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Abstract
Background: 1,3-propanediol (PDO) is a substantially industrial metabolite used in the polymer industry. Although
several natural PDO production hosts exist, e.g. Klebsiella sp., Citrobacter sp. and Clostridium sp., the PDO yield on
glycerol is insufficient for an economically viable bio-process. Enhancing this yield via strain improvement can be
achieved by disconnecting the production and growth pathways. In the case of PDO formation, this approach
results in a microorganism metabolizing glycerol strictly for PDO production, while catabolizing a co-substrate for
growth and maintenance. We applied this strategy to improve the PDO production with Citrobacter werkmanii
DSM17579.
Results: Genetic tools were developed and used to create Citrobacter werkmanii DSM17579 ΔdhaD in which dhaD,
encoding for glycerol dehydrogenase, was deleted. Since this strain was unable to grow on glycerol anaerobically,
both pathways were disconnected. The knock-out strain was perturbed with 13 different co-substrates for growth
and maintenance. Glucose was the most promising, although a competition between NADH-consuming enzymes
and 1,3-propanediol dehydrogenase emerged.
Conclusion: Due to the deletion of dhaD in Citrobacter werkmanii DSM17579, the PDO production and growth
pathway were split. As a consequence, the PDO yield on glycerol was improved 1,5 times, strengthening the idea
that Citrobacter werkmanii DSM17579 could become an industrially interesting host for PDO production.
Keywords: Citrobacter werkmanii DSM17579 ΔdhaD, Glycerol dehydrogenase, 3-hydroxypropionaldehyde,
1,3-propanediol, Yield

Background
Fermentation development and strain improvement are the
two most common ways to improve the yield of a biotechnological production process. The first was already described in 1969 when water soluble polymers, such as
carboxymethylcellulose and thickening agents, were added
to the fermentation medium to enhance the yield [1]. Nowadays, state of the art methods for fermentation development are still used for improving production yields. For
example, complex statistical methods are used to optimize
and standardize media and fermentation conditions in a
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more directed way [2,3]. Although classical strain improvement techniques such as mutagenesis, have long time been
used, the more targeted approach of metabolic engineering
is currently preferred [4]. While for metabolic engineering
mainly two strategies were earlier applied, i.e. over expression of genes directly involved in the synthesis of the
desired product, and inactivation of competing pathways
[5-8], today the toolset to do so has vastly expanded
with the emergence of synthetic biology and protein engineering [9].
Strain improvement via metabolic engineering can be
used to disconnect the production and growth pathways
[10]. In this approach, the resulting strain needs two
substrates of which one is exclusively used for product
formation, while the second is only consumed for
growth and maintenance. Dodge and Valle [10] have
uncoupled the productive and catabolic pathways via the
inhibition of glucokinase (E.C. 2.7.1.2). Hereby, glucose
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is used for the production of several metabolites, e.g. ascorbic acid, riboflavin, and D-ribose, while fructose or
another non-glucose carbon source is used for growth
and cell maintenance.
In the case of 1,3-propanediol (PDO) production, uncoupling is achieved when glycerol is entirely used for PDO
synthesis and not catabolized for growth and maintenance.
PDO has been chosen as target molecule as this is a starting compound for several industrial applications, e.g. composites, adhesives, laminates, mouldings and antifreeze [11].
Moreover, this bifunctional compound is of particular importance in the polymer industry for the synthesis of polyesters (such as polytrimethylene terephthalate), polyethers
and polyurethanes [8]. Maervoet et al. [12] describe that
Citrobacter werkmanii DSM17579 wild-type cells use glycerol for growth when co-substrates are added, so it is not
far-fetched to assume that uncoupling the pathways could
result in higher PDO yields for this new PDO-production
host. Furthermore, renewable, cheap co-substrates could be
used, i.e. lignocellulosic and hemicellulosic hydrolysates or
whey, which might result in a reduced final production
cost.
Detachment of the PDO production pathway and the
growth pathway from glycerol in Citrobacter requires (at
least) the deletion of the first gene of the oxidative pathway,
dhaD, encoding for glycerol dehydrogenase (GDH, E.C.
1.1.1.6). In this article, the creation of the strain C. werkmanii DSM17579 ΔdhaD is described. It was confirmed that
this strain is unable to grow on medium with glycerol as
the only carbon source under anaerobic conditions. Next,
12 sugars and dihydroxyacetone (DHA) were tested as substrate for growth and their effect on PDO production was
examined. Finally, for the most promising co-substrate,
several molar ratios co-substrate/glycerol were tested and
evaluated for PDO yield on glycerol, PDO titer, and
productivity.

Results and discussion
Creation of Citrobacter werkmanii DSM17579 ΔdhaD

The technique used to create Citrobacter werkmanii
DSM17579 ΔdhaD is based on the one-step deletion
method described by Datsenko and Wanner [13]. Four
major changes have been made to optimize this protocol
for C. werkmanii DSM17579. Firstly, the helper plasmids
to create the knock-out were changed. The strain is resistant to ampicillin up to concentrations of 0,2 g/L,
while 0,05 g/L gentamicin completely inhibits growth
(Additional file 1: Table S1). Therefore, the plasmids
pKD46 and pCP20 were replaced by pKD46-Gm and
pCP20-Gm. These last plasmids were kindly provided by
Benoît Doublet (INRA, France) [14] and contain the
gentamicin resistance gene aac(3)-Id of Salmonella
enterica as pressure. Then, the length of the homology
overhangs was doubled to ±50 nt, because it has been
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proven that longer homology arms improve the transformation efficiency with linear dsDNA [15]. Thirdly,
the concentration of L-arabinose was raised to 20 μM,
as enhancing the extracellular concentration of Larabinose, would increase its intracellular concentration
and would possibly also improve the expression of bet,
exo and gam. Finally, the incubation time after electroporation with linear dsDNA was prolonged to 3 h. During this time, the membrane pores are resealed and the
different genes, such as the chloramphenicol and kanamycine resistance markers are expressed. To the best of
our knowledge, this is the first time a transformation
and knock-out protocol is described for C. werkmanii.
Characterization of Citrobacter werkmanii DSM17579 ΔdhaD
Glycerol as sole carbon source

In first instance, Citrobacter werkmanii DSM17579 ΔdhaD
was grown on glycerol as sole carbon source under anaerobic conditions to verify the knock-out. Up to 53 h after
inoculation, no notable growth was detected for the knockout strain, as expected (start OD of 0.09 ± 0.03, final OD of
0.11 ± 0.02). Due to the deletion of dhaD, coding for GDH,
the oxidative pathway of the glycerol metabolism is
blocked, i.e. the pathway for growth and cell maintenance
from glycerol is disabled. As a consequence, the organism
only grows in the presence of another C-source. Therefore,
in a following step, 12 sugars and DHA were investigated
as possible co-substrates for the production of PDO.
Sugars as only carbon source

In first instance, growth of the ΔdhaD strain in cultivation
medium with one of the 12 sugars or DHA as sole carbon
source was compared to growth of the wild-type on these
substrates. In this way, a possible effect of the deletion of
the dhaD gene on the sugar metabolism of C. werkmanii
DSM17579 could be investigated.
Similar as for the wild-type, the mutant can use all 12
sugars and DHA as sole carbon source (Figure 1B). However, an effect on the growth rate is observed (Figure 1A).
For D-glucose, D-mannose, L-fucose, and D-sorbitol, the
mutant exhibits a lower growth rate as compared to the
wild-type. In contrast, for L-arabinose, D-ribose, Dgalactose, and D-maltose, the gene deletion has a positive
effect on the growth rate. These results indicate that the
cheap hemicellulosic hydrolysates, which consist of Larabinose, D-ribose, D-xylose, D-arabinose, D-galactose, Dmannose and D-glucose [16] may even be a better substrate
for the dhaD knock-out mutant than for the wild-type
strain. For the remaining sugars, no effect of the dhaD deletion on the growth rate was detected.
The wild-type C. werkmanii DSM17579 does not produce ethanol when it is grown on L-rhamnose, L-fucose
or DHA as only carbon source [12,17]. Instead, 1,2-propanediol is produced using L-rhamnose or L-fucose,
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GDH is not active anymore and thus DHA cannot be
converted into glycerol and further into PDO. Hereby,
reducing equivalents (NADH), which are normally used
by PDODH, become available and can be used to form
ethanol.
Just as in the wild type, PDO is not detected when C.
werkmanii DSM17579 ΔdhaD is grown on the other carbon sources. These other sugars can be divided in three
clusters according to their metabolic profile (Figure 2). The
first cluster consists of D-fructose, D-mannitol and Dsorbitol. They show an increased production of ethanol and
succinate, and a variable production of acetate compared to
the wild-type strain. This enhanced production of ethanol
and succinate may be due to the increased availability of
NADH which is a result of the deletion of dhaD, as the enzymes to produce ethanol and succinate are NADHdependent enzymes. D-glucose and D-mannose belong to
the second cluster which shows a reduced acetate, ethanol
and succinate production due to a reduced growth rate
(Figure 1A). This decreased growth rate namely leads to a
lessened overflow metabolism resulting in a reduced byproduct rate and thus in a lower byproduct formation [18].
The last cluster consists of L-arabinose, D-ribose, and Dgalactose. These non-PTS (phosphoenol pyruvate:carbohydrate phosphotransferase system, T.C. 4.A.1) sugars are
more inherent leading to a reduced concentration of byproducts. Hereby, less inhibitory compounds will be formed
and thus an increased growth rate can be noticed.

Figure 1 Difference in growth rate (A) and residual sugar
concentration (B) with sugars as only C-source. C. werkmanii
DSM17579 ΔdhaD (black) and C. werkmanii DSM17579 (white) were
compared for the individual sugars (0.065 M) as the sole carbon
source under anaerobic conditions in flask cultures. The errors
represent the standard deviation calculated from 2 independent
experiments.

while 1,3-propanediol is formed starting from DHA.
Similar results are obtained when the ΔdhaD strain is
grown on L-fucose or L-rhamnose: 19.43 ± 0.18 mM 1,2propanediol is produced on L-fucose and 20.44 ±
0.21 mM on L-rhamnose, while no ethanol is detected
(Figure 2). However, in contrast to the wild-type, when
the mutant strain is grown on DHA, ethanol is formed
and not 1,3-propanediol. This is probably due to the deletion of dhaD. When the wild-type is grown on glycerol, glycerol is converted to DHA by GDH. This
enzyme may be reversible, so when the same strain is
grown on DHA, glycerol is formed which is then further
converted via 3-hydroxypropionaldehyde (3-HPA) to
PDO by the glycerol dehydratase (GDHt, E.C. 4.2.1.30)
and the 1,3-propanediol dehydrogenase (PDODH, E.C.
1.1.1.202), respectively. However, in the mutant strain

Sugars as co-substrates

In order to find a suitable co-substrate for the production
of PDO from glycerol with the dhaD knock-out, the C.
werkmanii DSM17579 wild-type and the dhaD knock-out
mutant were grown anaerobically on glycerol and a cosubstrate in a molar ratio co-substrate/glycerol of 0.33. This
ratio was chosen, because Xiu et al. [19] found that K.
pneumoniae converts glycerol completely to PDO at a ratio
of 0.32 mol glucose/mol glycerol under anaerobic conditions under the condition that glycerol cannot enter the
oxidative pathway.
Compared to the wild-type, lower growth rates are observed for almost all sugars (Figure 3A). This may be explained as the wild-type also uses glycerol for growth
and cell maintenance, next to the co-substrate, and the
growth rate on glycerol is higher than on the tested
sugars [12]. For example, when the growth rate of the
wild-type is compared between growth on glucose solely
or on glucose and glycerol, an increase can be observed
from 0.28 ± 0.01 h−1 to 0.38 ± 0.02 h−1. However, the
growth rate does not change when the single knock-out
strain is grown on glucose alone compared to growth on
glucose and glycerol (respectively, 0.23 ± 0.01 h−1 and
0.26 ± 0.02 h−1).
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Figure 2 Comparison of the final concentration acetate (A), ethanol (B), and succinate (C). C. werkmanii DSM17579 ΔdhaD (black) and C.
werkmanii DSM17579 (white) were grown in flask cultures under anaerobic conditions in minimal medium with different substrates (0.065 M) as
the sole carbon source. The errors represent the standard deviation calculated from 2 independent experiments.

In none of the glycerol/co-substrate combinations
the glycerol and co-substrate is completely consumed
(Figure 4). As an excess of the macronutrients is present
in the medium, this early utilization stop is not due to
N- or P-limitation. Another reason may be a pH drop
caused by the formation of ethanol, acetate, succinate
and lactate. An increased production of 3-HPA may also
be a cause just as noticed for glucose as co-substrate
(see further). More than 35% of the co-substrate is consumed in the case of D-glucose, DHA, D-mannitol, Dgalactose, and L-arabinose. With these co-substrates,
most glycerol is consumed during the growth of the
knock-out mutant on D-glucose.
The cultures were further analyzed towards their
PDO and by-product formation. The highest final PDO

concentration is noticed when D-glucose or D-galactose
are used as co-substrate, namely 79.93 ± 2.38 mM and
74.99 ± 2.64 mM, respectively. Although these final titers are reduced compared to the wild-type strain on
these co-substrates [12], the yield is increased to,
respectively, 0.94 ± 0.05 mol PDO/mol glycerol and
0.87 ± 0.05 mol PDO/mol glycerol, compared to, respectively 0.72 ± 0.02 mol PDO/mol glycerol and 0.81 ±
0.05 mol PDO/mol glycerol for the wild-type. Thus, the
reduced final PDO concentration is due to the incomplete
consumption of glycerol. Compared to the wild-type
strain [12], the yield also increases using D-xylose and Dribose as co-substrates, indicating that the cutoff of the
catabolic pathway has a positive effect on the conversion
of glycerol to PDO for these sugars (Figure 3B). It is
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Figure 3 Comparison of the growth rate (A) and yield on
glycerol of PDO (B) using co-substrates. C. werkmanii DSM17579
ΔdhaD (black) and C. werkmanii DSM17579 (white) were grown in
minimal medium with glycerol (0.163 M) and different co-substrates
(0.33 molar ratio co-substrate/glycerol) on flask scale under anaerobic
conditions. The errors represent the standard deviation calculated from
2 independent experiments.

worthwhile noticing that the maximum theoretical yield
(1.0 mol PDO/mol glycerol) has not been reached in any
of the co-substrates indicating that the limiting step of the
PDO-production pathway is presumably the PDODH.
Since this enzyme uses NADH, it may be that not enough
NADH is produced or that the activity of other NADHconsuming enzymes is higher (such as ethanol dehydrogenase or lactate dehydrogenase). One solution could be
to reduce the activity of the latter enzymes or to even
delete the corresponding genes.
The combination of glycerol and a co-substrate results
in a decreased production of ethanol, lactate and succinate for most sugars as compared to the co-substrates as
sole C-sources (Additional file 1: Figure S1), meaning
that there is a competition for the reducing equivalents
(NADH) between the production of these compounds
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and the conversion of 3-HPA to PDO. Therefore, deletion of the genes responsible for the production of ethanol, lactate and succinate could further increase the
yield on glycerol of PDO and the final PDO titer.
Da Cunha and Foster [20] have noticed a similar decrease in the production of ethanol and lactate growing
Lactobacillus species on D-glucose, D-ribose, and Dfructose with or without glycerol. Moreover, they noticed
that co-fermentation of glycerol and glucose results in
an increase of the final acetate concentration compared
to glucose as sole carbon source. The same effect related
to acetate was observed when C. werkmanii DSM17579
ΔdhaD was grown in medium with glycerol and glucose.
The other sugars had a negative or no effect on the acetate concentration (Additional file 1: Figure S1).
Finally, the best co-substrate was chosen, considering
its price, its metabolic profile, its catabolic repression on
glycerol, its production rate and the yield of PDO on
glycerol. D-Glucose and D-galactose resulted in an
analogous metabolite formation (Additional file 1: Figure
S1), and yield. Moreover, their production rates are alike
(3.33 ± 0.10 mM/h for D-glucose, 3.13 ± 0.11 mM/h for
D-galactose). However, D-glucose is much cheaper than
D-galactose: in February 2014, the price for D-glucose
was 0.25 €/kg [21], while that of D-lactose (the precursor
of D-galactose) was 1,02 €/kg [22]. D-galactose could
also be provided as its precursor D-lactose, via whey, a
waste stream of the diary industry. However, C. werkmanii DSM17579 is unable to grow on D-lactose [12], so
the use of whey as co-substrate requires additional modifications in C. werkmanii DSM17579 ΔdhaD, which
goes beyond the scope of this research (i.e. overexpression of a β-galactosidase gene to ensure the conversion
of D-lactose to D-galactose). Therefore, D-glucose was
chosen as the preferred co-substrate for the production
of PDO.
Effect of the dhaD knock-out on the metabolism of C.
werkmanii DSM17579

To investigate the effect of the dhaD knock-out on the
metabolism of C. werkmanii DSM17579, the wild-type
and knock-out strain were grown in shake flasks under
aerobic and anaerobic conditions in medium with glycerol as sole carbon source, and with glycerol and glucose in a molar ratio 3 to 1. As mentioned before, C.
werkmanii DSM17579 ΔdhaD is unable to grow under
anaerobic conditions. However, under aerobic conditions, the single knock-out is still able to grow on glycerol (data not shown). Similar results have been
obtained by Horng et al. [23] and Seo et al. [24] for
Klebsiella sp. K. pneumoniae ΔdhaD grows on minimal
medium with glycerol as sole carbon source under
micro-aerobic conditions due to the activity of glycerol
kinase (E.C. 2.7.1.30), which converts glycerol in glycerol-
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Figure 4 Consumed co-substrate concentration (blank), residual glycerol concentration (slanted lines) and final PDO concentration
(crossed lines). C. werkmanii DSM17579 ΔdhaD cultures were grown on flask scale under anaerobic conditions in minimal medium with glycerol
and different co-substrates (0.33 molar ratio co-substrate/glycerol). The solid line represents the initial glycerol concentration (0.163 M), the dashed
line the initial co-substrate concentration (0.065 M). The errors represent the standard deviation calculated from 2 independent experiments.

3-phosphate using ATP as cofactor. Glycerol-3-phosphate
can then enter the glycolysis, meaning glycerol can be
converted via two oxidative pathways in K. pneumoniae.
Analogously, glycerol kinase is active in K. aerogenes
NCIB418, in a chemostat culture, under aerobic, carbonlimited conditions, while under aerobic, sulfate- and
ammonia-limited conditions and under anaerobic conditions, GDH is the prominent enzyme [25]. As the glycerol
kinase gene sequence of C. werkmanii DSM17579 is not
known yet, A BLAST search (algorithm: blastp; database:
non-redundant protein sequences) of the amino acid sequence of the glycerol kinase of K. pneumoniae to the
known genomes of Citrobacter species has been performed. This revealed a hypothetical protein with predicted glycerol kinase activity (Table 1). So, we assume
that under aerobic conditions, glycerol kinase is active in
C. werkmanii DSM17579 ΔdhaD, resulting in growth of
this strain on minimal medium with glycerol as sole carbon source.
Table 1 Percentage identity, E-value and bitscore
Name

% identity

E-value

Bitscore

Citrobacter youngae ATCC29220

95

0.0

2588

Citrobacter koseri ATCC BAA-895

95

0.0

2586

Citrobacter rodentium ICC168

95

0.0

2583

Citrobacter sp. 30_2

94

0.0

2578

The amino acid sequence of the glycerol kinase of K. pneumoniae and the
known genomes of Citrobacter species were compared.

To study the glycerol metabolism in Citrobacter, GDH
activity in wild-type and ΔdhaD cells was measured in
the different cultures (Table 2). The activity of GDH in
the mutant was negligible compared to that in the wildtype strain, confirming the dhaD knock-out. For the
wild-type strain, the highest activity of GDH was obtained under anaerobic conditions with glycerol as sole
carbon source, similar to Neijssel et al. [25].
Starting with 163 mM glycerol as sole carbon source,
almost all glycerol is consumed or converted by C. werkmanii DSM17579. This strain produces only a marginal
concentration of 3-HPA and has a yield of 0.6 ± 0.0 mol
PDO/mol glycerol with a final PDO concentration of
97.6 ± 1.9 mM (Table 3). The remaining 65.4 mM glycerol, not converted in PDO, is converted by GDH to
DHA and further channeled into the glycolysis. The
GDH enzyme activity for this strain was of 3.8 ± 0.3 U/
mg protein under these conditions. When C. werkmanii
DSM17579 was grown on glycerol and glucose under
anaerobic conditions, the GDH activity dropped to 1.3 ±
0.2 U/mg protein. However, since the enzyme is still active, this means that the wild-type not only consumes
glucose, but also glycerol for growth and cell maintenance, which is confirmed by the metabolites. From the
132.5 ± 0.2 mM of glycerol consumed, 1.2 ± 0.1 mM is
converted to 3-HPA and 94.9 ± 2.9 mM to PDO, leaving
27.5% of the glycerol unconsumed by GDHt, thus most
likely converted by the oxidative branch of the glycerol
metabolism. These observations also indicate that, under
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Table 2 Specific enzyme activity of GDH in C. werkmanii DSM17579 (WT) and C. werkmanii DSM17579 ΔdhaD (KO)
Aerobic condition

Anaerobic condition

Glycerol

Glycerol + glucose

Glycerol

Glycerol + glucose

WT (U/mg)

1.406 ± 0.283

0.005 ± 0.002

3.770 ± 0.259

1.293 ± 0.214

KO (U/mg)

0.007 ± 0.003

BDL

No growth

0.022 ± 0.005

Both strains were grown under (an)aerobic conditions in media with 163 mM glycerol only or 54 mM glucose and 163 mM glycerol (0.33 molar ratio glucose/
glycerol) as carbon sources; BDL = below the detection limit.

anaerobic conditions, glycerol and glucose can be taken
up and metabolized simultaneously.
Under aerobic conditions, glycerol is barely consumed by
C. werkmanii DSM17579 (Table 3). Moreover, the activity
of the GDH drops almost 3 times on glycerol and is minor
on a glucose/glycerol mix, compared to the anaerobic conditions. Glucose on the other hand is completely consumed
(Table 3). Hence, under aerobic conditions, glucose seems
to inhibit the uptake and metabolism of glycerol. This is
probably due to the regulation by the phosphoenol
pyruvate:carbohydrate phosphotransferase system (PTS). A
similar regulation exists in Escherichia coli. The central
regulatory molecule in the PTS system is the soluble protein EIIAGlc, which can occur in two states: phosphorylated
EIIAGlc, and non-phosphorylated EIIAGlc. The latter state
binds and inhibits the proteins essential in the catabolism
of several carbohydrates, such as lactose, melibiose,
maltose, and glycerol, resulting in inhibition of uptake
and subsequent consumption of these carbon sources
[26]. It has been proven by Darbon et al. [27] for E. coli
and Salmonella typhimurium that non-phosphorylated
EIIAGlc interacts with glycerol kinase and inhibits its
activity under aerobic conditions leading to a reduced
uptake of glycerol [27].
Our results and the similarities with results found for
phylogenetic related micro-organisms strengthen our hypothesis that C. werkmanii DSM17579 has the same aerobic and anaerobic glycerol catabolic pathways as E. coli
and Salmonella species. Under anaerobic conditions glycerol is consumed via GDH, which is not affected by the
PTS, under aerobic conditions, glycerol is mainly consumed
via glycerol kinase, which is affected by PTS and thus by
the presence of glucose. Moreover, much less PDO is

formed aerobically compared to under anaerobic conditions
(Table 3).
Effect of the molar ratio glucose/glycerol on the
production of 1,3-propanediol

The maximum theoretical yield of PDO on glycerol increases from 0.72 to 1.0 in K. pneumoniae DSM2026
when the molar ratio of glucose/glycerol increases from
0.00 to 0.32 as calculated by Xiu et al. [19]. This implies
that no hydrogen nor ethanol is formed. However, in C.
werkmanii DSM17579 ΔdhaD, ethanol is still produced
under anaerobic conditions on a glucose/glycerol mix
with a molar ratio of 0.33 (16.39 ± 0.35 mM). Moreover,
the biomass composition of our microorganism may be
different compared to K. pneumoniae. As a consequence,
the ideal molar ratio of glucose to glycerol may differ.
Therefore, C. werkmanii DSM17579 ΔdhaD was grown
anaerobically in cultivation medium with 33 mM glucose
and several concentrations of glycerol yielding molar ratios of 1, 0.33, 0.2 and 0.1 glucose/glycerol.
The growth (Figure 5A) and the glucose uptake
(Figure 5B) in the media with the molar ratios 0.1 and 0.2
decreases after 7.5 h, and even ceases after 10 h, which is
also reflected in a lower final OD600nm compared to the
molar ratios 0.33 and 1. In the end, still 15 mM glucose is
present in the medium and the final pH does not differ for
the molar ratios 0.1 and 0.2 than for the other cultures
(Table 4). The yield of PDO on glycerol decreases significantly going from a molar ratio of 0.33 to 0.2 (Table 4),
suggesting that the growth slowdown is due to the formation of the intermediate 3-HPA.
It is reported that in aqueous solutions, 3-HPA undergoes a reversible dimerization and hydration, resulting in

Table 3 Consumed glucose concentration, consumed glycerol concentration, PDO concentration produced, and yield
on glycerol of PDO
Aerobic condition

Anaerobic condition

Glycerol

Glycerol + glucose

Glycerol

Glycerol + glucose

Glucose consumed (mM)

NA

55.2 ± 0.3

NA

45.0 ± 0.1

Glycerol consumed (mM)

136.9 ± 2.7

5.9 ± 0.3

54.7 ± 3.5

132.5 ± 0.2

PDO produced (mM)

14.0 ± 0.5

2.4 ± 0.1

97.6 ± 1.9

94.9 ± 2.9

Yield (mol PDO/mol glycerol)

0.1 ± 0.0

0.4 ± 0.0

0.6 ± 0.0

0.7 ± 0.0

C. werkmanii DSM17579 was grown under (an)aerobic conditions in media with 163 mM glycerol only or 54 mM glucose and 163 mM glycerol (0.33 molar ratio)
as carbon sources. (NA = not applicable).
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Figure 5 Growth (OD600nm) (A) and glucose consumption (mM)
(B) on different glucose/glycerol molar ratios. C. werkmanii
DSM17579 ΔdhaD were grown on flask scale under anaerobic
conditions in 1 (●, full line), 0.33 (∇, dash-dotted line), 0.2 (♦, dashed
line), and 0.1 (□, dotted line) mol glucose/mol glycerol. The errors
represent the standard deviation calculated from 2 independent
experiments.

a mixture of 3-hydroxypropionaldehyde (3-HPA), 1,1,3trihydroxypropane (HPA hydrate), and 2-(2-hydroxyethyl)4-hydroxy-1,3-dioxane (HPA dimer), called HPA, the
HPA system or reuterin. This HPA system is an antimicrobial compound with activity towards a wide range
of pathogens and food spoilage organisms, including
Table 4 Effect of the glucose/glycerol ratio on pH and
yield; and carbon balance for glycerol utilization
Molar ratio
glucose/glycerol

Yield (mol PDO/
mol glycerol)

pH

Carbon balance
glycerol (%)

1

0.90 ± 0.04

5.68 ± 0.05

95.51 ± 0.13

0.33

0.68 ± 0.05

6.07 ± 0.06

109.09 ± 1.26

0.2

0.43 ± 0.12

5.73 ± 0.24

99.80 ± 1.42

0.1

0.37 ± 0.07

5.94 ± 0.02

99.03 ± 0.35

C. werkmanii DSM17579 ΔdhaD was grown in medium with several molar
ratios glucose/glycerol under anaerobic conditions on flask scale. The errors
represent the standard deviation calculated from two
independent experiments.
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both gram-positive and gram-negative bacteria, yeasts,
moulds, and protozoa [28]. Depending on the total concentration of the HPA system, more HPA dimer (4.9 M
HPA or higher) or HPA hydrate (0.03 M or lower) is
present [29]. Since our medium is an aqueous solution,
HPA is present under the three types, but to avoid confusion they will all be named 3-HPA in this article.
Barbirato et al. [30] noticed a growth and PDO production stop after consumption of about 430 mM glycerol by Enterobacter agglomerans CNCM1210, due to
3-HPA accumulation. They also investigated the 3-HPA
accumulation in K. pneumoniae and C. freundii: both
species accumulate 3-HPA until a level of, respectively,
24 mM and 17 mM is reached, after which it is further
converted to PDO, allowing growth and glycerol consumption to continue until glycerol is depleted [30]. The
same effect was observed for C. werkmanii DSM17579
during glycerol inhibition tests [12]: 3-HPA accumulates
first, but then decreases and is fully converted at the end
of the tests. However, in the present experiments, 3HPA is not dissimilated completely at the end, even at
the molar ratio 1 (Figure 6). This indicates a discrepancy
in the cofactor balance of the PDO production. In PDOproducing microorganisms, the first step of the oxidative
pathway (i.e. glycerol consumption for growth and maintenance), provides NADH which is used in the last step
of the reductive pathway forming PDO. In the wild-type
grown on glycerol and a co-substrate, glycerol will partly
enter the oxidative pathway yielding more NADH as
when grown on the co-substrate as sole carbon source.
As such, likely enough reducing equivalents (NADH) are
formed to convert 3-HPA entirely to PDO. However, in
the case of the single knock-out strain, glycerol is not
oxidized anymore as shown by the carbon balance for
glycerol utilization in Table 4, resulting in a lower
amount of reducing equivalents. Furthermore, ethanol,
lactate and succinate which production competes for
NADH, are still formed by the single knock-out on a
glycerol/glucose medium (Additional file 1: Table S2).
As a result of this competition and a decreased production of NADH due to the deletion of dhaD, an imbalance in the PDO pathway is created, and subsequently,
3-HPA is accumulated. In the case of the molar ratios
glucose/glycerol of 0.1 and 0.2, 3-HPA accumulation exceeds the inhibitory concentration, which is somewhere
between 25 mM 3-HPA and 40 mM 3-HPA in C. werkmanii DSM17579 ΔdhaD.
To overcome this obstruction, two possibilities come
ahead: deletion of the genes competing for NADH and
overexpression of PDODH. The first strategy has successfully been applied in Klebsiella sp. by several researchers
[31-33], while the second has been fulfilled by overexpressing an NADPH-dependent PDO oxidoreductase in E. coli
[34,35] and K. pneumoniae [36,37]. Therefore, multiple
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Figure 6 Glycerol (A), PDO (B) and 3-HPA (C) concentration (mM) on different glucose/glycerol ratios. C. werkmanii DSM17579 ΔdhaD was
grown on flask scale under anaerobic conditions in medium with 1 (●, solid line), 0.33 (∇, dash-dotted line), 0.2 (♦, dashed line), and 0.1 (□, dotted
line) mol glucose/mol glycerol. The errors represent the standard deviation calculated from 2 independent experiments.

knock-out and overexpression mutants will be needed to
be made in C. werkmanii DSM17579 ΔdhaD.

Table 5 Primers used to create and verify the knock-out
strain C. werkmanii DSM17579 ΔdhaD
Primer name

Sequence (5’ → 3’)

Fw-dhaD-in-P1

AGAGAAGGTACTCAATGGTCTGCAT
AGCCATGACATTAGCTGCCACGCGG
GTGTAGGCTGGAGCTGCTTC

Rv-dhaD-in-P2

AGCCACGGCCATGATCTTGCCATCAA
TGTCATCTTTTACGCCCATTTCCGCCAT
ATGAATATCCTCCTTAG

Fw-dhaD-in-out

GGTCTGCATAGCCATGACATTAGC

Rv-dhaD-in-out

TAGCCACGGCCATGATCTTG

SPrimer 46TA

TTCCGTGTCGCCCTTATTCC

SPrimer46 TB

TAGTGTATGCGGCGACCGAG

Conclusions
In this work, the first knock-out strain has been created in
Citrobacter werkmanii, C. werkmanii DSM17579 ΔdhaD,
using a newly developed transformation and knock-out
protocol. As such, the growth and production pathway for
PDO production from glycerol were disconnected resulting
in the need of a co-substrate for growth and cell maintenance. With a co-substrate/glycerol ratio of 0.33, glucose
was the most promising co-substrate of 13 tested carbon
sources. However, a competition between PDODH and
NADH-consuming enzymes emerged resulting in the suggestion to make multiple knock-out mutants and overexpression mutants in Citrobacter werkmanii DSM17579
ΔdhaD.
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Methods
All chemicals were obtained from Sigma (Belgium), unless otherwise mentioned.
Strains and plasmids

Citrobacter werkmanii DSM17579 was obtained from
the German Collection of Microorganisms and Cell Cultures (DSMZ, Germany). Strains were preserved in a
(1:1) glycerol (70% v/v):LB (Luria Broth: trypton 10 g/L,
yeast extract 5 g/L, NaCl 5 g/L, Difco, BD, Belgium)medium solution. Plasmids were maintained in Escherichia coli DH5α. Plasmids pKD3 and pKD4 were obtained
from Prof. dr. J-P Hernalsteens (Vrije Universiteit Brussel,
Belgium), while pKD46-Gm and pCP20-Gm (containing
the gentamicin resistance gene aac(3)-Id of Salmonella
enterica) were kindly provided by dr. Benoît Doublet
(INRA, France) [14].
Creation of Citrobacter werkmanii DSM17579 ΔdhaD

The ΔdhaD knock-out of C. werkmanii DSM17579 was
created as described by Datsenko and Wanner [13] for
E. coli, with some modifications for KO-creation in
Citrobacter (see results and discussion section). A detailed protocol of the transformation and knock-out
strategy is given in the Additional file 1.
The primers used to make the linear DNA and the
control primers used to verify the deletion of the gene
(“out”) are listed in Table 5. The knock-out colonies
were analyzed by sequencing (LGC Genomics, Germany)
using the primers Fw-dhaD-in-out and Rv-dhaD-in-out
(Table 5) for loss of all antibiotic resistance markers.
Growth and production characterization of C. werkmanii
DSM17579 wild-type and knock-out mutant

Twelve sugars (L-arabinose, D-fructose, D-galactose, Dglucose, D-maltose, D-mannose, D-mannitol (Merck,
Belgium), D-sorbitol, L-rhamnose, L-fucose, D-xylose,
and D-ribose (Senn Chemicals, Switzeland) and DHA
were tested as possible co-substrate for the production
of PDO from glycerol. The medium used for the sugar
tests is described by Maervoet et al. [12]. In order to
find the optimal glucose/glycerol molar ratio, the same
cultivation medium was used with 33 mM glucose and
several glycerol concentrations. Molar ratios of 1, 0.33,
0.2, and 0.1 mol glucose/mol glycerol were tested. The
cultivation conditions for these tests are described in
Maervoet et al. [12]. Standard deviations were calculated
from two independent experiments.
Analytical methods

The biomass concentration was measured as absorbance
at 600 nm. All sugars (except glucose), DHA, glycerol,
PDO, lactate, acetate, succinate and ethanol were determined in a HPLC system (Varian, Belgium) with an
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Aminex HPX-87H Organic Acid Analysis Column (BioRad Laboratories, Belgium), using a Refractive Index Detector and a dual Ultraviolet Detector with a wavelength
of 210 nm and 265 nm. The column temperature was
65°C. A solution of 5 mM H2SO4 was used as mobile
phase at 0.6 mL/min flow rate. Glucose was analyzed
using the YSI 2700 SELECT Biochemistry Analyzer (YSI
Life Sciences, Ankersmid Scientific, Belgium). 3-HPA
was determined by a HPLC system with a Rezex ROA
Organic Acid Analysis column (Phenomenex, Belgium)
using a dual Ultraviolet Detector with a wavelength of
210 nm and 265 nm. The column temperature was 40°C.
A solution of 10 mM H2SO4 was used as mobile phase at
0.5 mL/min flow rate.
Detection of glycerol dehydrogenase activity

The medium containing 163 mM glycerol or 163 mM
glycerol and glucose (3/1 molar ratio) and the anaerobic
cultivation conditions used to grow the strains for enzyme assays are further described in Maervoet et al.
[12]. The aerobic cultivation of the cultures was done on
an orbital shaker at 200 rpm and 37°C.
The extraction process and enzyme assay to determine
the glycerol dehydrogenase activity are described in
Maervoet et al. [38]. Protein concentrations were measured with the BCA Protein Assay kit from Thermo Scientific (Belgium). All enzyme assays were performed in
duplicate.

Additional file
Additional file 1: Table S1-S2, Figure S1. 1,3-propanediol production
with Citrobacter werkmanii DSM17579: effect of a dhaD knock-out
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