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Summary

Klebsiella pneumoniae is a common strain of bacte-
rial fermentation to produce 1, 3-propanediol (1, 3-
PDO). In general, the production of 1, 3-PDO by wild-
type K. pneumoniae is relatively low. Therefore, a
new gene manipulation of K. pneumoniae was devel-
oped to improve the production of 1, 3-PDO by over-
expressing in the reduction pathway and attenuating
the by-products in the oxidation pathway. Firstly,
dhaB and/or dhaT were overexpressed in the reduc-
tion pathway. Considering the cost of IPTG, the con-
stitutive promoter P32 was selected to express the
key gene. By comparing K.P. pET28a-P32-dhaT with
the original strain, the production of 1, 3-PDO was
increased by 19.7%, from 12.97 to 15.53 g l�1 (in a
250 ml shaker flask). Secondly, three lldD and budC

regulatory sites were selected in the by-product
pathway, respectively, using the CRISPR-dCas9 sys-
tem, and the optimal regulatory sites were selected
following the 1, 3-PDO production. As a result, the 1,
3-PDO production by K.P. L1-pRH2521 and K.P. B3-
pRH2521 reached up to 19.16 and 18.74 g l�1, which
was increased by 47.7% and 44.5% respectively.
Overexpressing dhaT and inhibiting expression of
lldD and budC were combined to further enhance the
ability of K. pneumoniae to produce 1, 3-PDO. The 1,
3-PDO production by K.P. L1-B3-PRH2521-P32-dhaT
reached 57.85 g l�1 in a 7.5 l fermentation tank (with
Na+ neutralizer), which is higher than that of the orig-
inal strain. This is the first time that the 1, 3-PDO
production was improved in K. pneumoniae by over-
expressing the key gene and attenuating by-product
synthesis in the CRISPR-dCas9 system. This study
reports an efficient approach to regulate the expres-
sion of genes in K. pneumoniae to increase the 1, 3-
PDO production, and such a strategy may be useful
to modify other strains to produce valuable
chemicals.

Introduction

1, 3-Propanediol (1, 3-PDO) is an important three-carbon
compound, which is widely used in the chemical, food,
cosmetics and other fields (Li et al., 2014; Lama et al.,
2020). 1, 3-PDO can be synthesized chemically or bio-
logically. Biosynthesis of 1, 3-PDO has some advan-
tages such as low cost and high efficiency (Lama et al.,
2017; Lee et al., 2018; Chen et al., 2020). Under natural
conditions, some microorganisms directly use glycerol as
a substrate to efficiently synthesize 1, 3-PDO (Casali
et al., 2012; Avci et al., 2014; Lee et al., 2019). The
common strains, including Klebsiella pneumoniae (Sun
et al., 2021; Wang et al., 2021a,2021b), Lactobacillus
reuteri (Ju et al., 2021a,2021b), and Clostridium butyri-
cum (Sedlar et al., 2021; Yun et al., 2021) have been
used to produce 1, 3-PDO, and this study mainly
focused on K. pneumoniae. In recent decades,
researchers have paid much attention to obtain more
advantageous strains by genetic engineering (Gonzalez
et al., 2008; Przystalowska et al., 2015; Liu et al., 2018;
Sun et al., 2019), and a more detailed understanding of
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the metabolic pathway of K. pneumoniae is expected to
provide a better way to promote the transformation of
glycerol into 1, 3-PDO in this system.
CRISPR-Cas9 is an immune system of microorganisms

and a new gene-editing tool (Nodvig et al., 2018). After
mutation of the Cas9 nuclease site (dead Cas9 (dCas9)),
CRISPR-dCas9 did not cut the target gene, but inhibited
its expression. Thus, a new gene regulatory tool was
developed (Prykhozhij et al., 2017; Saifaldeen et al.,
2021). CRISPR-dCas9 has advantages over common
genome regulatory techniques, such as species restric-
tions, multiple gene regulatory methods, high gene modifi-
cation rate and simple simultaneous regulation of multiple
genes (Deaner et al., 2018; Schwartz et al., 2018; Velegz-
haninov et al., 2020; Minami and Shah, 2021).
Oxidation and reduction reactions are the two meta-

bolic pathways for glycerol as the only carbon source in
K. pneumoniae (Cheng et al., 2004). Glycerol dehydrase
(GDHt) and 1, 3-propanediol oxidoreductase (PDOR) are
the key enzymes in the reduction reaction of K. pneumo-
niae to produce 1, 3-PDO (Cheng et al., 2006). The
gene dhaB encodes GDHt and dhaT encodes PDOR. In
the reduction pathway, glycerol is first converted to 3-
hydroxypropanal (3-HPA) and then reduced to 1, 3-PDO
by consuming nicotinamide adenine dinucleotide (NADH)
(Chen et al., 2005).
In the oxidative pathway, adenosine triphosphate

(ATP) and nicotinamide adenine denucleotide (NADH),
which are required for cell growth, are produced, along
with a series of by-products, such as acetate, ethanol,
lactate, 2, 3-butanediol (2, 3-BDO) and so on (Kumar
and Park, 2018). This research focuses on the regulation
of lactate and 2, 3-BDO to ultimately improve the pro-
duction of 1, 3-PDO under the previous study (Wang et
al., 1800). ldhA and lldD encode L-lactate dehydroge-
nase (Aguilera et al., 2008; Fu et al., 2016), while budA,
budB and budC are genes in the entire butanediol
(BDO) pathway (Kumar et al., 2016). Knockout of genes
in the lactate pathway and the entire BDO pathways ulti-
mately increases the production of 1, 3-PDO. However,
completely deleting budO (whole-bud operon) may result
in heavy carbon metabolic traffic at pyruvate nodes,
thereby inhibiting GDHt (Kumar et al., 2016). And dele-
tion of ldhA could not have a significant improvement in
the production of 1, 3-PDO (Zhou et al., 2014). There-
fore, in this study, the expression levels of lactate dehy-
drogenase and 2, 3-BDO dehydrogenase were reduced
by disturbance attenuation, which could not only reduce
the consumption of NADH, but also minimize the gener-
ation of by-products, and eventually improve the 1, 3-
PDO production.
In this research, the 1, 3-PDO production by K. pneu-

moniae was investigated by means of overexpression
and regulation (as shown in Fig. 1). On the one hand,

the plasmids pET28a-P32-dhaB, pET28a-P32-dhaT and
pET28a-P32-dhaB-dhaT were constructed, and the influ-
ence of overexpressing dhaB and/or dhaT on the 1, 3-
PDO production was studied. On the other hand, plas-
mids L1~L3-pRH2521, B1~B3-pRH2521 and L1-B3-
pRH2521 were constructed to explore the effect of lldD
and budC on enhancing the production of 1, 3-PDO in
the oxidation pathway. Finally, the plasmid L1-B3-
pRH2521-P32-dhaT was constructed, and the 1, 3-PDO
production by K.P. L1-B3-pRH2521-P32-dhaT was
increased by 26.1% compared with the original strain.
These results will provide ideas on how to improve the
1, 3-PDO production by K. pneumoniae and also give
new insights into the genetic modification of other
strains.

Results

Overexpressing the dhaB and/or dhaT in the reduction
pathway

In the process of glycerol metabolism, GDHt is the rate
limiting enzyme, which converts glycerol to 3-HPA, and
then is catalysed by PDOR to 1, 3-PDO (Sankaranar-
ayanan et al., 2017). Therefore, some plasmids without
the isopropyl-beta-D-thiogalactopyranoside (IPTG) as
promoter was constructed to transfer into K. pneumoniae
to study the production of 1, 3-PDO. Figure 2A is a com-
parison of the 1, 3- PDO productions by K. pneumoniae
ATCC 15380, K.P. pET28a-P32-dhaB, K.P. pET28a-
P32-dhaT and K.P. pET28a-P32-dhaB-dhaT in 250 ml
shaker. The 1, 3-PDO production was 12.97, 8.35, 15.52
and 12.25 g l�1 respectively. In contrast, only overex-
pressing dhaB was found to reduce the 1,3-PDO produc-
tion. In this case, the plasmid pET28a-P32-dhaT was
discovered to be the most effective. In order to further
study the effect of K. pneumoniae ATCC 15380, K.P.
pET28a-P32-dhaT and K.P. pET28a-P32-dhaB-dhaT on
the field of 1, 3-PDO, experiments were conducted in a
7.5 L fermenter (Fig. 2B). The 1, 3-PDO production by
K.P. pET28a-P32-dhaT was found to be the highest at
47.71 g l�1, which was only slightly higher than that of
the original strain (45.86 g l�1). During the entire fermen-
tation process, the concentration of the glycerol as sub-
strate was maintained at 20 g l�1. The overlapped
chromatograms of glycerol and 1, 3-PDO during fermen-
tation, including the structures are shown in Fig. 2C. The
characteristic peaks at ~ 15.25 and ~ 20.23 min repre-
sented the glycerol and 1, 3-PDO respectively.

Attenuating the expression of the lldD and budC in the
oxidative pathway

According to off-target effects and specific quality, three
sgRNA were designed for lldD and budC respectively.
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The best corresponding sgRNA could be analysed by
comparing the production pair of lactate and 2, 3-BDO
and the relative expression levels of corresponding
genes. Figure 3A shows the 1, 3-PDO production by

K.P. L1-pRH2521 (L1), K.P. L2-pRH2521 (L2), K.P. L3-
pRH2521 (L3), K.P. B1-pRH2521 (B1), K.P. B2-
pRH2521 (B2), K.P. B3-pRH2521 (B3) and the original
strain in 250 ml shaker. It was found that regulating the

Fig. 1. Metabolic pathways of producing 1, 3-PDO by K. pneumoniae. The enzymes marked in red represents the need for overexpression,
and the enzymes marked in blue represents the need for regulation.

Fig. 2. (A) Compare the production of 1, 3-PDO in the 250 ml shaker for K. pneumoniae ATCC15380 (O), K.P. pET28a-P32-dhaB (P32-dhaB),
K.P. pET28a-P32-dhaT (P32-dhaT) and K.P. pET28a-P32-dhaB-dhaT (P32-dhaB-dhaT).
B. The comparison of the yield of 1, 3-PDO in the 7.5 L fermentation tank for K. pneumoniae ATCC15380, K.P. pET28a-P32-dhaT and K.P.
pET28a-P32-dhaB-dhaT. (Solid represents 1, 3-PDO and hollow represents glycerol.).
C. The overlapped chromatograms of glycerol, 1, 3-PDO and 2, 3-BDO in zymotic fluid, including the structures.
The data represent the mean values of three independent biological replicates, and the error bars represent the standard deviations.
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expression of budC, 2, 3-BDO production was the lowest
(0.025 g l�1), and 1, 3-PDO production was the highest
(19.16 g l�1) for the B3. The lactate of L1 was the lowest
(0.052 g l�1), and the production of 1, 3-PDO was the
highest (18.74 g l�1) when the expression of lldD was
regulated. The relative expression of B1, B2, B3, L1, L2,
L3 and the original strain are shown in Fig. 3B, which
are 0.216, 0.295, 0.094, 0.052, 0.483, 0.518 and 1
respectively. It was observed that B1, B2, B3, L1, L2
and L3 revealed the reduced expression of the corre-
sponding genes compared with the original strain. In par-
ticular, B3 and L1 had the lowest expression levels,
corresponding to the result in Fig. 3A. Compared with
completely knockout of lactate dehydrogenase (Zhou et
al., 2014) and the entire BDO pathways (Kumar et al.,
2016), the 1, 3-PDO production by the regulation method
has been significantly improved. The combination of L1
and B3 was selected to design L1-B3-PRH2521 to
obtain higher 1,3-PDO production.
To further compare the 1, 3-PDO production after reg-

ulating lldD and budC, a fermentation experiment was
carried out in a 7.5 l fermenter. According to Fig. 3C, it
can be found that the 1, 3-PDO production by B3, L1

and L1-B3 are 50.04, 48.54 and 52.85 g l�1 respectively.
The 1, 3-PDO production of L1-B3 was increased by
15.2% compared with the original strain. Overexpressing
dhaT, or inhibiting the expression of budC and lldD,
respectively, did not significantly increase the production
of 1, 3-PDO by K. pneumoniae. Therefore, simultaneous
overexpression and inhibition of K. pneumoniae should
be considered to improve the ability of K. pneumoniae to
produce 1, 3-PDO. Figures 2D and 3C show the over-
lapped chromatograms of lactate and 2, 3-BDO in zymo-
tic fluid. The peaks located at ~ 8.43 and ~ 21.11 min
could attach to the lactate and 2, 3-BDO. Through the
spectrum, the concentration of lactate and 2, 3-BDO
could be obtained.

Combining regulation and overexpression

If gene dhaT was overexpressed or lldD and budC were
regulated separately, the increase of 1, 3-PDO produc-
tion was limited. In order to further improve the produc-
tion of 1, 3-PDO, it is necessary to overexpress dhaT in
the oxidation pathway and simultaneously attenuate lldD
and budC in the reduction pathway. By comparing the

Fig. 3. (A) Compare the production of 1, 3-PDO, 2, 3-BDO and lactate respectively in the 250 ml shaker for the K. pneumoniae ATCC15380
(O), B1 (K.P. B1-pRH2521), B2 (K.P. B2-pRH2521), B3 (K.P. B3-pRH2521), L1 (K.P. L1-pRH2521), L2 (K.P. L2-pRH2521) and L3 (K.P. L3-
pRH2521).
B. Compare the qRT-PCR of 2, 3-BDO and lactate respectively in the 250 ml shaker for the K. pneumoniae ATCC15380, B1, B2, B3, L1, L2
and L3.
C. The comparison of the yield of 1, 3-PDO in the 7.5 L fermentation tank for the K. pneumoniae ATCC15380, B3, L1 and B3+L1 (K.P. B3-L1-
pRH2521). (Solid represents 1, 3-PDO and hollow represents glycerol.)
D. The overlapped chromatograms of lactate in zymotic fluid, including the structures.
The data represent the mean values of three independent biological replicates, and the error bars represent the standard deviations.
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production of 1, 3-PDO in Fig. 4A, it is found that the 1,
3-PDO production by K.P. L1-B3-pRH2521-P32-dhaT
reaches the highest, with the production of 57.85 g l�1,
which is 26.1% higher than that of the original strain,
confirming that the simultaneous overexpression and
inhibition of K. pneumoniae by CRISPR-dCas9 can
improve the ability of producing 1, 3-PDO. Figure 4B
shows the cell growth (OD600) of the original strain, K.P.
pET28a-P32-dhaT, K.P. B3-L1-pRH2521 and K.P. B3-
L1-pRH2521-P32-dhaT in 7.5 L fermenter at 40 h, which
is positively correlated with the production of 1, 3-PDO.
The higher the 1, 3-PDO production, the greater the
OD600 of the strain. Among them, the 1, 3-PDO produc-
tion by K.P. B3-L1-pRH2521-P32-dhaT reached the
highest OD600 (6.02), which was a 31.15% increase
compared with the OD600 value of the original strain
(4.59).

Discussion

As reported (Zhang and Xiu, 2009), glycerol dispropor-
tionation involves two parallel pathways: reduction path-
way and oxidation pathway in the metabolic process of
producing 1, 3-PDO by K. pneumoniae (Fig. 1 and
Table 1). The reaction of each pathway can be seen
from Table 1. The reduction pathway consists of two
enzymes: the first enzyme DhaB removes a water mole-
cule from glycerol to produce 3-HPA; The second
enzyme DhaT reduces 3-HPA to 1, 3-PDO. In the oxida-
tion pathway, glycerol generates dihydroxyacetone
(DHA) by the glycerol dehydrogenase. Then dihydroxy-
acetone phosphate (DHAP) is generated by the dihy-
droxyacetone kinase, and the pyruvate is generated
through a series of enzyme reactions, accompanied by
some by-products (e.g. lactate, 2, 3-BDO, acetate, etha-
nol, isobutanol and so on). These by-products inhibit the
glycerol transfer into 1, 3-PDO, which significantly

reduces the yield of 1, 3-PDO. In addition, they are toxic
to cell growth at high concentrations. In the lactate syn-
thetic pathway, pyruvate is catalysed to lactate by L-
lactate dehydrogenase (lldD) (Aguilera et al., 2008; Fu et
al., 2016). In the BDO synthetic pathway, (S)-2-
acetolactate is generated by pyruvate under the catalysis
of acetolactate synthase. In the next step, (S)-2-
acetolactate is converted to acetoin under the catalysis
of acetolactate decarboxylase. Finally, NADH is used as
the reductant to reduce the compound to 2,3-BDO
through butanediol dehydrogenase (budC) (Blomqvist et
al., 1993; Wood et al., 2005; Celinska and Grajek,
2009). In this study, the synthesis of lactate and BDO
was investigated. Therefore, to improve the 1, 3-PDO
production by K. pneumoniae, overexpressing dhaT in
the reduction pathway followed by attenuating the syn-
thetic pathway of 2, 3-BDO and lactate in the by-product
pathway were required in this work.
Since pET28a requires induction with IPTG to start, the

development of 1, 3-PDO industrial production processes
may be discouraged by expensive IPTG. Therefore, the
subsequent experiments in this study were conducted
without adding IPTG. The T7 promoter in pET28a was
replaced by P32, hence reducing the cost of the whole
process. At the same time, according to literature, P32
promoter is conducive to improving production (Minami
and Shah, 2021). The fermentation experiment showed
that K.P. pET28a-P32-dhaT was the best strain to pro-
duce 1,3-PDO by overexpressing dhaT. This result may
be attributed to the accumulation of 3-HPA, an intermedi-
ate metabolite that is toxic to the strain, and detrimental
to cell growth and reduces the 1, 3-PDO production.
Therefore, the higher expression of dhaB affected the 1,
3-PDO production, which was consistent with the report
of Zhao et al. (2009a,2009b) and Oh (2013). If dhaT was
overexpressed alone, the 1, 3-PDO production by the
modified strain was only slightly higher than that of the

Fig. 4. (A) Compare the production of 1, 3-PDO, 2, 3-BDO and lactate, respectively in the 250 ml shaker for the K. pneumoniae ATCC15380
(O), K.P. pET28a-P32-dhaT (P32-dhaT), B3+L1 (K.P. B3-L1-pRH2521) and B3+L1-P32+dhaT (K.P. B3-L1-pRH2521-P32-dhaT). (Solid repre-
sents 1, 3-PDO and hollow represents glycerol.)
B. The cell growth (OD600) of O, P32-dhaT, B3+L1 and B3+L1-P32+dhaT in 7.5 L fermenter at 40 h. The data represent the mean values of
three independent biological replicates, and the error bars represent the standard deviations.
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original strain. This may be due to the fact that NADH
needs to be consumed during the transformation of 3-
HPA into 1, 3-PDO in the reduction pathway, and the
overexpression of dhaT will lead to insufficient NADH in
the reduction reaction. Thus, it is necessary to regulate
the expression of some genes from the by-product path-
way, such as lldD and budC to reduce the amount of
NADH required to produce by-products, thus further
increasing the production of 1, 3-PDO.
The knockout methods were adopted in traditional

methods (Kumar et al., 2016; Li et al., 2016), while the
increase of 1, 3-PDO production by knocking out of the
lactate synthesis pathway was not remarkable. Direct
knockout of genes in the by-product pathway may lead
to an increase in other by-products. Additionally,

completely inactivating all of the genes involved in the
formation of by-products is unreasonable due to the con-
trol of central carbon metabolic fluxes (Bro et al., 2006;
Celinska, 2010). In fact, the diversity of by-products
reflects the delicate redox equilibrium of cells, so it is
important to regulate the formation of by-product while
maintaining the overall redox equilibrium to improve glyc-
erol utilization and 1, 3-PDO yield. Therefore, it is neces-
sary to consider the use of the regulatory method to
reduce the generation of by-products lactate and 2, 3-
BDO. Moreover, the regulatory method may reduce the
consumption of NADH in the synthesis of lactate and 2,
3-BDO, which will supply more NADH to DhaT in the
reduction pathway, and subsequently enhance the pro-
duction of 1, 3-PDO.

Table 1. Enzymes and reactions.

Enzyme Reaction

Reduction pathway
Glycerol dehydratase glycerol <=> 3-Hydroxypropanal + H2O
1, 3-propanediol oxidoreductase 3-Hydroxypropanal + NADH + H+ <=> Propane-1, 3-diol + NAD+

Oxidation pathway
Glycerol dehydrogenase glycerol + NAD+ = dihydroxyacetone + NADH + H+

Dihydroxyacetone Kinase ATP + dihydroxyacetone = ADP + dihydroxyacetone phosphate
Triosephosphate isomerase dihydroxyacetone phosphate = D-glyceraldehyde 3-phosphate
3-phosphate dehydrogenase D-glyceraldehyde 3-phosphate + phosphate + NAD+ = 3-phospho-D-glyceroyl

phosphate + NADH + H+

Phosphoglycerate kinase ADP + 3-phospho-D-glyceroyl phosphate = ATP + 3-phospho-D-glycerate
2, 3-bisphosphoglycerate-dependent
phosphoglycerate mutase

3-phospho-D-glycerate = 2-phospho-D-glycerate

Enolase 2-phospho-D-glycerate = phosphoenolpyruvate + H2O
Pyruvate kinase ADP + phosphoenolpyruvate = ATP + pyruvate
Acetyltransferase component of pyruvate
dehydrogenase complex

Pyruvate=> acetyl-CoA

Lactate dehydrogenase pyruvate + NADH + H+ = (S)-lactate + NAD+ pyruvate + 2 ferrocytochrome
c = (S)-lactate + 2 ferricytochrome c

Pyruvate formate-lyase CoA + pyruvate <=> acetyl-CoA + formate
Acetolactate synthase 2 pyruvate = 2-acetolactate + CO2

Acetolactate decarboxylase (S)-2-acetolactate <=> (R)-acetoin + CO2

Butanediol dehydrogenase (S)-acetoin + NADH + H+ = (2S,3S)-butane-2, 3-diol + NAD+

Phosphate acetyltransferase acetyl-CoA + phosphate = CoA + acetyl phosphate
Acetate kinase ADP + acetyl phosphate = ATP + acetate
Aldehyde dehydrogenase acetyl-CoA + NADH + H+ = acetaldehyde + CoA + NAD+

Alcohol Dehydrogenase acetaldehyde + NADH + H+ <=> ethanol + NAD+

Acetyl-CoA C-acetyltransferase 2 acetyl-CoA = CoA + acetoacetyl-CoA
3-hydroxybutyryl-CoA dehydrogenase 3-acetoacetyl-CoA + NADPH + H+ = (S)-3-hydroxybutanoyl-CoA + NADP+

(S)-3-hydroxybutanoyl-CoA hydro-lyase (S)-3-hydroxybutanoyl-CoA <=> crotonoyl-CoA + H2O
Crotonyl-CoA reductase crotonoyl-CoA + NADPH + H+ <=> butanoyl-CoA + NADP+

Acetate CoA/acetoacetate CoA-transferase alpha
subunit

butanoyl-CoA + acetoacetate = butanoate + acetoacetyl-CoA

Phosphate butyryltransferase butanoyl-CoA + phosphate = CoA + butanoyl phosphate
Butyrate kinase ADP + butanoylphosphate <=> ATP + butanoate

TCA
Citrate synthase acetyl-CoA + H2O + oxaloacetate = citrate + CoA
Aconitate hydratase citrate = cis-aconitate + H2O

cis-aconitate + H2O = isocitrate
Isocitrate dehydrogenase isocitrate + NADP+ = 2-oxoglutarate + CO2 + NADPH + H+

2-oxoglutarate dehydrogenase E1 component 2-oxoglutarate + CoA + NADP+ <=> succinyl-CoA + CO2 + NADPH + H+

Succinyl-CoA synthetase ADP + phosphate + succinyl-CoA = ATP + succinate + CoA
Fumarate reductase succinate + a quinone = fumarate + a quinol
Fumarate hydratase class I fumarate + H2O = (S)-malate
Malate Dehydrogenase (S)-malate + NAD+ = oxaloacetate + NADH + H+
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lldD and budC are mainly involved in the oxidation
pathway in which the by-products (lactate and 2, 3-BDO)
during the synthesis of 1, 3-PDO are NADH-dependent.
Thus, regulating the competitive NADH pathway can
increase the concentration of NADH in the cell and
reduce the concentration of the by-product, providing
NADH to the reduction pathway to ultimately improve the
production of 1, 3-PDO. Weakening expression of budC
is beneficial to reduce the production of 2, 3-BDO and
affect the cell metabolism. By comparing the expression
levels of lldD in L1, L2 and L3, and budC among B1, B2
and B3, it was found that L1 and B3 had the lowest
expression levels, indicating that the regulatory effects of
these two sgRNAs were the best. As a result, the combi-
nation of L1 and B3 might perform better. The results
showed that the production of 1, 3-PDO by K.P. L1-B3-
pRH2521 was higher than that of the original strain.
Compared with the complete deletion of lactate and the
whole 2, 3-BDO pathway would not inhibit GDHt
because of the massive carbon metabolism of pyruvate
nodes, thus affecting the production of 1, 3-PDO (Kumar
et al., 2016).
By combining overexpression and regulation with

CRISPR-dCas9, it could be found that the 1, 3-PDO pro-
duction in the presence of K.P. L1-B3-pRH2521-P32-
dhaT was the highest (57.85 g l�1), suggesting that the
inhibiting the expression of lldD and budC in pathway of
lactate and 2, 3-BDO might reduce the consumption of
NADH and enhance the conversion of 3-HPA to 1, 3-
PDO.
Simultaneous multiple gene modification is more bene-

ficial to 1,3-PDO production than traditional single-gene
modification methods (e.g., single overexpression
(Zheng et al., 2006; Hao et al., 2008; Zhao et al.,
2009a,2009b; Ma et al., 2010; Zhu et al., 2015), knock-
out (Horng et al., 2010; Guo et al., 2013), and regulation
(Wei et al., 2014; Hirokawa et al., 2017; Lee et al., 2018,
2019).
In summary, this is the first time the dhaT has been

overexpressed in K. pneumoniae, and the expression of
lldD and budC was simultaneously inhibited to enhance
the performance of the strain in the CRISPR-dCas9 sys-
tem. This method is relatively simple and efficient and
only requires to transfer two plasmids into bacteria simul-
taneously to achieve the effects of the overexpression
and attenuation. Compared with the original
(45.86 g l�1), the production of 1, 3-PDO by K.P. L1-B3-
pRH2521-P32-dhaT was successfully increased up to
57.85 g l�1. In K. pneumoniae, the overexpression and
inhibition of the gene expression not only does not affect
the NADH balance in the metabolic process, but also
enhancing the final 1, 3-PDO production. Therefore, this
method may have certain advantages over the NADH
imbalance in metabolic process compared with the

traditional knockout, and finally decreases the yield of
target products. There are many genes in K. pneumo-
niae that need to be further studied, such as dhaD,
dhaK, ldhA, budA, ldhA, poxB, pta, ackA, gltA, arcA and
so on. These genes can be overexpressed and regu-
lated in combination to promote the production of 1, 3-
PDO by CRISPR-dCas9. These findings provide a refer-
ence for the direction of the genetic modification for the
target products to promote the productive ability of other
strains.

Experimental procedures

Strains, microorganisms and cultivations

K. pneumoniae ATCC 15380 was purchased from Amer-
ican Type Culture Collection (ATCC, Manassas, VA,
USA). The microorganisms and cultivations were pro-
vided in the Appendix S1.

Analytical methods and instrumentation

The concentrations of 1, 3-PDO, glycerol and 2, 3-BDO
were measured with an HPX-87H column (300 9 7.8
mm2) (Bio-Rad, Palo AHO, CA, USA) with a differential
refractive index detector (SFD GmbH, Schambeck, Ger-
many) (as shown in Fig. 2C). 5 mM aqueous H2SO4

solution was used as a mobile phase with a flow rate of
0.5 ml min�1 at a working temperature at 65�C.
The concentration of lactate was measured with an

MP C18 column (250 mm 9 4.6 mm, 5 µm; Agilent) by
a liquid chromatography on a 1100 series instrument
(Agilent, Santa Clara, CA, USA) (as shown in Fig. 3D).
5 mM H2SO4 (with 5% acetonitrile) solution was used as
a mobile phase with a flow rate of 0.5 ml min�1 and a
working temperature at 35�C.

Plasmids, primers and sequences

The plasmids used in this study are listed in Table 2.
The primers used for gene deletion, complementation
and overexpression are shown in Table 3. The
sequences of the devices and gene fragments are
shown in Table 4.

Construction of pET28a-P32-dhaB, pET28a-P32-dhaT,
pET28a-P32-dhaB-dhaT

The P32 promoter was known from the literature reports
(Van der Vossen et al., 1987), and the sequences of
P32 promoter was synthesized by Tsingke Biotechnol-
ogy Co., Ltd. All plasmids were constructed in Escheri-
chia coli DH 5a. Total DNA was extracted from K.
pneumoniae by DNA extraction kit (Tiangen, Beijing,
China). Genomic DNA of K. pneumoniae NCTC418
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Table 2. Strains and plasmids used in this study.

Strain/Plasmids Descriptions Source

K. pneumoniae
15380 Mutant derived from ATCC 15380 USA
P32-dhaB P32-dhaB, KanR This study
P32-dhaT P32-dhaT, KanR This study
P32-dhaB-dhaT P32-dhaB-dhaT, KanR This study
L1 lldD sgRNA-L1, HmBR, KanR This study
L2 lldD sgRNA-L2, HmBR, KanR This study
L3 lldD sgRNA-L3, HmBR, KanR This study
B1 budC sgRNA-B1, HmBR, KanR This study
B2 budC sgRNA-B2, HmBR, KanR This study
B3 budC sgRNA-B3, HmBR, KanR This study
L1-B3-pRH2521-P32-dhaT lldD sgRNA-L1, budC sgRNA-B3 This study

E.coli
DH5a Plasmid construction and general cloning Novagen, USA

Plasmids
pET-28a Vector for protein expression, KanR Novagen, USA
pET-P32 P32 instead of T7 promoter KanR This study
pET-P32-dhaB dhaB expression vector based on pET-28a(+), KanR This study
pET-P32-dhaT dhaT expression vector based on pET-28a(+), KanR This study
pET-P32-dhaB-dhaT dhaB and dhaT expression vector based on pET-28a(+), KanR This study
pRH2521 Expression of sgRNA from a imyc promoter (Pimyc), HmBR Addgene, USA
pRH2502 Expression of dcas9 D10A H840A from a TetR-regulated uvtetO promoter, KanR Addgene, USA
L1-pRH2521 L1-sgRNA This study
L2-pRH2521 L2-sgRNA This study
L3-pRH2521 L3-sgRNA This study
B1-pRH2521 B1-sgRNA This study
B2-pRH2521 B2-sgRNA This study
B3-pRH2521 B3-sgRNA This study
L1-B3-pRH2521 L1-sgRNA, B3-sgRNA This study

Table 3. Primers used for gene deletion, complementation, and overexpression.

Primers Sequence (5’–3’)

p32-F TAAACAAAATTATTTCTAGATCGAATTCGGTCCTCGGGATAT
p32-R TTTTGATCTTTTCATTTGTATTCCCTATTCAAAATTCCTCCGAATATTTTTTTACCTA
dhaB-F CGGAGGAATTTTGAATAGGGAATACAAATGAAAAGATCAAAACGATTTGCAGTACT
dhaB-R1 GGCGTAGAGGATCGAGATCTTTAGCTTCCTTTACGCAGCTTATG
dhaB-R2 TGTGTATCGTCGCCATTTGTATTCCCTAGCTGACCTCCGCTTAGCTT
dhaT-F1 CGGAGGAATTTTGAATAGGGAATACAAATGGCGACGATACACAGCACAAT
dhaT-F2 TAAGCGGAGGTCAGCTAGGGAATACAAATGGCGACGATACACAGCACAAT
dhaT-R GGCGTAGAGGATCGAGATCTTTAGGCATGTTCTGGATACAGC
p32-dhaB-dhaT-F CGGCCGCAAGCTTGTCGA
p32-dhaB-dhaT-R AGTAGTAGGTTGAGGCCGTTGAGCA
pet28-p32-GFP-F TAAACAAAATTATTTCTAGATCGAATTCGGTCCTCGGGATAT
pet28-p32-GFP-R GGCGTAGAGGATCGAGATCTCTAGAACTGGCATGCATCTTTGTA
pBluescriptKS TCGAGGTCGACGGTATC
pBR322ori-F GGGAAACGCCTGGTATCTTT
EBV-rev GTGGTTTGTCCAAACTCATC
2521-F TATTGGATCGTCGGCACCGTC
2521-R CTGATCATCTGCGGCTTGGAG
lldDsgRNA-L1-F GGGAGACTCAGCCCTCCTCTCCTGG
lldDsgRNA-L1-R AAACCCAGGAGAGGAGGGCTGAGTC
lldDsgRNA-L2-F GGGAGCAATAATTTCATCCATCCCC
lldDsgRNA-L2-R AAACGGGGATGGATGAAATTATTG
lldDsgRNA-L3-F GGGAGAATTTTACCTTCGGTGGGAT
lldDsgRNA-L3-R AAACATCCCACCGAAGGTAAAATT
budCsgRNA-B1-F GGGAGTTTCTTATATTTGTTGAACG
budCsgRNA-B1-R AAACCGTTCAACAAATATAAGAAA
budCsgRNA-B2-F GGGAGTTGGAACTGTGAGCTGAATC
budCsgRNA-B2-R AAACGATTCAGCTCACAGTTCCAA
budCsgRNA-B3-F GGGAGAACCAGCATGGTTTCTATAT
budCsgRNA-B3-R AAACATATAGAAACCATGCTGGTTC
Ptet-B3-sgRNA-F ACGAGTATGCATGATCTGTGCGTTCGCAC
Ptet-B3-sgRNA-R TGACTCGCTAGCTGCATATTAATTAAATCGATAAAAAAGCAC
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Table 4. Sequences of devices and gene fragments.

Fragment Sequence

P32 TCGAATTCGGTCCTCGGGATATGATAAGATTAATAGTTTTAGCTATTAATCTTTTTTTATTTTTATTTAAGAATGGCTTAA
TAAAGCGGTTACTTTGGATTTTTGTGAGCTTGGACTAGAAAAAAACTTCACAAAATGCTATACTAGGTAGGTAAAAA
AATATTCGGAGGAATTTTGAA

RBS TAGGGAATACAA
dhaB ATGAAAAGATCAAAACGATTTGCAGTACTGGCCCAGCGCCCCGTCAATCAGGACGGGCTGATTGGCGAGTGGCC

TGAAGAGGGGCTGATCGCCATGGAC>AGCCCCTTTGACCCGGTCTCTTCAGTAAAAGTGGACAACGGTCTGAT
CGTCGAGCTGGACGGCAAACGCCGGGACCAGTTTGACATGATCGACCGATTTATCGCCGATTACGCGATCAA
CGTTGAGCGCACAGAGCAGGCAATGCGCCTGGAGGCGGTGGAAATAGCCCGCATGCTGGTGGATATTCACGTCA
GTCGGGAGGAGATCATTGCCATCACTACCGCCATCACGCCGGCCAAAGCGGTCGAGGTGATGGCGCAGATGAACGTG
GTGGAGATGATGATGGCGCTGCAGAAGATGCGTGCCCGCCGGACCCCCTCCAACCAGTGCCACGTCACCAATCTC
AAAGATAATCCGGTGCAGATTGCTGCTGACGCCGCCGAGGCCGGGATCCGCGGCTTCTCAGAACAGGAGACCACGGT
CGGTATCGCGCGCTATGCGCCGTTTAACGCCCTGGCGCTGTTGGTCGGTTCGCAGTGCGGCCGCCCCGGCGTTT
TGACGCAGTGCTCGGTGGAAGAGGCCACCGAGCTGGAGCTGGGCATGCGTGGCTTAACCAGCTACGCCGAGACGG
TGTCGGTCTACGGCACCGAAGCGGTATTTACCGACGGCGATGATACTCCGTGGTCAAAGGCGTTCCTCGCCTCG
GCCTACGCCTCCCGCGGGTTGAAAATGCGCTACACCTCCGGCACCGGATCCGAAGCGCTGATGGGCTATTCGGAG
AGCAAGTCGATGCTCTACCTCGAATCGCGCTGCATCTTCATTACCAAAGGCGCCGGGGTTCAGGGGCTGCAAAAC
GGCGCGGTGAGCTGTATCGGCATGACCGGCGCTGTGCCGTCGGGCATTCGGGCGGTGCTGGCGGAAAACCTGAT
CGCCTCTATGCTCGACCTCGAAGTGGCGTCCGCCAACGACCAGACTTTCTCCCACTCGGATATTCGCCGCACCGCG
CGCACCCTGATGCAGATGCTGCCGGGCACCGACTTTATTTTCTCCGGCTACAGCGCGGTGCCGAACTACGACAACA
TGTTCGCCGGCTCGAACTTCGATGCGGAAGATTTTGATGATTACAACATCCTGCAGCGTGACCTGATGGTTGACG
GCGGCCTGCGTCCGGTGACCGAGGCGGAAACCATTGCCATTCGCCAGAAAGCGGCGCGGGCGATCCAGGCGGTT
TTCCGCGAGCTGGGGCTGCCGCCAATCGCCGACGAGGAGGTGGAGGCCGCCACCTACGCGCACGGTAGCAACGA
GATGCCGCCGCGTAACGTGGTGGAGGATCTGAGTGCGGTGGAAGAGATGATGAAGCGCAACATCACCGGCCTCG
ATATTGTCGGCGCGCTGAGCCGCAGCGGCTTTGAGGATATCGCCAGCAATATTCTCAATATGCTGCGCCAGCGGG
TCACCGGCGATTACCTGCAGACCTCGGCCATTCTCGATCGGCAGTTCGAGGTGGTGAGTGCGGTCAACGACATCA
ATGACTATCAGGGGCCGGGCACCGGCTATCGCATCTCTGCCGAACGCTGGGCGGAGATCAAAAATATTCCGGGC
GTGGTTCAGCCCGACACCATTGAATAA

RBS TAGGGAATACAA
dhaT TGGCGACGATACACAGCACAATCATCAGCGGGGCTGGCGCCTCATCGGCCCTGCTCCCGCTGCTGGCCGGTAAAA

CCTCAATCCTGCTGGTGACCGACAAGAACGTCGGGGCGCTGGAGGCAACCCAGGCGATTCATCGCCTGCTGGCG
GCTGAAGGGCGTGAAGTTGAGATCATTGACAGCGTGCCAGCTGAGCCCAACCATCACGATGTTACGCAGATCGTC
AGCCAGCTGGGCGCCAGCCAGCCGCAGATGGTCGTTGGTATCGGCGGGGGGAGCGTACTGGATGTAGCAAAACT
GCTGTCAGTACTTCTGCACCCTGAGGCGCCCTCGCTGACGTCCCTGCTGGCAGGCGAGCAGCCGCAACGACGAAT
TTGCTCATTGTTAATCCCGGCCACCGCGGGCACCGGATCCGAAGCGACGCCGAACGCCATTCTGGCGATCCCCGA
GCAGCAGACGAAGGTGGGGATCATCTCCCCGGTGCTGCTTCCGGACTATGTCGCCCTGCTGCCGGAGCTGACCAC
CAGCATGCCGCCCAGCATCGCGGCGTCGACCGGAATCGATGCTCTGTGTCATCTGCTGGAGTGCTTTACCTCCAC
CGTCGCCAACCCGGTGAGCGATAACGCCGCGTTAATCGTTTACACAAGCTGGTACGCCATATCGAGCGTTCGGTA
AATCAGCCGCAGGATCTGACGGCGAAGCTGGAGATGCTCTGGGCCTCGTGGTACGGCGGCGCAGCGATCAACTA
TGCCGGCACTCACCTGGTGCATGCGCTCTCCTATCCGCTTGGCGGTACCTGGCACCTGCCGCACGGGGTGGCCAA
CGCCATTCTGCTGGCGCCCTGCATGCGAGTGGTCCGCCCTCACGCGGTGGCGAAGTTCGCTCAAGTCTGGGACC
TGATCCCCGATGCAGATCGCACGCTCAGCGCGGAAGAGAAATCCCATGCGCTGGTCGCATGGCTGGCGGCGCTG
GTCAAACGACTGCCGCTGCCGGACAACCTGGCCGCGCTAGGCGTGCCTCAGGAGAGTATTTCCGCCCTCAGCGC
AGCGGCGCAAAACGTCAAACGCCTGATGAACAATGCCC
CATGCAGCGTCAGCCGCGAAGAGATCGCGGCCATCTACCAAACGCTGTATCCAGAACATGCCTAA

lldD TTACGCGGCGTTATTCTGCTTCAGCGCATCGAAGGTCTGCAGCGCTTCGGCGTTCTGCACCAGCGAATCACGGCT
GATTTCACGGATACTTTTCGCCCCGGTGAGGGTCATCGCCACTTTCATCTCTTTCTCGATGAGGTTCAGCAGATT
CGCCACGCCCTGCTTACCGTGGGTCGCCAGGGCGTACAGGTAAGCGCGGCCCAGTAGCACGCTGTCGGCGCCCA
GAGCGATCATCCGCACCACGTCGAGCCCGTTACGGATGCCGCTGTCGGCGAGAATAGTGATGTCGCCTTTCACC
GCGTCGGCAATTGCCGGCAGGGCGCGGGCCGAGGAGAGCACGCCATCGAGCTGGCGGCCGCCGTGGTTGGAGAC
GACAATGCCGTCAGCGCCGAAGCGCACCGCGTCGCGGGCGTCCTCCGGATCGAGGATCCCTTTGATCACCATCGG
ACCGTCCCAGAAATCGCGGATCCACTCCAGGTCTTTCCATGAAATCGACGGATCGAAGTTATTCGCCAGCCAGCCA
ATGTAATCCTCAAGCCCGGTCGGTTTGCCGAGATAGGCGGAGATATTGCCCAGATCGTGCGGGCGACCGTTAAG
GCCGACGTCCCACGCCCACTGCGGATGGGTGACGGCCTGCCAGTAGCGGCGCAGGGCGGCGTTCGGGCCGCTCA
TGCCTGAATGGGCGTCGCGGTAGCGGGCGCCGGGAGTCGGCATATCGACGGTAAAGACCAGCGTCGAGCAGCCG
GCGGCTTTGGCGCGCTCCAGCGCATTGCGCATAAAGCCGCGGTCGCGCAGGACATACAGCTGGAACCACATCGG
GCGCTTGATGGTCGGGGCGACCTCTTCGATCGGGCAGACGGAAACGGTAGAGAGGGTGAACGGAATGCCTTTGT
CGTCCGCCGCGCCGGCGGCCTGCACTTCGCCGCGGCGGGCGTACATCCCGCACAGCCCGACCGGCGCCAACGCC
GTCGGCATCGCCAGCTTCTCGTTGAATAATGTCGTTTCCAGACTCAGGTCCGACATATTGCGCAAAATACGCTGGC
GCAAGGCTACATCGGAAAGGTCCTCGACGTTGCGGCGCAGGGTATGTTCGGCGTAGGCGCCGCCGTCAATATAG
TGGAACAGAAACGGCGGCAGGATACGCTGTGCGGCGGCGCGATAGTCGCTGGCGGCGGAAATAATCAT
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(National Center for Biotechnology Information (NCBI)
reference sequence: NZ_LR134213.1) was used as a
template for polymerase chain reaction (PCR) to amplify
dhaB and dhaT gene clusters. The sequence of dhaB
was amplified with dhaB-F and dhaB-R primers. The
pET28a was digested with XbaⅠ and BglⅡ to obtain the
linearized plasmid (as shown in Fig. 5A), and then
pET28a, P32 and dhaB were connected using a BM
seamless cloning kit (Biomed, Beijing, China) to form
pET28a-P32-dhaB. The construction of pET28a-P32-

dhaT and pET28a-P32-dhaB-dhaT was similar to that of
pET28a-P32-dhaB, and the construction process is
shown in Fig. 5A.

Construction of L1-pRH2521, L2-pRH2521, L3-
pRH2521, B1-pRH2521, B2-pRH2521, B3-pRH2521 and
L1-B3-pRH2521

As described previously (Jha et al., 2020), a CRISPRi-
based approach was used to regulate the strains.

Table 4. (Continued)

Fragment Sequence

budC TTAGTTAAACACCATGCCGCCGTCGATCAGCAATGACT
GACCGGTCATATAATCAGAATCCGGGCTGGCAAGATAGGAGACGCAGGCGGCGACATCTTCCGGCTCGGACAGG
CGGCCGAGGGTGATGCGTTTGGCGAACTCGGCGGTACCGTAGCCCAGCGGTTTACCGGCGGCTTCGGACACCTG
GCGGTCAATTTCGGCCCACATCGGCGTTTTGACAATCCCCGGGCAGTAGCCGTTGACCGTGATGCCCAGCGGCGC
GAGGTCGCGAGCGGCGGTCTGGGTTAAGCCGCGTACCGCGAATTTACTCGAGCTATATACCGCCAGCTCCGGGTT
GCCGACGTGGCCGGCCTGGGAACAGGCGTTGATGATTTTCCCGCCGTGACCCTCTTTCTTAAAGGCCTCGACCGC
TGCCTGGATGCCCCAGATCACCCCTTTGACGTTGATGTTGTAGACTTTGTCGACAATCTCCGGGGTAATGGACTC
GATCGGCGTGGATGGCGCCACGCCGGCGTTGTTGACGATGACGTCGAAGCCGCCCAGCGTTTTGCGCGCCTGTT
CGACGGCGGCAAATACCTGGTCGCGGTCAGAAACATCCACTTTCACCGCCATGGCGCGGCCGCCGGCCTGGTTG
ATTTCGGAGGCGACCGCTTTGGCGGTGGCGTCGTTATAATCGGCAATGGCCACGGCAAATCCATCCTTCACCAGA
CGAAGGGCGATAGCTTTACCAATCCCCTGGCCGGCGCCGGTAACAAGTGCGACTTTTTTCAT

Fig. 5. Schematic representation of the strategies used for (A) construction of pET28a-dhaB, pET28a-dhaT and pET28a-dhaB-dhaT.
B. Construction of L1-pRH2521, L2-pRH2521, L3-pRH2521, B1-pRH2521, B2-pRH2521, B3-pRH2521 and L1-B3-pRH2521.
C. Construction of dhaT-L1-B3-pRH2521.
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Single-guide RNA (sgRNA) targeting lldD and budC at
site L1~L3 and B1~B3 (as shown in Fig. 5B) were
cloned into pRH2521 plasmid at the BbsI site. Three
candidate target sites were selected for each target
gene. The L1-pRH2521, L2-pRH2521, L3-pRH2521, B1-
pRH2521, B2-pRH2521 and B3-pRH2521 were con-
structed (as shown in Fig. 5B). The sgRNA was
designed by Benchling (https://www.benchling.com).
Ptet-B3-sgRNA PCR was recovered by PCR with

primers Ptet-B3-sgRNA-F and Ptet-B3-sgRNA-R using
B3-pRH2521 as the template. The inserted fragment
was recovered by double enzyme digestion with NsiI
and NheI. The L1-pRH2521 was digested back with NsiI
and NheI to obtain the vector. The fragment was con-
nected with the vector to obtain L1-B3-pRH2521 (as
shown in Fig. 5B).

Construction of L1-B3-pRH2521-P32-dhaT

In plasmid pET28a-P32-dhaT, P32-dhaT was cut off with
NheI and MluI (4889 bp), which was recycled as frag-
ments by gel cutting. L1-B3-pRH2521 was recovered by
NheI and MluI double enzyme digestion to obtain the
vector. The fragment was connected to the carrier.
Finally, the plasmid L1-B3-pRH2521-P32-dhaT was
obtained (as shown in Fig. 5C).

Transformation and screening

Take plasmid pRH2521 as an example. The con-
structed plasmid pRH2521 was transformed into E. coli
DH5a. Colonies were selected on LB plates containing
hygromycin (50 µg ml�1). PCR and sequencing were
used to verify the accuracy of plasmid. Finally, plasmid
pRH2521 was extracted from E. coli DH5a using the
plasmid extraction kit (Biomed). Then, the extracted
pRH2521 and pRH2502 (kanamycin resistant to dCas9
expression) were electrically transferred into K. pneu-
moniae, respectively, and colonies were selected on LB
plates containing hygromycin (50 µg ml�1) and kanamy-
cin (25 µg ml�1). Additionally, the plasmids were trans-
ferred to K. pneumoniae by electroporation to verify the
accuracy of plasmids. Then, the plates were incubated
at 37°C for 12–24 h. The stability of the plasmid was
the ratio of the percentage of colonies on the antibiotic
agar plates over those on the plates without antibiotics.
To induce sgRNA and dCas9 expression, anhydrotetra-
cycline was added to the cultures to achieve a final
concentration of 200 ng ml�1 at 6 h (Jha et al., 2020).
The plasmid pET28a (kanamycin 50 µg ml�1) was also
constructed as described above. The recombinant plas-
mids were transformed into E. coli to obtain transfor-
mants and transformed into K. pneumoniae by
electroporation.

Quantitative Real-Time PCR (qRT-PCR) analysis

The transcriptional levels of budC and lldD in the K.P.
ATCC15380, L1~L3 and B1~B3 were measured by qRT-
PCR. The total RNA of the bacteria was extracted by using
the RNA prepPure culture bacterial total RNA extraction
kit (Tiangen) according to the operation instructions, and
treated with DNase I to remove the residual DNA frag-
ments. The RNA samples were quantified by spectropho-
tometer at 260 and 280 nm, and purified by 1%
formaldehyde agarose gel electrophoresis. cDNA synthe-
sis was completed by using the fast quant cDNA first
strand synthesis kit (Tiangen) according to the operation
instructions. The PCR reaction was designed according to
the K. pneumoniae NCTC 418 genomic sequence at Gen-
Bank in NCBI database. The synthetic primers of the tar-
get gene were designed by primer design software
(Primer Premier 5.0). qRT-PCR was performed with the
Real Master Mix (SYBRGreen) kit (Tiangen) according to
the operation instructions using the K. pneumoniae 16S
rRNA gene as the internal standard control.
Relative quantitation 2-DDCT method was used to ana-

lyse the qRT-PCR data. To calculate the CT value
obtained from the experiment, and the relative differ-
ences of gene transcription were obtained (Wang et al.,
2021a,2021b).
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