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Bio-production of cadaverine from cheap carbon sources for synthesizing bio-based
polyamides is becoming more common. Here, a novel fermentation process for
cadaverine bio-production from glucose was implemented by using a microbial
consortium of two engineered Escherichia coli strains to relieve the toxic effect of
cadaverine on fermentation efficiency. To achieve controllable growth of strains in the
microbial consortium, two engineered E. coli strains grown separately on different
carbon sources were first constructed. The strains were, an L-lysine-producing E. coli
NT1004 with glucose as carbon source, and a cadaverine-producing E. coli CAD03
with glucose metabolism deficiency generated by modifying the PTSGlc system with
CRISPR-Cas9 technology and inactivating cadaverine degradation pathways. Co-
culturing these two engineered E. coli strains with a mixture of glucose and glycerol
led to successful production of cadaverine. After optimizing cultivation conditions, a
cadaverine titer of 28.5 g/L was achieved with a multi-stage constant-speed feeding
strategy.

Keywords: cadaverine, bio-based polyamides, microbial consortia, L-lysine, renewable sources, CRISPR-Cas9,
feeding strategy

INTRODUCTION

Polyamides (PA), commonly known as nylon, are widely used in numerous industries and
the demand for PA products further increases with the development of industry (Tabor and
Tabor, 1985). Increasing exhaustion of fossil fuels (Kim et al., 2015b) and strengthening
consciousness of environmental protection are the major driving factors for increased development
of environmentally friendly materials from biological sources (Mekonnen et al., 2016). Among
several types of biomass derived from polymers, bio-based polyamides have been the choice for
an alternative to traditional petroleum-based polyamides (Kind and Wittmann, 2011; Schneider
and Wendisch, 2011; Bhatia et al., 2016). In contrast to the even-carbon diamines derived from
petroleum, one of the important blocks for bio-based polyamides is cadaverine, a five-carbon
diamine (Kind et al., 2014). Due to the specific properties of odd-carbon, polyamides based on
cadaverine exhibit excellent and well-known material properties and could compete with the
conventional petroleum-based polyamides in all examined fields (Eltahir et al., 2014; Ma et al.,
2015a).
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Environmentally friendly and efficient bio-production of
cadaverine is the most important process for bio-based PA5.X
manufacturing (Kind et al., 2014; Kim et al., 2015c). Considerable
efforts in biosynthesis of cadaverine have been made in the
last two decades (Takatsuka et al., 2000). A common method
is whole-cell bioconversion where cadaverine is produced from
the natural amino acid lysine through overexpression of the
Escherichia coli lysine decarboxylase CadA (Mimitsuka et al.,
2007) or LdcC (Kind et al., 2010). A high rate of conversion of
about 80% lysine to cadaverine was successfully achieved by Kim
et al. (2015a) using whole cells at a high concentration of 1.75 M
lysine. Their results also identified that pyridoxal-5′-phosphate
(PLP) as a critical control factor for the biotransformation
of lysine to cadaverine (Kim et al., 2015a). Furthermore,
cadaverine production using immobilized cells has also been
reported recently. Barium alginate was selected as a matrix for
immobilization (Bhatia et al., 2015) and 123 h of continuous
cadaverine production was performed in a 14 mL reactor
resulting in 466.5 g of cadaverine (Kim et al., 2017). In addition,
in situ immobilization of lysine decarboxylase by phasin fusion
on intracellular PHA was investigated and a stable and reusable
form of lysine decarboxylase was produced (Seo et al., 2016).
Although whole-cell biosynthesis of cadaverine is efficient, the
high cost of the precursor L-lysine limits its further industrial
application.

As a model strain for lysine production, E. coli has the
advantages of fast growth rate and clear genetic background, and
thus it could be used for cadaverine production (Park et al., 2007;
Qian et al., 2009). Using recombinant E. coli under optimized
culture conditions, 134.9 g/L L-lysine has been obtained with
a productivity of 1.9 g/L/h (Ying et al., 2014). However, the
efficiency of cadaverine production from glucose by E. coli
through direct fermentation was extremely low: only 9.6 g/L
with a productivity of 0.32 g/L/h (Qian et al., 2011). E. coli
could not efficiently convert glucose to cadaverine even after
overexpression of lysine decarboxylase, which might be due to
the inhibition of endogenous cadaverine on the fermentation
strain by binding to the membrane porin to cause inadequate cell
absorption of nutrients (Delavega and Delcour, 1995; Iyer and
Delcour, 1997).

Microbial consortia production might be an efficient strategy
to mitigate toxicity and improve efficiency compared to the direct
fermentation process for producing cadaverine from glucose
using a single strain. Overexpression of L-lysine decarboxylase is
beneficial when glycerol is used as the carbon source (Ma et al.,
2015b); in contrast, glucose is the preferred source for the L-lysine
producer E. coli NT1004 because of the glucose effect (Martinez
et al., 2008; Martinez-Gomez et al., 2012). To avoid competition
between the two strains utilizing the same carbon source, the
glucose consumption pathway of the cadaverine bioconversion
strain was removed when E. coli MG1655 was used as the starting
strain.

In the present study, a microbial consortium for cadaverine
production based on coupling whole-cell bioconversion
of cadaverine and microbial fermentation of L-lysine by
recombinant E. coli was evaluated. As shown in Figure 1, two
strains, including an L-lysine producer using a glucose as carbon

source and a cadaverine bioconversion strain with glucose
metabolism deficiency using a glycerol as carbon source, were
constructed. The glucose metabolism deficiency was achieved by
modifying the PTSGlc system of the cadaverine producer with
CRISPR-Cas. By co-culturing the two strains, a novel microbial
consortium process using a mixture of glucose and glycerol as
carbon sources for cadaverine production was developed. This
process had a higher production and efficiency than production
with a single strain.

MATERIALS AND METHODS

Construction of Strains and Plasmids
The bacterial strains and plasmids used in this study are
summarized in Supplementary Table S1. E. coli NT1003
(Ying et al., 2014) was stored in the laboratory and used for
high production of L-lysine. The PCR primers for plasmid
constructions are listed in Supplementary Table S2. DNA
manipulations were performed according to standard protocols.
The plasmids pTrc99A (Mendez-Perez et al., 2017) and pET28a-
pelB-CadBA were used as expression vectors, and DNA
sequencing was performed by Genewiz (Suzhou, China).

The fragments Trc-4A and PelB-CadBA-4A were amplified
by PCR using the primer Trc99A-4A-F/Trc99A-4A-R and PelB-
CadBA-4A-F/PelB-CadBA-4A-R, with plasmid pTrc99A and
pET28a-pelB-CadBA as the template, respectively. Subsequently,
plasmid pTrc99A-pelB-CadBA was constructed by splicing the
fragments Trc-4A and PelB-CadBA-4A using ClonExpress, and
transformed into NT1003 competent cells to construct the strain
CAD01 for direct cadaverine fermentation.

The ptsG, ptsH, ptsI, glk, crr, and speE genes of E. coli MG1655
were knocked out by CRISPR-Cas system (Jiang et al., 2013,
2015). The primers used for gene knockout (Table 1) were
designed with the help of Guide RNA Target Design Tool1, and
the specific steps are described in Supplementary Methods.

The strains MG1655 with knocked out ptsG, ptsH, ptsI, glk,
and crr genes were named as MG1655G, MG1655H, MG1655I,
MG1655K, and MG1655R, respectively. The ptsH and speE-
knockout strain was named as MG1655HE (Supplementary
Table S1). The plasmid pTrc99A-pelB-CadBA was transformed
into strains MG1655H and MG1655HE to construct cadaverine
producers CAD02 and CAD03, respectively. The plasmid
pTrc99A was transformed into strain NT1003 to construct strain
NT1004.

Glucose and Glycerol Utilization Assays
With Recombinant Strains
Knockout strains constructed were cultured at 37◦C and 250 rpm
in M9 medium supplemented with 5 g/L glucose or 5 g/L glycerol.
After 12 h, the OD600 of each strain was examined. The strains
CAD02, NT1004, and CAD02/NT1004 were cultured at 37◦C
and 250 rpm in M9 medium supplemented with 2.5 g/L glucose
and 2.5 g/L the glycerol. The OD600, concentrations of glucose
and glycerol and fermentation products for each experiment

1http://chopchop.cbu.uib.no/
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FIGURE 1 | The overview of the pathways involved in this cadaverine bio-production. Overview of the pathways involved in the cadaverine production from glucose
and glycerol in two engineered E. coli. The arrows represent up-regulated pathway. The dotted lines represent repression. The red X’s indicate that the genes are
knocked out. Gene knockouts are indicated in red italics, and overexpressed genes are indicated in green italics. Enzymes encoded by the genes shown are: ackA,
acetate kinase; asd, aspartate semialdehyde dehydrogenase; aspC, PLP-dependent L-aspartate aminotransferase, cadA, L-lysine decarboxylase; cadB,
cadaverine-lysine antiporter; dapA, dihydrodipicolinate synthase; lysA, diaminopimelate decarboxylase; lysC, aspartate kinase III; ppc, phosphoenolpyruvate
carboxylase; pta, phosphate acetyltransferase; ptsH, phosphohistidine carrier protein; speE, putrescine/cadaverine aminopropyltransferase.

group were examined during the cultivation period. Each gene
knocking-out experiment was carried out in triplicate using three
gene-knockout strains.

Cadaverine Fermentation Using a Single
Strain or Microbial Consortia
The medium used for cadaverine fermentation with a single
strain contained the following (g/L): Na2HPO4·12H2O, 17.1;
KH2PO4, 3; NH4Cl, 10; KCl, 0.5; sodium pyruvate, 0.5; peptone,
0.6; betaine, 2; MgSO4, 1.6; FeSO4·7H2O, 0.032; MnSO4·H2O,

0.032; ZnSO4·7H2O, 0.086; CuSO4·5H2O, 0.077; L-Threonine,
0.3; L-Methionine, 0.1; glucose, 10; thiamine, 0.02; biotin,
0.002; nicotinamide, 0.01; and ampicillin (Amp), 0.1. The
feeding medium for this process contained the following (g/L):
glucose, 400; and NH4Cl, 400. The medium used for cadaverine
fermentation with a microbial consortium was the same as
mentioned above except for addition of 10 g/L glycerol. The
feeding medium for this process was also the same as mentioned
above except for the addition of 400 g/L glycerol.

Cadaverine fermentation using a single strain or microbial
consortia was conducted in a 7.5-L fermenter (BioFio 115, New

TABLE 1 | Primers used for gene knockout.

Target gene Gene knockout primers Fragment 1 primers Fragment 2 primers Fragment fusion primers Sequencing primers

glk Target-Glk-F glk-cas-F1 glk-cas-F2 glk-cas-F1 glk-CK-F

T-crRNA-R glk-cas-R1 glk-cas-R2 glk-cas-R2 glk-CK-R

ptsG Target-ptsG-F PtsG-KO-F1 PtsG-KO-F2 PtsG-KO-F1 ptsG-KO-CK-F

T-crRNA-R PtsG-KO-R1 PtsG-KO-R2 PtsG-KO-R2 ptsG-KO-CK-R

ptsH Target-ptsH-F ptsH-Cas-F1 ptsH-cas-F2 ptsH-Cas-F1 ptsH-KO-CK-F

T-crRNA-R ptsH-cas-R1 ptsH-cas-R2 ptsH-cas-R2 ptsH-KO-CK-R

ptsI Target-ptsI-F ptsI-cas-F1 ptsI-cas-F2 ptsI-cas-F1 ptsI-KO-CK-F

T-crRNA-R ptsI-cas-R1 ptsI-cas-R2 ptsI-cas-R2 ptsI-KO-CK-R

crr Target-crr-F crr-cas-F1 crr-cas-F2 crr-cas-F1 crr-KO-CK-F

T-crRNA-R crr-cas-R1 crr-cas-R2 crr-cas-R2 crr-KO-CK-R

speE Target-speE-F speE-cas-F1 speE-cas-F2 speE-cas-F1 speE-CK-F

T-crRNA-R speE-cas-R1 speE-cas-R2 speE-cas-R2 speE-CK-R
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Brunswick Scientific, Edison, NJ, United States) with a liquid
loading of 4 L. Seed cultures of strain CAD01, NT1004, CAD02,
and CAD03 were incubated for 7–9 h in 100-ml Luria-Bertani
(LB) broth at 37◦C and 250 rpm. After achieving an OD600
of 5, 10% (v/v) seed cultures of CAD01, NT1004/CAD02 and
NT1004/CAD03 were, respectively, inoculated into the fermenter
under the conditions of 37◦C, 300 rpm, and 1 vvm. Upon
reaching an OD600 of 2, the cells were induced using 0.5 mM
Isopropyl β-D-Thiogalactoside (IPTG), and then using 10 M
ammonium hydroxide solution and 6 M hydrochloric acid to
maintain the pH at 6.8. The dissolved oxygen (DO) content was
monitored by using a Mettler oxygen electrode and maintained
at about 10% by automatically adjusting the agitation speed.
Residual glucose concentration was monitored offline and when
the glucose level was less than 5 g/L, the feeding medium was
added to maintain the glucose concentration about 5 g/L. All the
experiments were carried out in triplicate.

Optimization of Culture Conditions for
Cadaverine Production Using Microbial
Consortia
The optimization experiments were performed in shake flasks,
and the fermentation medium used here was described as
the medium used for cadaverine fermentation using microbial
consortia. The strains NT1004 and CAD03 were inoculated
into a shake flask at 1% (v/v), and incubated at 37◦C and
250 rpm for 7–9 h. Subsequently, the cells were induced using
0.5 mM IPTG. For ascertaining the optimal initial inoculum
ratio, the E. coli NT1004:CAD03 inoculum ratios of 1:1, 2:1, 4:1,
8:1, 10:1, and 15:1 were, respectively, employed. To optimize
the initial sugar:glycerol ratio, an initial sugar : glycerol ratio
gradient of 1:1, 2:1, 4:1, 6:1, 8:1, and 10:1 was used. For
determining the optimal induction period, induction time of
3, 6, 9, 12, and 15 h were employed after co-culturing the
mixed strains at a temperature gradient of 25, 30, 37, 42,
and 47◦C, respectively. For optimizing the DO content, a DO
gradient of 15, 20, 25, 30, and 35% was used, respectively. For
screening of optimal inorganic nitrogen source, three inorganic
nitrogen sources, namely, (NH4)2SO4, NH4Cl, and urea, with
the same mole quality of 0.076 M were investigated. The initial
concentration of the optimum nitrogen source was optimized
by employing concentrations of 2, 5, 10, 20, and 30 g/L,
respectively. For ascertaining the optimal C/N ratio, the C/N
ratios of 9:1, 6:1, 3:1, 3:2, 3:4, and 3:8 were used, respectively.
Each optimization experiment was carried out in triplicate using
strains NT1004/CAD03.

Feeding Strategy for Cadaverine
Production Using Microbial Consortia
The experiments were conducted in a 7.5-L fermenter with the
same medium and conditions used in the microbial consortia
cadaverine fermentation, except for the difference of feed-
medium. The feed-medium used here is a mixture of 400 g/L
glucose, 400 g/L glycerol and 400 g/L (NH4)2SO4 with a
sugar:glycerol ratio of 8:1 and a C/N ratio of 3:2. According to the
constant-rate feeding strategy, feeding rates of 5, 9, and 13 ml/h,

were employed, respectively. At the end of cultivation, dry cell
weight (DCW), cadaverine production, glucose consumption,
and cadaverine productivity were determined. Each experiment
was carried out in triplicate using strains NT1004/CAD03.

Analytical Methods
The DCW was computed from a curve of OD600 with respect
to dry weight. An OD600 of 1.0 represented 400 mg dry
weight/L. The concentrations of glucose and L-lysine were
analyzed by using an SBA-40C biosensor analyzer (Saurina
et al., 1999) (Shandong Province Academy of Sciences, China).
Acetic acid was evaluated by using high performance liquid
chromatography (HPLC) (1290, Agilent Technologies, Santa
Clara, CA, United States) equipped with an ion-exchange column
(prevail organic acid 5 µ, 250 × 4.6 mm, Grace, Columbia,
MD, United States) and 25 mM KH2PO4 (adjusted to a pH of
2.5 by H3PO4) was used as a mobile phase with a flow rate of
1 mL/min (Ying et al., 2014). Cadaverine was detected by HPLC
after derivatization with dansyl chloride, using an Agilent 1290
Infinity System (Santa Clara, CA, United States) equipped with
a fluorescence detector (FLDG1321B) (Ma et al., 2015b). The
specific steps are described in Supplementary Methods.

RESULTS

Constructing the Glucose Metabolism
Deficient Strain With CRISPR-Cas
The enzymes involved in the PTSGlc system and encoded by genes
ptsG, ptsH, ptsI, crr, and glk (Xia et al., 2012) were knocked out to
achieve glucose metabolism deficiency. The genes ptsG, ptsH, ptsI,
crr, and glk encode enzyme IICBGlc, the phosphohistidine carrier
protein, enzyme I, IIAGlc protein and glucokinase, respectively.
The knockout manipulation was performed on the E. coli
MG1655 strain using the CRISPR-Cas system, and the growth
of the knockout strains in glucose and glycerol was examined.
As shown in Figure 2A, there were no significant differences
in glucose and glycerol utilization when the ptsG or glk gene
was knocked out, whereas knockout of the crr gene led to a
significant decrease in cell growth when glycerol was used as the
carbon source, and the biomass was 4.8-fold lower than that of the
strain cultured in glucose. Knockout of the ptsI gene meant that
the strain could not grow in both carbon sources. Furthermore,
knockout of the ptsH gene resulted in the inability to grow in
the presence of glucose and in a 1/3 decrease in biomass in the
presence of glycerol, when compared with the wild-type strain.
Furthermore, spermidine synthase, encoded by the gene speE and
responsible for cadaverine degradation (Cacciapuoti et al., 2007),
was knocked out in the strain MG1655H using CRISPR-Cas to
obtain a new strain MG1655HE.

Identifying the Consortium Utilization of
Carbon Sources for Cadaverine
Production
To optimize the microbial consortium fermentation process
to eliminate bottlenecks in cadaverine fermentation with a
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FIGURE 2 | Gene screening for glucose metabolism deficiency and carbon sources utilization of engineered E. coli. (A) OD600 of E. coli MG1655 and four PTSGlc

mutants in the M9 medium supplied with 5 g/L glycerol (unfilled bar) or 5 g/L glucose (filled bar) after 12 h cultivation; (B–D) OD600 (filled squares), glucose (open
triangles) and glycerol (open circles) consumptions of NT1004 (B), CAD03 (C) and mixture strains (NT1004 and CAD03) (D) in the M9 medium supplied with 2.5 g/L
glycerol and 2.5 g/L glucose during 24 h cultivation. Results are means of triplicate experiments, and error bars represent ± standard deviation (SD).

single strain, the consortium utilization of carbon sources was
investigated. First, the recombinant strains were constructed.
E. coli NT1003 was used as the L-lysine-producing host
strain. To facilitate growth in the presence of Amp, plasmid
pTrc99A was transformed into E. coli NT1003 to obtain E. coli
NT1004. For direct cadaverine fermentation from glucose,
cadaverine-producing E. coli CAD01 was constructed by
transforming the plasmid pTrc99A-pelB-CadBA, containing
L-lysine decarboxylase and lysine/cadaverine antiporter
(CadB) with N-terminal fused pelB signal peptide, into
NT1003. For microbial consortium fermentation, the plasmid
pTrc99A-pelB-CadBA was transformed into the ptsH-
knockout strain MG1655H to generate cadaverine-producing
CAD02. Furthermore, the plasmid pTrc99A-pelB-CadBA was
transformed into MG1655HE to generate cadaverine-producing
CAD03.

To ascertain the utilization selectivity of the engineered strains
on different sugars, each strain was cultivated in M9 medium
containing glucose and glycerol as mixed carbon sources. As
shown in Figures 2B–D, all strains successfully exhausted
their target carbon sources without consuming another sugar.

Furthermore, the growth of two strains in the same medium
was examined and the results showed that the consumption
rate of glucose and glycerol was similar to that of single strain
cultivation. The increase in cell density of the consortium
represented the total biomass of both strains. In addition, the
fermentation products of the two strains were also detected, and
no cadaverine or L-lysine were observed in NT1004 or CAD01
fermentation broth, respectively (data not shown).

Identifying the Microbial Consortium
Fermentation Process for Cadaverine
Production
After strain construction and the sugar utilization test,
cadaverine fermentation using CAD01, CAD02/NT1004,
and CAD03/NT1004 microbial consortia was performed, and
the amount of cadaverine produced as well as productivity
were determined. As shown in Figure 3A, 17.1 ± 0.5 g/L
cadaverine was obtained after 48 h of fermentation using
microbial consortium, which was 2.1-fold higher than that
obtained using CAD01 alone. In addition, the highest
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FIGURE 3 | Assays of cadaverine fermentation using different strains. (A) Cadaverine production of CAD01, CAD02/NT1004, and CAD03/NT1004 microbial
consortia; (B) Biomass of CAD01, CAD02/NT1004, and CAD03/NT1004 microbial consortia. Three different strains were induced using 0.5 mM IPTG when reaching
an OD600 of 2. Results are means of triplicate experiments, and error bars represent ± standard deviation (SD).

cadaverine productivity reached 0.61 g/L/h, which is 1.9-
fold higher than that previously reported (0.32 g/L/h) (Qian
et al., 2011). As shown in Figure 3B, compared with the
microbial consortia, a growth delay was observed in strain
CAD01, which might be caused by the plasmid burden since
CAD01 harbored two plasmids while the two microbial
consortia harbored a plasmid in each strain. Moreover,
there was no obvious difference in the results obtained with
CAD03/NT1004 and CAD02/NT1004 (p = 0.898, α = 0.05);
further experiments were performed using the strain CAD03 to
ensure accuracy.

Optimization of the Culture Conditions
for Improved Cadaverine Production
Using a Microbial Consortium
Effect of Inoculation Method and Induction
Conditions
During the microbial consortium fermentation process, the
different growth rates and productivity of two strains could
lead to an insufficient or excessive supply of L-lysine and an
unsatisfactory amount of cadaverine production. To balance the
growth rate of a synthetic two-member microbial consortium, in
the present study, the initial inoculum ratio and sugar:glycerol
ratio were optimized. Furthermore, as the cadaverine catalyst,
the activity of overexpressed L-lysine decarboxylase is important
to efficiently convert L-lysine (Ma et al., 2015b). Hence, the
induction time and temperature were further optimized to
investigate their effect on cadaverine production. As shown
in Figure 4A, based on a range of 1:1 to 15:1, cadaverine
production peaked at the NT1004:CAD03 inoculum ratio of
10:1. Cadaverine production increased with increasing glucose
concentration in the medium (Figure 4B). However, when the
glucose:glycerol ratio in the medium was 8:1, the produced L-
lysine remained in the medium and its concentration increased

with further increase in glucose content. These results indicated
that the produced L-lysine was in excess of the demand of lysine
decarboxylase when the inoculum ratio and glucose:glycerol ratio
were higher than 10:1 and 8:1, respectively, which could result in
wasting L-lysine. As shown in Figure 4C, cadaverine production
increased with the induction time from 3 to 12 h; however,
no significant increase in cadaverine production was observed
after 12 h and the optimal induction time was observed when
IPTG was added at 9 h of cultivation. Figure 4D illustrates
that the optimum cadaverine production was obtained at 37◦C,
which might be due to the unsatisfactory enzyme expression
at low temperature and the decreased enzyme activity at high
temperature. Under optimal conditions, with leftover L-lysine
concentration of 0.02 g/L, the cadaverine production reached
1.53 g/L, which was 13.3% higher than that obtained before
optimization.

Effect of DO Content
Escherichia coli produces acetic acid when the level of DO
in the culture medium is insufficient (Suarez and Kilikian,
2000). Before DO content optimization, cadaverine fermentation
using the microbial consortium was performed in a 1.4-L
cascade fermenter with 30 g/L glucose and 4 g/L glycerol as
the carbon sources. As shown in Figure 5A, four stages were
observed during the fermentation process and there was a low
level of cadaverine production with high acetic production.
To optimize DO content, a DO gradient from 15 to 35%
was employed to improve cadaverine production. As shown in
Figure 5B, acetic acid production decreased with the increase
in DO content. Furthermore, cadaverine production increased
with the increasing DO level from 15 to 25%, but decreased
at excessive amounts of DO (>25%). Therefore, the optimal
DO content was 25% at which cadaverine and acetic acid
production reached 4.78 and 2 g/L, respectively, which were 1.17-
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FIGURE 4 | Optimizing the inoculation and induction conditions for cadaverine fermentation using microbial consortia. (A) The optimum inoculation ratio of
NT1004/CAD03; (B) The optimum initial ratio of glucose/glycerol; (C) The optimum induction time; (D) The optimum induction temperature. The unfilled bar
represents cadaverine production (g/L), the filled bar represents cadaverine specific productivity (gcad/gDCW), the bar with backslash represents L-lysine production
(g/L). Results are means of triplicate experiments, and error bars represent ± standard deviation (SD).

and 0.2-fold higher than those achieved before optimization,
respectively.

Effect of Nitrogen Source
To further increase L-lysine and cadaverine production, other
conditions in the fermenter were optimized. The effects of
(NH4)2SO4, NH4Cl, and urea (0.076 M each) on cell growth
and product synthesis were investigated. As shown in Figure 5C,
better cell growth and higher cadaverine production were
observed when (NH4)2SO4 was used as the nitrogen source,
with OD600 and cadaverine titer reaching 20.6 and 5.77 g/L,
respectively. Subsequently, the effect of different concentrations
of (NH4)2SO4 on cadaverine production was investigated.
Cadaverine production peaked at the (NH4)2SO4 concentration
of 5 g/L with a titer of 7.86 g/L (Table 2). During the
production process, the C/N ratio also exerted significant effects
on cell growth and production (Shiloach et al., 1996). To
optimize of the C/N ratio, a C/N ratio gradient from 9:1 to
3:8 was employed. As shown in Figure 5D, both OD600 and
cadaverine production increased with decreasing C/N ratio, and
then decreased significantly. This might be due to excessive
ammonium ions inhibiting cell growth and L-lysine production

(Ying et al., 2014). The optimal C/N ratio was 3:2, which resulted
in a cadaverine titer of 10.6 g/L, which was 1.35-fold higher than
that achieved before optimization.

Feeding Strategy for Improved
Cadaverine Production Using Microbial
Consortia
L-lysine, a basic amino acid, has two amino groups, indicating
that two moles of ammonium are required to produce
1 mol of L-lysine (Ying et al., 2014). As ammonium in the
culture medium is not sufficient for the production of L-
lysine, addition of feed medium containing mixed carbon
sources and (NH4)2SO4 to the medium is necessary. As
mentioned earlier, a high concentration of ammonium
sulfate inhibits both cell growth and L-lysine production.
Therefore, in the present study, constant and variable
speed (5, 9, 13 ml/h, respectively) feeding strategies
were employed. During these three microbial consortium
fermentation processes, although the DCW, cadaverine
production, glucose consumption, and cadaverine productivity
increased with increasing flow rate, a carbon-nitrogen source
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FIGURE 5 | The effects of DO content and nitrogen source on cadaverine production using microbial consortia. (A) The production of cadaverine using recombinant
strains NT1004 and CAD03; (B) The optimum DO content; (C) The optimum nitrogen source; (D) The optimum C/N ration. The unfilled bar represents cadaverine
production (g/L), the bar with forward slash represents acetate production (g/L), the bar with horizontal lines represents OD600. Results are means of triplicate
experiments, and error bars represent ± standard deviation (SD).

TABLE 2 | The effects of different concentrations of (NH4)2SO4 on cadaverine production using microbial consortia.

Fermentation parameters Initial concentration of (NH4)2SO4 (g/L)

2 5 10 20 30

Glucose (g/L) 30.2 ± 0.58 31 ± 0.25 25 ± 0.4 18 ± 0.21 12 ± 3.19

Time (h) 24 24 24 24 24

DCW (g/L) 8.7 ± 0.16 9.68 ± 0.71 6.35 ± 1.51 3.54 ± 0.29 1.69 ± 0.32

Cad (g/L) 6.2 ± 0.32 7.8 ± 0.64 5.53 ± 0.17 2.14 ± 0.09 1.05 ± 0.007

Productivity (g/L/h) 0.26 ± 0.012 0.33 ± 0.013 0.23 ± 0.007 0.09 ± 0.001 0.04 ± 0.001

Results are means of triplicate experiments, and are represented as ± standard deviation (SD).

excess was observed at a flow rate of 13 ml/h (data not
shown).

A constant-rate feeding strategy could not significantly
enhance cadaverine production (Table 3). Therefore, a multi-
stage constant-speed feeding strategy was employed to improve
cadaverine production. This feeding strategy was divided into
three stages: feeding at 15, 25, and 35 h and at flow rates of 9, 13,
5 ml/h, respectively. To investigate the cell growth and nutrient
utilization, the strain ratio over culture time was monitored
(Supplementary Figure S1). In the early stage, the initial carbon

and nitrogen sources were consumed, the two strains grew almost
simultaneously and the growth rate was slow, and hence, the
feeding flow rate was 9 ml/min. Subsequently, when the strain
growth was in the logarithmic phase, the feeding flow rate was
increased to 13 ml/min to meet the carbon and nitrogen sources
requirements for growth. However, in this stage, the growth rate
of CAD03 decreased due to the expression of decarboxylase. At
the end of the fermentation period, the growth of the strain began
to stagnate and the strain ratio was stabilized, and hence, the feed
flow rate was reduced to 5 ml/min to avoid wasting carbon and
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TABLE 3 | The effects of different constant flow rates on the microbial consortia
cadaverine fermentation.

Fermentation parameters Different feeding flow rates

V1 = 5 ml/h V2 = 9 ml/h V3 = 13 ml/h

Glucose (g/L) 58 ± 1.18 82.3 ± 9.43 110.2 ± 8.25

Time (h) 48 48 48

DCW (g/L) 12.3 ± 0.15 16.2 ± 2.19 20 ± 3.35

Cad (g/L) 11.25 ± 0.16 16.3 ± 0.81 20.97 ± 0.38

Productivity (g/L/h) 0.26 ± 0.002 0.34 ± 0.011 0.44 ± 0.005

Results are means of triplicate experiments, and are represented as ± standard
deviation (SD).

nitrogen. Using a multi-stage constant-speed feeding strategy,
after fermentation of 50 h, the final cadaverine amount reached
28.5 g/L, with a molar yield of 0.209 g/g (Figure 6), which was
1.6- and 3-fold higher, respectively, than that obtained before
optimization and compared to values reported in the literature
(Qian et al., 2011).

DISCUSSION

Production of chemicals from renewable resources has received
increased attention recently due to environmental concerns and
limited resources of fossil fuels. Cadaverine is an important
platform chemical, particularly as a building block for
synthesizing PA 5X with dicarboxylic acid. Since microbial
fermentation of succinic acid and castor oil extraction of sebacic
acid have been thoroughly developed (Lee et al., 2002; McKinlay
et al., 2005), bio-based production of cadaverine is highly
desirable for production of bio-based nylons. In this paper, we
reported the development of microbial consortium fermentation

of two recombinant E. coli strains that efficiently produces
cadaverine.

Previous studies showed that the whole-cell bioconversion is
a common method for the production of cadaverine (Ma et al.,
2015b). However, the high cost of the precursor L-lysine limits
further industrial application of this method. Theoretically, E. coli
is a potential cadaverine producer because it contains L-lysine
decarboxylase, CadA, responsible for a biosynthesis pathway
converting an L-lysine to cadaverine, and the degradation and
utilization pathways of cadaverine are relatively well studied. The
E. coli Cad system is used to protect cells against acid stress by
inducing protein expression under conditions of low pH with
excess L-lysine (Moreau, 2007). Two principal components were
involved in the E. coli Cad system: the cadBA operon coding
for lysine decarboxylase (CadA) and lysine/cadaverine antiporter
(CadB), and the regulatory protein CadC. With accumulation of
cadaverine up to 235 µM, excess cadaverine would function as
a negative effector of cadBA expression by deactivation of CadC
through binding to the site at the dimerization interface of CadC
(Neely and Olson, 1996; Haneburger et al., 2012). In addition,
CadA activity is inhibited by ppGpp, a stringent response effector
that accumulates rapidly in cells that are starved for amino
acids, to prevent excessive L-lysine consumption (Kanjee et al.,
2011). Therefore, a low efficiency of cadaverine production by
E. coli through direct fermentation was observed even after
overexpression of L-lysine decarboxylase.

Microbial consortium production is an efficiency strategy to
complete tasks that would be too difficult for one organism, and
it has broad applications for producing nutraceuticals, drugs, and
biofuels, and in medicine and human health, and environments
(Song et al., 2014). To efficiently produce cadaverine, two
metabolically engineered E. coli strains responsible for L-lysine
synthesis and cadaverine conversion were used simultaneously.
For cadaverine production using this microbial consortium, the

FIGURE 6 | The enhanced production of cadaverine from glucose using a consortium of two engineered E. coli NT1004 and CAD03. Results are means of triplicate
experiments, and error bars represent ± standard deviation (SD).
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carbon source metabolic pathway of the strains was initially
modified to avoid competition between the two strains on
the same carbon source. Therefore, in the present study, five
functional proteins involved in the phosphotransferase system,
the most efficient system responsible for glucose transport in
E. coli (Liang et al., 2015), were knocked out using the CRISPR-
Cas9 method. Our results and observation were consistent
with previous studies (Liang et al., 2015). The entire ptsHI-
crr operon servers two common steps involved in the PEP:
carbohydrate phosphotransfer cascades. EI and HPr are the
common transporter proteins in all PTSs. Therefore, inactivating
EI (strain MG1655I) and HPr (strain MG1655H) should entail
recruiting a non-PTS transport system such as the glycerol
system. The experimental results support this assumption
(Figure 2A). A striking effect in MG1655I indicated that the
protein EI, which plays a vital role in physiological signaling
(Cases et al., 2007; Doucette et al., 2011), autophosphorylation
and the subsequent phosphotransfer reaction are the limiting
steps in the phosphotransfer cascade of the PTSGlc (Gabor
et al., 2011). Although the IIAGlc and IICBGlc are glucose-
specific components, their inactivation mutants MG1655C and
MG1655G could recruit both PTSs and non-PTSs. This consortia
engineering was successfully applied to other works. Xia et al.
obtained succinate from xylose-glucose mixtures successfully
using a consortium of two engineered E. coli strains, with
glucose and xylose metabolism deficiencies, respectively (Xia
et al., 2015).

The direct fermentation of cadaverine using single strain
CAD01 was also performed in the present study and the
results showed that the final cadaverine production was only
9.09 ± 0.43 g/L after 20 h of cultivation, followed by a
stagnation, which is consistent with the fermentative production
of cadaverine by strain XQ56 (Qian et al., 2011). When using
microbial consortia, a final cadaverine production of 28.5 g/L
with a molar yield of 0.209 g/g was obtained. Compared with
the studies by Qian et al. (2011), our cadaverine production and
productivity were 3-fold and 2.7-fold higher than those of strain
XQ56. Our results indicated that two separate processes might
improve cell growth and process efficiency. During the microbial
consortium process, the cadaverine was produced by efficient
bioconversion using a biocatalyst strain with overexpression of
L-lysine decarboxylase, which might enhance the productivity
of cadaverine. Furthermore, the supply of L-lysine was also
improved due to the release of the inhibition of high intracellular
cadaverine concentration on the growth and activity of the
L-lysine producer. It has been reported that cadaverine can
bind to the membrane porins OmpC and OmpF, resulting in
membrane porin closure and causing inadequate cell absorption
of the culture medium and exclusion of harmful intracellular
metabolites (Delavega and Delcour, 1995). It has also been
demonstrated that the ability of extracellular cadaverine to close
membrane porin is weaker than that of intracellular cadaverine
(Iyer and Delcour, 1997). In the present study, E. coli NT1004
was only used to produce L-lysine and E. coli CAD03 was only
used as a biocatalyst to convert L-lysine to cadaverine. For
whole-cell bioconversion, a small amount of cell biomass was
needed for cadaverine bioconversion due to the high activity

of decarboxylase. The production of cadaverine would not be
affected because only a small amount of nutrients was needed for
cell activity of the cadaverine catalyst and the L-lysine producer
NT1004 could not be inhibited by extracellular cadaverine. Thus,
the use of this microbial consortium for cadaverine production
could significantly reduce membrane porin closure and prevent
growth inhibition caused by high intracellular cadaverine
concentration, as well as enhance cadaverine production, which
suggested that two separate processes would eliminate the
cadaverine fermentation bottleneck during production with a
single strain.

When compared with direct fermentation using a single
recombinant strain, the microbial consortium used in this study
prevented the inhibition of cadaverine on cell growth and
achieved a higher cadaverine titer. However, when compared
with whole-cell conversion, although the use of an expensive
substrate such as L-lysine was avoided in microbial consortium
production, the cadaverine production and productivity were
still not satisfactory, which could be related to the low supply
rate of L-lysine and cell viability. Nevertheless, the fermentative
cadaverine (28.5 g/L) obtained through E. coli fermentation in
the present study is the highest reported so far and is 3-fold
higher than that reported previously (Qian et al., 2011). The
results of the present study might be useful to enhance the
cadaverine production system from cheap carbon sources and
the production and productivity we achieved could be further
improved by enhancing L-lysine supply and cell viability.

AUTHOR CONTRIBUTIONS

PO, KC, XW, and SX designed the study. WM and HY provided
instructions of the molecular biology experiments. JW performed
majority work of this study. XL developed and performed the
chemical analysis. JW wrote the manuscript. All authors read and
approved the final manuscript.

FUNDING

This research was financially supported by the National Nature
Science Foundation of China (Grant Nos. 21606127 and
21766031), “863” Program of China (Grant No. 2015AA021005)
and the National Key Research and Development Program of
China (Grant No. 2016YFA0204300).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2018.
01312/full#supplementary-material

FIGURE S1 | The strain ratio during the culture time. The blue line represents
OD600 of microbial consortia. Results are means of triplicate experiments, and
error bars represent ± standard deviation (SD).

TABLE S1 | Strains and plasmids used in this work.

TABLE S2 | Primers used in this work.

Frontiers in Microbiology | www.frontiersin.org 10 June 2018 | Volume 9 | Article 1312

https://www.frontiersin.org/articles/10.3389/fmicb.2018.01312/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01312/full#supplementary-material
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01312 June 15, 2018 Time: 13:44 # 11

Wang et al. Microbial Consortia Fermentation of Cadaverine

REFERENCES
Bhatia, S. K., Bhatia, R. K., and Yang, Y.-H. (2016). Biosynthesis of

polyesters and polyamide building blocks using microbial fermentation and
biotransformation. Rev. Environ. Sci. BioTechnol. 15, 639–663. doi: 10.1007/
s11157-016-9415-9

Bhatia, S. K., Kim, Y. H., Kim, H. J., Seo, H.-M., Kim, J.-H., Song, H.-S., et al. (2015).
Biotransformation of lysine into cadaverine using barium alginate-immobilized
Escherichia coli overexpressing CadA. Bioprocess Biosyst. Eng. 38, 2315–2322.
doi: 10.1007/s00449-015-1465-9

Cacciapuoti, G., Porcelli, M., Moretti, M. A., Sorrentino, F., Concilio, L.,
Zappia, V., et al. (2007). The first agmatine/cadaverine aminopropyl transferase:
Biochemical and structural characterization of an enzyme involved in
polyamine biosynthesis in the hyperthermophilic archaeon Pyrococcus furiosus.
J. Bacteriol. 189, 6057–6067. doi: 10.1128/jb.00151-07

Cases, I., Velazquez, F., and de Lorenzo, V. (2007). The ancestral role of
the phosphoenolpyruvate-carbohydrate phosphotransferase system (PTS) as
exposed by comparative genomics. Res. Microbiol. 158, 666–670. doi: 10.1016/j.
resmic.2007.08.002

Delavega, A. L., and Delcour, A. H. (1995). Cadaverine induces closing of
Escherichia-coli porins. EMBO J. 14, 6058–6065.

Doucette, C. D., Schwab, D. J., Wingreen, N. S., and Rabinowitz, J. D.
(2011). alpha-ketoglutarate coordinates carbon and nitrogen utilization via
enzyme I inhibition. Nat. Chem. Biol. 7, 894–901. doi: 10.1038/nchemb
io.685

Eltahir, Y. A., Saeed, H. A. M., Chen, Y., Xia, Y., and Wang, Y. (2014).
Effect of hot drawing on the structure and properties of novel polyamide
5,6 fibers. Textile Res. J. 84, 1700–1707. doi: 10.1177/004051751452
7378

Gabor, E., Goehler, A.-K., Kosfeld, A., Staab, A., Kremling, A., and
Jahreis, K. (2011). The phosphoenolpyruvate-dependent glucose-
phosphotransferase system from Escherichia coli K-12 as the center of a
network regulating carbohydrate flux in the cell. Eur. J. Cell Biol. 90, 711–720.
doi: 10.1016/j.ejcb.2011.04.002

Haneburger, I., Fritz, G., Jurkschat, N., Tetsch, L., Eichinger, A., Skerra, A., et al.
(2012). Deactivation of the E. coli pH stress sensor CadC by cadaverine. J. Mol.
Biol. 424, 15–27. doi: 10.1016/j.jmb.2012.08.023

Iyer, R., and Delcour, A. H. (1997). Complex inhibition of OmpF and OmpC
bacterial porins by polyamines. J. Biol. Chem. 272, 18595–18601. doi: 10.1074/
jbc.272.30.18595

Jiang, W., Bikard, D., Cox, D., Zhang, F., and Marraffini, L. A. (2013). RNA-guided
editing of bacterial genomes using CRISPR-Cas systems. Nat. Biotechnol. 31,
233–239. doi: 10.1038/nbt.2508

Jiang, Y., Chen, B., Duan, C., Sun, B., Yang, J., and Yang, S. (2015).
Multigene editing in the Escherichia coli genome via the CRISPR-Cas9
system. Appl. Environ. Microbiol. 81, 2506–2514. doi: 10.1128/aem.040
23-14

Kanjee, U., Gutsche, I., Alexopoulos, E., Zhao, B., El Bakkouri, M., Thibault, G.,
et al. (2011). Linkage between the bacterial acid stress and stringent responses:
the structure of the inducible lysine decarboxylase. EMBO J. 30, 931–944. doi:
10.1038/emboj.2011.5

Kim, H. J., Kim, Y. H., Shin, J.-H., Bhatia, S. K., Sathiyanarayanan, G., Seo, H.-M.,
et al. (2015a). Optimization of direct lysine decarboxylase biotransformation
for cadaverine production with whole-cell biocatalysts at high lysine
concentration. J. Microbiol. Biotechnol. 25, 1108–1113. doi: 10.4014/jmb.1412.
12052

Kim, J.-H., Seo, H.-M., Sathiyanarayanan, G., Bhatia, S. K., Song, H.-S., Kim, J.,
et al. (2017). Development of a continuous L-lysine bioconversion system for
cadaverine production. J. Ind. Eng. Chem. 46, 44–48. doi: 10.1016/j.jiec.2016.09.
038

Kim, Y. H., Kim, H. J., Shin, J.-H., Bhatia, S. K., Seo, H.-M., Kim, Y.-G.,
et al. (2015b). Application of diethyl ethoxymethylenemalonate (DEEMM)
derivatization for monitoring of lysine decarboxylase activity. J. Mol. Catal. B
Enzymat. 115, 151–154. doi: 10.1016/j.molcatb.2015.01.018

Kim, Y. H., Sathiyanarayanan, G., Kim, H. J., Bhatia, S. K., Seo, H.-M., Kim, J.-
H., et al. (2015c). A liquid-based colorimetric assay of lysine decarboxylase
and its application to enzymatic assay. J. Microbiol. Biotechnol. 25, 2110–2115.
doi: 10.4014/jmb.1505.05063

Kind, S., Jeong, W. K., Schröder, H., and Wittmann, C. (2010). Systems-wide
metabolic pathway engineering in Corynebacterium glutamicum for bio-based
production of diaminopentane. Metab. Eng. 12, 341–351. doi: 10.1016/j.ymben.
2010.03.005

Kind, S., Neubauer, S., Becker, J., Yamamoto, M., Volkert, M., von Abendroth, G.,
et al. (2014). From zero to hero - Production of bio-based nylon from renewable
resources using engineered Corynebacterium glutamicum. Metab. Eng. 25, 113–
123. doi: 10.1016/j.ymben.2014.05.007

Kind, S., and Wittmann, C. (2011). Bio-based production of the platform chemical
1,5-diaminopentane. Appl. Microbiol. Biotechnol. 91, 1287–1296. doi: 10.1007/
s00253-011-3457-2

Lee, P. C., Lee, S. Y., Hong, S. H., and Chang, H. N. (2002). Isolation and
characterization of a new succinic acid-producing bacterium, Mannheimia
succiniciproducens MBEL55E, from bovine rumen. Appl. Microbiol. Biotechnol.
58, 663–668. doi: 10.1007/s00253-002-0935-6

Liang, Q., Zhang, F., Li, Y., Zhang, X., Li, J., Yang, P., et al. (2015). Comparison
of individual component deletions in a glucose-specific phosphotransferase
system revealed their different applications. Sci. Rep. 5:13200. doi: 10.1038/
srep13200

Ma, W., Cao, W., Zhang, B., Chen, K., Liu, Q., Li, Y., et al. (2015a). Engineering a
pyridoxal 5 ′-phosphate supply for cadaverine production by using Escherichia
coli whole-cell biocatalysis. Sci. Rep. 5:15630. doi: 10.1038/srep15630

Ma, W., Cao, W., Zhang, H., Chen, K., Li, Y., and Ouyang, P. (2015b). Enhanced
cadaverine production from L-lysine using recombinant Escherichia coli co-
overexpressing CadA and CadB. Biotechnol. Lett. 37, 799–806. doi: 10.1007/
s10529-014-1753-5

Martinez, K., de Anda, R., Hernandez, G., Escalante, A., Gosset, G., Ramirez,
O. T., et al. (2008). Coutilization of glucose and glycerol enhances the
production of aromatic compounds in an Escherichia coli strain lacking the
phosphoenolpyruvate: carbohydrate phosphotransferase system. Microb. Cell
Fact. 7:1. doi: 10.1186/1475-2859-7-1

Martinez-Gomez, K., Flores, N., Castaneda, H. M., Martinez-Batallar, G.,
Hernandez-Chavez, G., Ramirez, O. T., et al. (2012). New insights into
Escherichia coli metabolism: carbon scavenging, acetate metabolism and carbon
recycling responses during growth on glycerol. Microb. Cell Fact. 11:46.
doi: 10.1186/1475-2859-11-46

McKinlay, J. B., Zeikus, J. G., and Vieille, C. (2005). Insights into Actinobacillus
succinogenes fermentative metabolism in a chemically defined growth medium.
Appl. Environ. Microbiol. 71, 6651–6656. doi: 10.1128/aem.71.11.6651-6656.
2005

Mekonnen, T., Mussone, P., and Bressler, D. (2016). Valorization of rendering
industry wastes and co-products for industrial chemicals, materials and energy:
review. Crit. Rev. Biotechnol. 36, 120–131. doi: 10.3109/07388551.2014.928812

Mendez-Perez, D., Alonso-Gutierrez, J., Hu, Q., Molinas, M., Baidoo, E. E. K.,
Wang, G., et al. (2017). Production of jet fuel precursor monoterpenoids from
engineered Escherichia coli. Biotechnol. Bioeng. 114, 1703–1712. doi: 10.1002/
bit.26296

Mimitsuka, T., Sawai, H., Hatsu, M., and Yamada, K. (2007). Metabolic engineering
of Corynebacterium glutamicum for cadaverine fermentation. Biosci. Biotechnol.
Biochem. 71, 2130–2135. doi: 10.1271/bbb.60699

Moreau, P. L. (2007). The lysine decarboxylase CadA protects Escherichia coli
starved of phosphate against fermentation acids. J. Bacteriol. 189, 2249–2261.
doi: 10.1128/jb.01306-06

Neely, M. N., and Olson, E. R. (1996). Kinetics of expression of the Escherichia
coli cad operon as a function of pH and lysine. J. Bacteriol. 178, 5522–5528.
doi: 10.1128/jb.178.18.5522-5528.1996

Park, J. H., Lee, K. H., Kim, T. Y., and Lee, S. Y. (2007). Metabolic engineering of
Escherichia coli for the production of L-valine based on transcriptome analysis
and in silico gene knockout simulation. Proc. Natl. Acad. Sci. U.S.A. 104,
7797–7802. doi: 10.1073/pnas.0702609104

Qian, Z.-G., Xia, X.-X., and Lee, S. Y. (2009). Metabolic Engineering of Escherichia
coli for the production of putrescine: a four carbon diamine. Biotechnol. Bioeng.
104, 651–662. doi: 10.1002/bit.22502

Qian, Z.-G., Xia, X.-X., and Lee, S. Y. (2011). Metabolic engineering of Escherichia
coli for the production of cadaverine: a five carbon diamine. Biotechnol. Bioeng.
108, 93–103. doi: 10.1002/bit.22918

Saurina, J., Hernandez-Cassou, S., Alegret, S., and Fabregas, E. (1999).
Amperometric determination of lysine using a lysine oxidase biosensor based

Frontiers in Microbiology | www.frontiersin.org 11 June 2018 | Volume 9 | Article 1312

https://doi.org/10.1007/s11157-016-9415-9
https://doi.org/10.1007/s11157-016-9415-9
https://doi.org/10.1007/s00449-015-1465-9
https://doi.org/10.1128/jb.00151-07
https://doi.org/10.1016/j.resmic.2007.08.002
https://doi.org/10.1016/j.resmic.2007.08.002
https://doi.org/10.1038/nchembio.685
https://doi.org/10.1038/nchembio.685
https://doi.org/10.1177/0040517514527378
https://doi.org/10.1177/0040517514527378
https://doi.org/10.1016/j.ejcb.2011.04.002
https://doi.org/10.1016/j.jmb.2012.08.023
https://doi.org/10.1074/jbc.272.30.18595
https://doi.org/10.1074/jbc.272.30.18595
https://doi.org/10.1038/nbt.2508
https://doi.org/10.1128/aem.04023-14
https://doi.org/10.1128/aem.04023-14
https://doi.org/10.1038/emboj.2011.5
https://doi.org/10.1038/emboj.2011.5
https://doi.org/10.4014/jmb.1412.12052
https://doi.org/10.4014/jmb.1412.12052
https://doi.org/10.1016/j.jiec.2016.09.038
https://doi.org/10.1016/j.jiec.2016.09.038
https://doi.org/10.1016/j.molcatb.2015.01.018
https://doi.org/10.4014/jmb.1505.05063
https://doi.org/10.1016/j.ymben.2010.03.005
https://doi.org/10.1016/j.ymben.2010.03.005
https://doi.org/10.1016/j.ymben.2014.05.007
https://doi.org/10.1007/s00253-011-3457-2
https://doi.org/10.1007/s00253-011-3457-2
https://doi.org/10.1007/s00253-002-0935-6
https://doi.org/10.1038/srep13200
https://doi.org/10.1038/srep13200
https://doi.org/10.1038/srep15630
https://doi.org/10.1007/s10529-014-1753-5
https://doi.org/10.1007/s10529-014-1753-5
https://doi.org/10.1186/1475-2859-7-1
https://doi.org/10.1186/1475-2859-11-46
https://doi.org/10.1128/aem.71.11.6651-6656.2005
https://doi.org/10.1128/aem.71.11.6651-6656.2005
https://doi.org/10.3109/07388551.2014.928812
https://doi.org/10.1002/bit.26296
https://doi.org/10.1002/bit.26296
https://doi.org/10.1271/bbb.60699
https://doi.org/10.1128/jb.01306-06
https://doi.org/10.1128/jb.178.18.5522-5528.1996
https://doi.org/10.1073/pnas.0702609104
https://doi.org/10.1002/bit.22502
https://doi.org/10.1002/bit.22918
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01312 June 15, 2018 Time: 13:44 # 12

Wang et al. Microbial Consortia Fermentation of Cadaverine

on rigid-conducting composites. Biosensors Bioelectron. 14, 211–220. doi: 10.
1016/s0956-5663(98)00119-5

Schneider, J., and Wendisch, V. F. (2011). Biotechnological production of
polyamines by Bacteria: recent achievements and future perspectives. Appl.
Microbiol. Biotechnol. 91, 17–30. doi: 10.1007/s00253-011-3252-0

Seo, H.-M., Kim, J.-H., Jeon, J.-M., Song, H.-S., Bhatia, S. K., Sathiyanarayanan, G.,
et al. (2016). In situ immobilization of lysine decarboxylase on a biopolymer
by fusion with phasin Immobilization of CadA on intracellular PHA. Process
Biochem. 51, 1413–1419. doi: 10.1016/j.procbio.2016.07.019

Shiloach, J., Kaufman, J., Guillard, A. S., and Fass, R. (1996). Effect of glucose supply
strategy on acetate accumulation, growth, and recombinant protein production
by Escherichia coli BL21 (lambda DE3) and Escherichia coli JM109. Biotechnol.
Bioeng. 49, 421–428. doi: 10.1002/(SICI)1097-0290(19960220)49:4<421::AID-
BIT9>3.0.CO;2-R

Song, H., Ding, M.-Z., Jia, X.-Q., Ma, Q., and Yuan, Y.-J. (2014). Synthetic
microbial consortia: from systematic analysis to construction and applications.
Chem. Soc. Rev. 43, 6954–6981. doi: 10.1039/c4cs00114a

Suarez, D. C., and Kilikian, B. V. (2000). Acetic acid accumulation in aerobic
growth of recombinant Escherichia coli. Process Biochem. 35, 1051–1055.
doi: 10.1016/s0032-9592(00)00140-0

Tabor, C. W., and Tabor, H. (1985). Polyamines in microorganisms. Microbiol. Rev.
49, 81–99.

Takatsuka, Y., Yamaguchi, Y., Ono, M., and Kamio, Y. (2000). Gene
cloning and molecular characterization of lysine decarboxylase from

Selenomonas ruminantium delineate its evolutionary relationship to
ornithine decarboxylases from eukaryotes. J. Bacteriol. 182, 6732–6741.
doi: 10.1128/JB.182.23.6732-6741.2000

Xia, T., Altman, E., and Eiteman, M. A. (2015). Succinate production from xylose-
glucose mixtures using a consortium of engineered Escherichia coli. Eng. Life
Sci. 15, 65–72. doi: 10.1002/elsc.201400113

Xia, T., Eiteman, M. A., and Altman, E. (2012). Simultaneous utilization of glucose,
xylose and arabinose in the presence of acetate by a consortium of Escherichia
coli strains. Microb. Cell Fact. 11:77. doi: 10.1186/1475-2859-11-77

Ying, H., He, X., Li, Y., Chen, K., and Ouyang, P. (2014). Optimization of culture
conditions for enhanced lysine production using engineered Escherichia coli.
Appl. Biochem. Biotechnol. 172, 3835–3843. doi: 10.1007/s12010-014-0820-7

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Wang, Lu, Ying, Ma, Xu, Wang, Chen and Ouyang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 12 June 2018 | Volume 9 | Article 1312

https://doi.org/10.1016/s0956-5663(98)00119-5
https://doi.org/10.1016/s0956-5663(98)00119-5
https://doi.org/10.1007/s00253-011-3252-0
https://doi.org/10.1016/j.procbio.2016.07.019
https://doi.org/10.1002/(SICI)1097-0290(19960220)49:4<421::AID-BIT9>3.0.CO;2-R
https://doi.org/10.1002/(SICI)1097-0290(19960220)49:4<421::AID-BIT9>3.0.CO;2-R
https://doi.org/10.1039/c4cs00114a
https://doi.org/10.1016/s0032-9592(00)00140-0
https://doi.org/10.1128/JB.182.23.6732-6741.2000
https://doi.org/10.1002/elsc.201400113
https://doi.org/10.1186/1475-2859-11-77
https://doi.org/10.1007/s12010-014-0820-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	A Novel Process for Cadaverine Bio-Production Using a Consortium of Two Engineered Escherichia coli
	Introduction
	Materials and Methods
	Construction of Strains and Plasmids
	Glucose and Glycerol Utilization Assays With Recombinant Strains
	Cadaverine Fermentation Using a Single Strain or Microbial Consortia
	Optimization of Culture Conditions for Cadaverine Production Using Microbial Consortia
	Feeding Strategy for Cadaverine Production Using Microbial Consortia
	Analytical Methods

	Results
	Constructing the Glucose Metabolism Deficient Strain With CRISPR-Cas
	Identifying the Consortium Utilization of Carbon Sources for Cadaverine Production
	Identifying the Microbial Consortium Fermentation Process for Cadaverine Production
	Optimization of the Culture Conditions for Improved Cadaverine Production Using a Microbial Consortium
	Effect of Inoculation Method and Induction Conditions
	Effect of DO Content
	Effect of Nitrogen Source

	Feeding Strategy for Improved Cadaverine Production Using Microbial Consortia

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


