pathway is
lower than that produced by the 2-keto acid pathway. In Fig. 2,
1-butanol synthesis requires NADH as a cofactor, and the total
NADH consumed by introduced reactions in the CoA-dependent
pathway (from acetyl-CoA to 1-butanol) is not balanced.
Although the reaction catalyzed by the gene kivd consumes one
NADH molecule, another NADH molecule is produced during
the synthesis of 2-ketovalerate by oxygen limitation. Therefore,
the total consumption of NADH in the 2-keto acid pathway of 1-
butanol production is balanced. Moreover, the 2-keto acid
pathway circumvents the need for some toxicity metabolites in
the host's protein synthesis and growth, especially CoA-
dependent intermediates.10 Utilizing the organism's native
metabolites in the amino-acid biosynthetic pathway to produce
1-butanol is desirable.

On the other hand, the nal 1-butanol titers obtained in
these fermentations were low (15 mg L�1 in KpTBB and 28 mg
L�1 in Kp-kivd), which can be attributed to the competition
pathways that utilize glycerol for 1,3-PDO and 2,3-BD synthesis
(shown in Fig. 2).
3.2. Down regulation of the by-products yield by the asRNA
strategy

3.2.1 Down regulation of 1,3-PDO by asRNA strategy. In K.
pneumoniae, the digestion of glycerol17,24 is a dismutation
process: glycerol is catalyzed to synthesize 1,3-PDO via the
reductive pathway and 2,3-BD via the oxidative pathway. In the
reductive pathway, glycerol is catalyzed by the glycerol
dehydratase-reactivation factor (encoded by the genes gdrf1 and
gdrf2), glycerol dehydratase (encoded by the genes dhaB123) and
1,3-propanediol oxidoreductase (encoded by the gene dhaT) to
synthesize 1,3-PDO (see Fig. 2). In the engineered KpTBB and Kp-
kivd, 1-butanol is synthesized in the oxidative pathway. There-
fore, the reductive pathway of glycerol is the key competitor to
the production of 1-butanol in the engineered K. pneumoniae. In
this section, the key enzymes included in 1,3-PDO synthesis
were inactive by introducing asRNA, which could inhibit the
normal expression of the target mRNA.18,29

The mRNA relative level of the genes mentioned above in
engineered strains is shown in Fig. 4. The mRNA level of the
genes dhaB2, dhaB3, dhaT, and gdrf2 in the engineered strains
was normalized by 16sRNA, and the normalized mRNA level of
these genes in KpTBB was assumed to be 1.0. Compared to the
control strain, the mRNA relative level of all the genes was
reduced in all the engineered strains with the asRNA fragment.
The peak levels of dhaB2, dhaB3, dhaT, and gdrf2 in all the
RSC Adv., 2014, 4, 57791–57798 | 57795
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Fig. 3 Flask fermentation result of Kp control, KpTBB and Kp-kivd.
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engineered strains were 55–61%, 51–68%, 42–53%, and 19–65%
lower, respectively, than the control levels.

The impact of the produced asRNA of the relative genes,
included in 1,3-PDO synthesis, on the growth and product
formation is summarized in Fig. 5. Although the engineered
and control strains had similar growth rates (data not shown)
and reached a similar peak OD600, the yield of 1,3-PDO changed
signicantly. In Fig. 5A, it decreased by 56–62% when the genes
dhaB1, dhaB2, dhaB3, gdrf1, and gdrf2 were silenced separately.
The most obvious down regulated effect was achieved by
introducing dhaT-asRNA, and the resulting production of 1,3-
PDO was reduced by 71%. In Fig. 5B, the 1,3-PDO yield
decreased by 67–82% when more than one gene were silenced.
The 1,3-PDO yield of KpTBB-gdrf12-dhaB123-dhaT decreased by
Fig. 4 mRNA level of the genes included in 1,3-PDO synthesis pathway

57796 | RSC Adv., 2014, 4, 57791–57798
82% compared to that of the wild type strain, which was the
lowest. The production of 1-butanol in all of these engineered K.
pneumoniae was increased in varying degrees compared to that
of KpTBB. The maximum yield of 1-butanol was obtained in
KpTBB-gdrf2 (increased by 41%) among those engineered
strains, all of which were constructed to down regulate the
relative single gene included in 1,3-PDO syntheses. When the
genes gdrf12 and dhaB123 were silenced together, the resulting
1-butanol production was increased by 37%, which was higher
than that of the engineered strains in Fig. 5B.

The 1,3-PDO titer has been effectively decreased by adopting
the asRNA strategy, and the nal 1-butanol titer increased to
varying degrees in the low 1,3-PDO producing strain.
in the engineered strains.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Flask fermentation results of the Kp control strain and engineered strains. (A) Downregulates the single gene and (B) down regulate the
multi genes.
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3.2.2 Downregulation of 2,3-BD yield by asRNA strategy.
2,3-BD is another important product in the fermentation of
control K. pneumoniae. In this section, the downregulative effect
of the 2,3-BD yield with asRNA strategy was investigated. The
impact of alaS-asRNA/budC-asRNA on the mRNA level was
studied, and 16sRNA was used as an internal reference. The
mRNA relative level of alaS and budC in engineered strains is
shown in Fig. 6.

The mRNA level of alaS and budC in the engineered strains
was normalized by 16sRNA, and the normalized mRNA level of
alaS and budC in the K. pneumoniae parent was assumed to be
1.0. As shown in Fig. 6, the mRNA relative level of budC in
KpTBB-budC was almost 92% lower than that in the control
strain, and the mRNA level of alaS in KpTBB-alaS was 16% lower
than that in the control strain.

The impact of the introduced alaS-asRNA/budC-asRNA on
cell growth and product formation is summarized in Fig. 7. The
engineered and control strains had similar growth rates (data
not shown), but the peak OD600 in the engineered strains was
much lower than that in the control strain. Both cell growth and
the production of 2,3-BD were inuenced by alaS-asRNA/budC-
Fig. 6 mRNA level of alaS and budC gene in the engineered strains.

This journal is © The Royal Society of Chemistry 2014
asRNA. The production of 2,3-BD in the control strain was 8.4 g
L�1. When adopting the asRNA strategy, the level of 2,3-BD
production of KpTBB-alaS and KpTBB-budC was reduced by 13%
and 15%, respectively, compared to that of the control strain.

Both the transcriptional level of alaS and budC and the 2,3-
BD titer were decreased signicantly by the asRNA strategy. The
larger decrease in the mRNA relative level, however, did not
come with a larger decrease in the 2,3-BD titer. To reduce the
mRNA relative level, the introduced the antisense fragment of
the gene budC was more effective than that of the gene alaS. On
the other hand, the effect for decreasing the 2,3-BD was similar
regardless of the introduction of the antisense fragment of alaS
or budC. This may be due to the different roles of the genes and
enzymes involved in one pathway.

The asRNA strategy is a very useful and effective method for
silencing the normal expression of some specic genes, and it
can down regulate the concentration of related metabolites,
particularly for those strains lacking a suitable gene knockout
tool. The asRNA strategy has been deduced to disturb the
normal translation process by hybridizing with complementary
mRNA. As for how it works several mechanisms have been
Fig. 7 Production of 2,3-BD and OD600 in the Kp control strain and
engineered strains. Four independent experiments were carried out,
and the average results and standard deviation are shown in this figure.
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postulated,18 such as the prevention of access to the ribosome
binding sites by the duplex RNA structure, the degradation of
the mRNA catalyzed by duplex RNA-specic RNases or the
inhibition of transcription of mRNA due to premature termi-
nation. Based on the 2,3-BD titer and the mRNA level of specic
genes in the engineered strains, downregulation of the metab-
olite by the asRNA strategy may be due to the degradation of the
mRNA. RNA–RNA duplex-specic RNases that can decay the
duplex RNA rapidly might also exist. Using the asRNA strategy, a
splice of reverse complemented DNA was introduced to the
host. This produced a splice of mRNA with a reverse comple-
mentary sequence of the specic mRNA transcribed by the
genome. The duplex RNA formed aer these two mRNA
hybridized with each other, and then decayed by RNA–RNA
duplex-specic RNases. The decrease in mRNA content resulted
in the effective decrease in by-products yield.

4. Conclusion

Here, we engineered K. pneumoniae to produce 1-butanol using
glycerol, the by-product from the production of biodiesel. Two
distinct butanol production pathways were successfully con-
structed. Regarding the two introduced 1-butanol production
pathways, the 2-keto acid pathway is more effective. The anti-
sense RNA strategy can signicantly affect primary metabolite
production. Using this strategy, 1,3-PDO and 2,3-BD, were
reduced by 81% and 15%, respectively. A comparison of our
strain with other 1-butanol producers, (Clostridia species) (�10
g L�1)13 and engineered E. coli strains (�1 g L�1),26 provides a
goal for future 1-butanol titers. Given the results mentioned
above and the other advantages of K. pneumoniae, such as
growing on glycerol as the sole carbon source, having a similar
genetic background to E. coli and exhibiting rapid cell prolif-
eration (even faster than E. coli), K. pneumoniae may be an very
promising host to be engineered to produce 1-butanol. Studies
aimed at increasing the product titer are currently underway.

Acknowledgements

This work was supported by the National Basic Research
Program of China (973 program) (2013CB733600,
2012CB725200), the National Nature Science Foundation of
China (21390202, 21436002), National Key Scientic Instru-
ments and Equipment Development Special Fund
(2012YQ0401400302).

References

1 S. Atsumi and J. C. Liao, Curr. Opin. Biotechnol., 2008, 19,
414–419.

2 H. L. Zhang, J. Baeyens and T. W. Tan, Energy, 2012, 48, 380–
391.

3 S. Atsumi, T. Hanai and J. C. Liao, Nature, 2008, 451, 86–89.
4 F. Zhang, S. Rodriguez and J. D. Keasling, Curr. Opin.
Biotechnol., 2011, 22, 775–783.
57798 | RSC Adv., 2014, 4, 57791–57798
5 J. D. Keasling and H. Chou, Nat. Biotechnol., 2008, 26, 298–
299.

6 N. A. Buijs, V. Siewers and J. Nielsen, Curr. Opin. Chem. Biol.,
2013, 17, 480–488.

7 E. M. Green, Curr. Opin. Biotechnol., 2011, 22, 337–343.
8 T. C. Ezeji, N. Qureshi and H. P. Blaschek, Curr. Opin.
Biotechnol., 2007, 18, 220–227.

9 S. Atsumi, A. F. Cann, M. R. Connor, C. R. Shen, K. M. Smith,
M. P. Brynildsen, K. J. Y. Chou, T. Hanai and J. C. Liao,
Metab. Eng., 2008, 10, 305–311.

10 C. R. Shen and J. C. Liao, Metab. Eng., 2008, 10, 312–320.
11 D. R. Nielsen, E. Leonard, S.-H. Yoon, H.-C. Tseng, C. Yuan

and K. L. J. Prather, Metab. Eng., 2009, 11, 262–273.
12 P. P. Peralta-Yahya, F. Zhang, S. B. d. Cardayre and

J. D. Keasling, Nature, 2012, 488, 320–328.
13 E. J. Steen, R. Chan, N. Prasad, S. Myers, C. J. Petzold,

A. Redding, M. Ouellet and J. D. Keasling, Microb. Cell
Fact., 2008, 7, 36.

14 M. Yu, Y. Zhang, I. C. Tang and S.-T. Yang,Metab. Eng., 2011,
13, 373–382.

15 O. V. Berezina, N. V. Zakharova, A. Brandt, S. V. Yarotsky,
W. H. Schwarz and V. V. Zverlov, Appl. Microbiol.
Biotechnol., 2010, 87, 635–646.

16 E. I. Lan and J. C. Liao, Metab. Eng., 2011, 13, 353–363.
17 Z. Wu, Z. Wang, G. Wang and T. Tan, J. Biotechnol., 2013,

168, 194–200.
18 R. P. Desai and E. T. Papoutsakis, Appl. Environ. Microbiol.,

1999, 65, 936–945.
19 Q. Zhang and Z. Xiu, Am. Inst. Chem. Eng., 2009, 25, 103–115.
20 A. Malaviya, Y.-S. Jang and S. Y. Lee, Appl. Microbiol.

Biotechnol., 2011, 93, 1485–1494.
21 S. Zhou, L. Li, J. Wei and Q. Qin, Genome Announce., 2013, 1,

e00177.
22 V. Kumar, M. Sankaranarayanan, M. Durgapal, S. Zhou,

Y. Ko, S. Ashok, R. Sarkar and S. Park, Bioresour. Technol.,
2013, 135, 555–563.

23 Y. Li, M. Su, X. Ge and P. Tian, Biotechnol. Lett., 2013, 35,
1609–1615.

24 Y. Huang, Z. Li, K. Shimizu and Q. Ye, Bioresour. Technol.,
2012, 103, 351–359.

25 B.-R. Oh, S.-Y. Heo, S.-M. Lee, W.-K. Hong, J. M. Park,
Y. R. Jung, D.-H. Kim, J.-H. Sohn, J.-W. Seo and C. H. Kim,
Biotechnol. Lett., 2013, 36, 57–62.

26 E. I. Lan and J. C. Liao, Proc. Natl. Acad. Sci., 2012, 109, 6018–
6023.

27 R. J. Marcheschi, H. Li, K. Zhang, E. L. Noey, S. Kim,
A. Chaubey, K. N. Houk and J. C. Liao, ACS Chem. Biol.,
2012, 7, 689–697.

28 C. F. Jaakko Soini, C. Liedert, J. Bernhardt, J. Vuoristo and
P. Neubauer, Microb. Cell Fact., 2008, 7, 14.

29 F. J. Isaacs, D. J. Dwyer, C. Ding, D. D. Pervouchine,
C. R. Cantor and J. J. Collins, Nat. Biotechnol., 2004, 22,
841–847.
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4ra09016k

	1-Butanol production from glycerol by engineered Klebsiella pneumoniae
	1-Butanol production from glycerol by engineered Klebsiella pneumoniae
	1-Butanol production from glycerol by engineered Klebsiella pneumoniae
	1-Butanol production from glycerol by engineered Klebsiella pneumoniae
	1-Butanol production from glycerol by engineered Klebsiella pneumoniae
	1-Butanol production from glycerol by engineered Klebsiella pneumoniae
	1-Butanol production from glycerol by engineered Klebsiella pneumoniae

	1-Butanol production from glycerol by engineered Klebsiella pneumoniae
	1-Butanol production from glycerol by engineered Klebsiella pneumoniae
	1-Butanol production from glycerol by engineered Klebsiella pneumoniae
	1-Butanol production from glycerol by engineered Klebsiella pneumoniae
	1-Butanol production from glycerol by engineered Klebsiella pneumoniae

	1-Butanol production from glycerol by engineered Klebsiella pneumoniae
	1-Butanol production from glycerol by engineered Klebsiella pneumoniae


