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strain overexpressing the nitroreductase NfsB 
is capable of producing the herbicide D-DIBOA 
with 100% molar yield
Maria Elena de la Calle1,3, Gema Cabrera1,3, Domingo Cantero1,3, Antonio Valle2,3* and Jorge Bolivar2,4* 

Abstract 

Background: The use of chemical herbicides has helped to improve agricultural production, although its intensive 
use has led to environmental damages. Plant allelochemicals are interesting alternatives due to their diversity and 
degradability in the environment. However, the main drawback of this option is their low natural production, which 
could be overcome by its chemical synthesis. In the case of the allelochemical DIBOA ((2,4-dihydroxy-2H)-1,4-ben-
zoxazin-3(4H)-one), the synthesis of the analogous compound D-DIBOA (2-deoxy-DIBOA) has been achieved in two 
steps. However, the scale up of this synthesis is hindered by the second step, which uses an expensive catalyst and is 
an exothermic reaction, with hydrogen release and a relatively low molar yield (70%). We have previously explored the 
“Green Chemistry” alternative of using E. coli strains overexpressing the nitroreductase NfsB as a whole-cell-biocatalyst 
to replace this second step, although the molar yield in this case was lower than that of the chemical synthesis.

Results: In this work, we engineered an E. coli strain capable of carrying out this reaction with 100% molar yield and 
reaching a D-DIBOA concentration up to 379% respect to the highest biotransformation yield previously reported. 
This was achieved by a screening of 34 E. coli mutant strains in order to improve D-DIBOA production that led to the 
construction of the ΔlapAΔfliQ double mutant as an optimum genetic background for overexpression of the NfsB 
enzyme and D-DIBOA synthesis. Also, the use of a defined medium instead of a complex one, the optimization of the 
culture conditions and the development of processes with several substrate loads allowed obtaining maxima yields 
and concentrations.

Conclusions: The high yields and concentrations of D-DIBOA reached by the microbial-cell-factory approach devel-
oped in this work will facilitate its application to industrial scale. Also, the use of an optimized defined medium with 
only an organic molecule (glucose as carbon and energy source) in its composition will also facilitate the downstream 
processes.
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Background
One of the key elements to improve agricultural pro-
duction is to eliminate the negative impact of weeds 
on the growth and quality of commercial crops [1]. 
The use of chemical herbicides has helped to mitigate 
this problem [2], although its intensive use has led to 
weed resistance and their chemical stability has caused 
environmental damages [3–5]. One of the most inter-
esting alternatives to the chemical herbicides is the use 
of plant allelochemicals, which are natural products 
that affects the survival or growth of other organisms 
(plants, insects, microorganisms, etc.…) [6, 7]. Due 
to their chemical structure diversity, specific mode of 
action and degradability in the environment, these 
compounds have been considered new effective tools 
for agricultural pest management [5, 8].

Benzohydroxamic acids is a group of these natural 
allelochemicals present in common agricultural crops 
such as wheat, rye and maize [9]. These compounds are 

well known for their interesting biological properties as 
herbicides, fungicides and insecticides [10, 11]. Among 
them, 2,4-dihydroxy-(2H)-1,4-benzoxazin-3-(4H)one 
(DIBOA) (Fig. 1a), a compound isolated from plant spe-
cies belonging to the Poaceae family, has been proven 
to be a successful natural herbicide model [12], show-
ing high biodegradability in soils and therefore a low 
environmental impact [10].

However, the main drawback for the use of DIBOA 
and other allelopathic compounds in agriculture is 
their very low natural production [13]. An alterna-
tive is the chemical synthesis, a process that reaches 
relatively high yields [6]. In the case of DIBOA, the 
synthesis of the biologically active analogous com-
pound D-DIBOA (2-deoxy-DIBOA) has been achieved 
(Fig.  1a). The choice of D-DIBOA as a model for phy-
totoxic benzoxazinones resulted in significant improve-
ments in phytotoxicity and selectivity on the species 
assayed (Triticum aestivum L. (wheat) and Allium cepa  
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L. (onion), Lycopersicon esculentum Will. (tomato), 
Lepidium sativum L. (cress) and Lactuca sativa L. (let-
tuce). The N–OH moiety is a common feature in these 
compounds and probably constitutes the base of their 
biological activity. 2-Deoxy benzoxazinones deriva-
tives display a wide range of activities, which makes 
these compounds one of the most interesting herbicide 
models [12]. The stability of benzoxazinones and their 
derivatives has been extensively investigated, especially 
for natural benzoxazinones and benzoxazolinones [10]. 
Changes in the aromatic substitution pattern mark-
edly modify the stability of benzoxazinones and their 
derivatives [8, 12]. The half-life for D-DIBOA is slightly 
longer than that found for DIBOA and the chemicals 
belonging to its degradation series. In this sense, the 
first chemical of the D-DIBOA degradation series was 
also determined to be the lactam D-HBOA, which is 
slightly less phytotoxic than D-DIBOA [10].

The synthesis of D-DIBOA has been simplified 
into only two steps (Fig.  1b). The first one is carried 
out at relatively mild conditions using non-expen-
sive starting materials (2-nitrophenol and ethyl bro-
moacetate) and reaches around 99% molar yield of 
ethyl-2-(2′-nitrophenoxy)acetate (which is the precur-
sor of D-DIBOA and henceforth referred to as pre-
cursor). However, the second step, which involves the 
reduction of a nitro group followed by a cyclization, 
is an exothermic reaction with hydrogen release that 
requires  NaBH4, dioxane and an expensive catalyst 
(Pd/C). Furthermore, the reaction yield (70%) is lower 
than that of the first reaction [6]. This methodology is 
therefore too expensive and difficult to be applied at 
higher scale.

This chemical reaction represents an example of the 
challenges that green-chemistry has been designed to 
address. Green-chemistry is aimed to develop processes 
in which desired products are maximized and undesired 
products are minimized, using environmentally friendly 
solvents in the procedures. In the past decade, many large 
chemical companies, have begun to use green-chemistry 
practices for the development and manufacturing of dif-
ferent products [14]. Biocatalysis based on enzymes is 
one of the most interesting strategies applied in green-
chemistry because enzymes are very selective and lead 
to extremely high reaction rates at mild conditions, over-
coming abiotic catalysts. This strategy has provided pow-
erful tools in the synthetic chemist’s toolbox [15, 16].

The use of microorganisms as cell factories can be an 
environmentally friendly alternative for the synthesis of 
plant natural products such as DIBOA. Nevertheless, it is 
difficult to reproduce biosynthetic pathways of the natu-
ral products since the catalytic activity of heterologous 
plant enzymes is normally low. The fermentation costs, in 

most of the cases, are therefore too high for industrial-
scale production due to the poor yields obtained from the 
use of these metabolic engineered microorganisms [17].

We propose in this work an alternative to the design of 
a multiple enzyme pathway for the synthesis of DIBOA. 
To this aim, the role of the microorganism is simplified by 
using it as a whole-cell biocatalyst for the synthesis of the 
synthetic analogue D-DIBOA. Thus, instead of the recon-
struction of the whole DIBOA synthetic pathway, it is 
possible to replace the second step of D-DIBOA chemical 
synthesis by a biotransformation process carried out by 
an E. coli strain overexpressing the homologous nitrore-
ductase enzyme NfsB. In a previous work we described 
how an E. coli strain overexpressing this enzyme was 
able to produce D-DIBOA from the precursor molecule 
at lower yield (60%) than the chemical synthesis using a 
non-defined culture medium [18]. This strain was also 
used as a whole-cell-biocatalyst for the synthesis of two 
chlorinates derivatives of D-DIBOA with similar molar 
yields [19]. Bacterial nitroreductases, such as NfsB, are 
flavoenzymes that catalyse the NAD(P)H-dependent 
reduction of the nitro groups on nitroaromatic and nitro-
heterocyclic compounds, which are toxic and mutagenic 
for living organisms, transforming them in less toxic mol-
ecules that are then exported out of the cell [20].

In this work, we have carried out a screening for 
improving D-DIBOA biotransformation yield by over-
expressing the NfsB enzyme in E. coli single mutants, 
in which the knockout genes were related to metabolic 
pathways that use resources such as carbon, cofac-
tor NAD(P)H, ATP,  H+, electrons or energy consump-
tion. We assumed that an increased availability of these 
resources should improve the biotransformation. This 
strategy allowed us to construct an optimized double 
mutant strain by genetic modification that proved to 
be a suitable background for NfsB overexpression and 
D-DIBOA synthesis. To achieve higher yields and con-
centrations of D-DIBOA, several loads of precursors 
were added to the culture medium. In addition, the cul-
ture medium was optimized to facilitate subsequent 
downstream purification procedures. All these improve-
ments make the whole process more feasible to be scal-
able at industrial level.

Materials and methods
Bacterial strains as genetic backgrounds, plasmids 
and primers
Escherichia coli BW25113 was used as the wild type ref-
erence strain because this was the parental strain of the 
34-isogenic single knockout strains used in this work 
(Table 1). These strains were originated in the Keio Col-
lection from NAIST (Kyoto, Japan) [21] and purchased 
from the CGSC (Coli Genetic Stock Center), (Yale 
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University, USA). The knockout genes were checked by 
PCR using the primers described in Table 2. The pBAD-
NfsB inducible vector, previously cloned in our labora-
tory [18], was used to transform the wild type and the 
mutant strains used in the biotransformation assays.

Construction of the E. coli ∆lapA∆fliQ double mutant strain
The construction of the ∆lapA∆fliQ double mutant was 
carried out following the homologous recombination 
method described by Datsenko and Wanner [22] using 
the lapA::kan single mutant as background strain and the 
primers 5′ (H1P4) and 3′ (H2P1) with the homologous 
sequences (H1 or H2) of the upstream and downstream 
fliQ gene flanking with P4 or P1 priming sequences of 
pKD13 vector (Table 2).

Culture medium and chemicals
All the strains used in this work were grown in Luria–
Bertani (LB) medium, LB agar plates and M9 minimal 
medium, containing in g/L: 0.24  MgSO4, 0.01  CaCl2, 
11.178  Na2HPO4, 3.00  KH2PO4, 0.50 NaCl, 1.00  NH4Cl, 
4.00 glucose and with or without 1.00 thiamine. Chemi-
cals for culture media were purchased from Panreac. 
The media for the mutant strains were supplemented 
with 50  µg/mL kanamycin and the strains transformed 
with the pBAD-NfsB were supplemented with 100  µg/
mL ampicillin. NfsB overexpression in the pBAD trans-
formed strains was induced by adding 0.02% (w/v) l-ara-
binose. Antibiotics and l-arabinose were purchased from 
Sigma-Aldrich. Chemical standards of precursor and 
D-DIBOA were kindly provided by Allelopathy Group 
(Organic Chemistry Department, University of Cadiz) 
[6].

Biotransformation assays
All the strains assayed in this work were streaked from 
a − 80 °C glycerol stock on LB agar plates and incubated 
overnight at 37  °C. A single colony was inoculated in 
5 mL of LB medium and cultivated at 37 °C and 200 rpm 
in an orbital shaker. After 8 h, the cells were centrifuged 
at 3000×g for 10  min and the pellet was resuspended 
in 100 mL of LB or M9 medium containing 0.02% (w/v) 
l-arabinose to induce the expression of the nfsB gene 
and incubated overnight in the same conditions. 10 mL 
of this pre-culture were then centrifuged at 3000×g for 
10  min and resuspended in 100  mL of fresh LB or M9 
medium supplemented with 0.02% (w/v) l-arabinose and 
grown in 250 mL Erlenmeyer flask at 30 °C or 37 °C. The 
biotransformation assay was initiated by adding 1 mL of 
precursor stock solution (50 mg/mL in methanol) when 
 OD600 = 0.6 (the initial precursor concentration at time 0 
was therefore 0.5 mg/mL [2.22 mM]).

Scanning electronic microscopy (SEM)
Bacteria at mid-exponential growth phase were diluted 
1:2 and placed on polylysine cover slides and fixed with 
2.5% glutaraldehyde in 0.1  M Na-cacodylate buffer (pH 
7.2) for 1 h and washed twice for 10 min with the same 
buffer. After fixation, the samples were dehydrated in 
70, 80, 90 and 100% ethanol solutions for 30  min and 
dried under critical point conditions in a Balzers Criti-
cal Point Dryer operated with liquid  CO2. Gold parti-
cles were sputtered on the samples to avoid charging in 
the microscope. The images were taken at the Electron 
Microscopy Division of the Central Services of Scientific 
and Technological Research (SC-ICYT) from the Univer-
sity of Cadiz with a Nova NanoSEM 450 (FEI, Thermo 
Fisher), operating at voltage ranging from 5 to 10 kV.

Analytical techniques, calculation of parameters 
and statistical analysis
Cell growth was estimated by measuring  OD600 (U-2001 
spectrophotometer HITACHI Instruments Inc. Tokyo). 
Biomass was estimated by the ratio, 1  OD600 = 0.33 g of 
cell dry weight (CDW)/L, according to standard pro-
cedure [23]. Additionally, for the toxicity test a Multi-
skan  FC® microplate reader with incubator (Thermo 
Scientific) was used to analyze the growth of different 
mutant strains. For quantitative analysis of precursor 
and D-DIBOA, 1 mL samples were withdrawn from the 
cultures and filtered through 0.22 µm nylon filters (VWR 
International) before analysis in a reverse-phase high 
performance liquid chromatograph (HPLC) (LaChrom 
Elite VWR-Hitachi) equipped with Phenomenex Gemini 
C18 4.6 × 250 mm column (Torrance, CA, USA) by using 
the method described in Valle et al. [18].

Biotransformation yield (BY) was calculated from the 
concentration of D-DIBOA at the biotransformation 
time assayed and the initial (i) precursor concentration:

while specific productivity (SP) was defined as:

Normalization of D-DIBOA concentration and SP 
parameters (X) for each replicate (Rn) was calculated as 
follows:

Average and standard deviation were calculated using at 
least 3 replicates. Statgraphics Centurion software (Version 
XVII) was used to determine statistically significant differ-
ences between the group values by using t-Student’s test.

BY =

mol D − DIBOA

mol precursori
× 100

SP =

mol D − DIBOA

gCDW × h

XnormRn =

XmutRn − XwtRn

XwtRn
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Table 2 Primers used in this study for the PCR check and mutagenesis

ApR ,  KanRand  CmR indicate ampicillin, kanamycin and chloramphenicol resistance
a All mutant strains were checked by the kt-r reverse primer of internal kanamycin resistance cassette [22]

Name Description/Sequence (5´-3´) Sources

Primers

Kt-ra CGG CCA CAG TCG ATG AAT CC Datsenko and Wanner [22]

rcsA-f GTG ACC CAT GTT GTT CCG TTTAG This study

wzc-f CGC CAT ATC GAA CGC TTA TG This study

dgsA-f CCG TCA TCA CTC AGG AGG TG This study

glgA-f CCG GAA CTG GAT ATG TAC GATC This study

wzxE-f GCA GAA CGC GCA TAT GTT CTAC This study

flgA-f ATT GCG GAC AGG TAC AAT TCAC This study

flhA-f TGT ATC GAC ATG CGG AGA TTG This study

fliQ-f GTG ATA GCC AGC GTG TTG ATG This study

lrhA-f TGC ACG AGA GTG GAA CAA GG This study

ccmA-f CTG ACG ATG GCA CAG AAT GAG This study

citD-f CCA GGA GAT GCC GAT ATC CGC This study

grxA-f GCT TCC CTC TGC AAA GTG AGCC This study

lapA-f GCG AAC GTT AAC CAT TGC TATC This study

lapA-r AAC GGA ACA GGT TTC CGA GCG This study

kdsD-f CGT GAC TAC AGC GTG ATG TTG This study

lpcA-f AGC ACC TGC CCG TAC TTC TCGC This study

arnA-f CTG ACC TTC GGA CCA CAA TG This study

rfbX-f TGG TTC TGT CTG ATA TCG CTG This study

wbbI-f ACA GGT GGA GTC TCT ATG TCG This study

ybaY-f GGC AGA AAT GCG TGA TGT GTGC This study

cdsA-f GAT GTT CTC TGG CCC GAT TTC This study

clsA-f TCC GTT CTA CTC CGC TTC ATG This study

pgpA-f TCA CTG TGC CGG AAC TGA ACC This study

fadR-f GCA GGA GTG AGG CAA GTC TTG This study

pfk I-f TGG TTC AGG CAC ATA TGG TG This study

pfk II-f CAT AAC GAT GGC AGG AAC TGTC This study

sthA-f CCC ATC ACG ATG TCT GAA TCC This study

nuoA-f TAT CCT GGA GTC GTC AAG GATC This study

nuoB-f TCG CAT GGT CAA CCT CTA TCC This study

nuoE-f CAG AGT CTG CGC ATT CTT GAG This study

nuoF-f GCG TGG TCT GTC ATA TCA ACG This study

nuoG-f GTG CAG TGG AGC CGT TAC AG This study

nuoN-f GGC AGC TTC CAG GTT GTA CC This study

pgi-f CCT GTA GCC GAT GAT GAA CG This study

narG-f CCA CGC TGT TTC AGA GCG TTAC This study

H1P4-fliQ TGC TGG TCG GTT CGC TGG CGC AGA GCT TTT ACA GCT AGA GAG GCA AAA TGA TTC CGG GGA TCC GTC GACC This study

H2P1-fliQ GTT CGC TTG TCA CCT GCA ACA TAG TAC GGC TAC CCG ATG ATA TAC GGC AGT GTA GGC TGG AGC TGC TTCG This study

Plasmids

pBAD-NfsB pBAD vector with  AmpR harbouring the nitroreductase NfsB Valle [18]

pCP20 AmpR and  CmR plasmid; thermal induction of FLP synthesis Datsenko and Wanner [22]

pKD46 AmpR plasmid contains red system for homologous recombination Datsenko and Wanner [22]

pKD13 KanR plasmid; was used for generating the cassette with kanamycine resistance gene Datsenko and Wanner [22]

Constructed strain

lapAfliQ::kan KanR mutant This study
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Results and discussion
D-DIBOA biotransformation in defined M9 medium
One of the key elements in the industrial application of 
the microorganisms as microbial cell factories is the use 
of a culture medium that simplifies and facilitates the 
downstream processing and product purification. In 
a previous work, we described how the ∆nfsB/pBAD-
NfsB E. coli strain was able to produce D-DIBOA in 
LB medium [18]. This is a complex medium contain-
ing multiple nitrogen and carbon organic compounds 
included in the yeast extract and peptone that caused 
precursor degradation (Additional file 1) and could hin-
der forthcoming purification of the target product. In a 
recent study we demonstrated that the biotechnological 
production of chlorinated D-DIBOA derivatives using 
the ∆nfsB/pBAD-NfsB strain was feasible by using the 
minimum defined culture medium M9 [19]. For these 
reasons, in this work the biotransformation process 
by BW25113/pBAD-NfsB E. coli strain in M9 medium 
was evaluated and the results were compared to those 
obtained in LB medium (Fig.  2a). In these assays pre-
cursor concentration and BY were evaluated at 0, 4, 8, 
12, 16, 20 and 24 h. The results of this analysis showed 
that, although the BY in both media were similar (40% 
for LB and 38% for M9 at 20  h), the precursor con-
centrations were lower in LB than in M9 at all of the 
times assayed. This would indicate that the precursor 
is in fact more stable in M9 medium than in LB (0.48 
and 0.18 mM precursor concentrations at 24 h respec-
tively), although this E. coli strain is not capable of bio-
transforming the available precursor.

To further characterize precursor stability, abiotic tests 
with M9, LB and the different components of the LB 
medium (yeast extract, peptone and NaCl) were carried 

out (Additional file 1). These tests showed how a mixture 
of peptone and yeast extract strongly affects to precur-
sor stability. Peptone seems to be the main responsible 
for precursor degradation because precursor stability is 
similar in LB without yeast extract than in LB complete 
medium. This degradation may be caused by the interac-
tion with unidentified peptides contained in those pro-
tein extracts.

On the other hand, BY and D-DIBOA concentration 
drop in LB but not in M9 at 24 h (Fig. 2b), which indi-
cates that D-DIBOA is also more stable in M9 medium. 
For these reasons, M9 culture medium was used for fur-
ther optimization of the process.

Screening of E. coli single mutants for suitable genetic 
backgrounds to improve D-DIBOA production
The most important factor to improve D-DIBOA pro-
duction is to enhance the biotransformation yield of 
the biocatalyzed second step described in the Fig.  1b. 
In a previous work, we showed how the ∆nfsB/pBAD-
NfsB E. coli strain was able to biotransform precursor 
to D-DIBOA with 60% molar yield [18], which is lower 
than that of the chemical synthesis (70%). We reasoned 
that a genetic background in which the availability of the 
NADH and NADPH or other cofactors were higher or the 
transport of precursor and D-DIBOA through the mem-
brane were facilitated, could improve the activity of the 
NfsB enzyme. This strategy was previously used for other 
substrate of this enzyme [24]. For this purpose, a genetic 
screening for a more favourable mutant background 
for D-DIBOA production was carried out. This screen-
ing was based on a search for genes involved in anabolic 
pathways that use resources such as carbon, cofactors like 
NAD(P)H, ATP,  H+, electrons or energy consumption 

Fig. 2 Study of biotransformation in two culture media. a Kinetic of the precursor biotransformation to D-DIBOA by the BW25113/pBAD-NfsB strain 
in LB and M9 medium. BY (%) (solid lines) and the concentrations of precursor (dashed lines) are represented in biotransformation processes carried 
out in LB (full dot) and M9 (empty dot). b Abiotic test to evaluate degradability of precursor in LB and M9 media
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carried out in the EcoCyc database [25]. The results of 
this search were collected in superpathways included in 
two categories: “Biosynthesis of Macromolecules: Cellu-
lar Constituents” (Additional file  2) and superpathways 
involved in “Carbon and Energy Metabolism” (Additional 
file  3). Each of these categories was then subdivided in 
metabolic subclasses. For instance, the superpathways 
of the category “Biosynthesis of Macromolecules (cellu-
lar constituents)” (267 genes) included the synthesis of 
colanic acid, cytoplasmic polysaccharides, enterobacte-
rial common antigen or flagellum, lipopolysaccharide, 
etc. Seventy-nine of these genes were discarded because 
they are essential and knockout mutant strains are not 
viable. From the rest of the 188 genes, 22 single mutants 
were randomly selected from those related to functions 
involved in motility, cell wall synthesis or pathogenic-
ity, which theoretically would not impair the biotrans-
formation process but could improve the availability of 
resources for the synthesis of D-DIBOA. A second set 
of mutants was selected from superpathways involved in 
“Carbon and Energy Metabolism”. In this case the terms 
selected were “Carbon Utilization” (399 genes), “Central 
Intermediary Metabolism” (278 genes), “Energy Metab-
olism, Carbon” (203 genes) and “Energy Production/
Transport” (96 genes). These terms were also divided in 
subclasses, such as fatty acids, and carbon compounds 
(carbon utilization), sugar nucleotide biosynthesis con-
version (central intermediary), aerobic respiration or 
glycolysis (energy metabolism, carbon) and electron 
acceptors (energy production/transport), etc. The total 
number of genes in these categories was much higher 
(976), but the selection was more specific since only 
12 mutant strains were chosen on the base of NADH, 
NADPH or  H+ utilization: (1) fatty acids biosynthesis 
(fadR), an NADPH consuming process; (2) the NADH-
quinone oxido-reductase complex I of the electron 
transport chain (nuoABEFGN genes); (3) the pyridine 
transhydrogenase (sthA) that plays the role of reoxidation 
of NADPH (NADPH +NAD+ → NADH + NADP+); (4) 
carbon compounds and glycolysis genes (pfkA, pfkB and 
pgi) that are related to NADPH regeneration with glucose 
by the Pentose Phosphate Pathway (PPP) as described by 
Siedler et al. [26]. In this work, the authors demonstrate 
that the interruption of glycolysis by deletion of the genes 
encoding phosphofructokinase (PfkI, II) and/or phospho-
glucose isomerase (pgi) is adequate for NADH generation 
in whole-cell biotransformations. Finally (5), we have also 
selected the nitrate reductase narG mutant connected to 
the menaquinone/menaquinol transmembrane protein 
located in transport electron chain. This reaction could 
be connected indirectly to the NADH metabolism.

All of the selected mutant strains (Table  1), together 
with the wild type strain, used as control background, 

were transformed with the pBAD-NfsB inducible vector 
(Table  2). The mutant strains were then tested in bio-
transformation assays and D-DIBOA concentration and 
SP (Fig. 3a) were calculated and relativized respect to that 
obtained in the wild type strain at 22 h.

The screening strategy above described proved to be 
successful, since eight mutants in three of the tested 
metabolic categories showed values 25% higher for 
D-DIBOA concentration, SP or both parameters than 
those measured for the wild type strain. Remarkably, two 
of the mutant backgrounds from the category “Biosyn-
thesis of macromolecules” showed the highest D-DIBOA 
concentrations in the culture medium. Thus, the lapA 
(lipopolysaccharide assembly protein A) mutant pro-
duced the highest concentration (60% higher than that 
of the wild type strain) as well as the second better SP 
(68%). In the case of the mutant fliQ (flagellar biosynthe-
sis protein Q) the increments were 35% and 38% for BY 
and SP, respectively.

The third and fourth highest D-DIBOA producing 
strains were nuoG and fadR mutants, which are genes 
related to NADH (NuoG, a protein from the NADH-
consuming complex I of the electron transport chain) 
and NADPH oxidation (FadR, a DNA regulator of the 
NADPH-consuming fatty acid synthesis). Both mutant 
strains showed concentration and SP higher than 
20%. Several other strains showed high SP, but lower 
D-DIBOA concentrations (pfkI, pfkII and arnA mutants). 
This would indicate a favourable mutant background for 
NfsB function, although in these cases the combination of 
the mutation and NfsB overexpression seems to affect the 
bacterial growth. Consequently, the best D-DIBOA pro-
ducer strains, (lapA, fliQ, nuoG and fadR) were selected 
for further analysis and optimization of the process.

Kinetic of D-DIBOA production in the lapA, fliQ, nuoG 
and fadR mutant backgrounds
To further characterize the four best mutant back-
grounds (lapA, fliQ, nuoG and fadR), D-DIBOA 
concentration was analysed at 0, 4, 8, 18 and 22 h in bio-
transformation experiments carried out by these strains 
(Fig. 3b). The analysis showed that, although all of them 
produced higher D-DIBOA concentration at 22  h than 
the BW25113/pBAD-NfsB reference strain, only in the 
case of ∆lapA/pBAD-NfsB this value was enhanced at all 
the time points tested. This strain also gave the highest 
final D-DIBOA concentration among the single mutant 
backgrounds (1.50  mM) and the highest BY (68%), 
increasing 60% respect to the reference strain values 
(Additional file 4). The other three single mutant strains 
showed a final production around 32% higher than that 
of the reference strain. However, in the case of the ∆fliQ/
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pBAD-NfsB strain the D-DIBOA concentration at 8  h 
was increased 311% respect to the wild type reference 
strain and almost doubled the D-DIBOA concentration 
obtained in the ∆lapA/pBAD-NfsB strain. This feature of 
fliQ mutant background was considered interesting since 
the ∆nuoG and ∆fadR backgrounds showed a similar 
behaviour to those of the wild type strain at intermediate 
times (Fig. 3b).

The ∆lapA∆fliQ/pBAD-NfsB strain enhances D-DIBOA 
biotransformation yield up to 76%
One of the strategies commonly used to improve the 
yield of the biotransformation processes carried out by 
E. coli is to combine multiple mutations that individu-
ally enhance the production of the target product [27]. 
We hypothesized that, since the lapA and fliQ genes 
have unrelated functions with different kinetic behav-
iours in D-DIBOA production and both mutations did 
not affect cell growth, a double mutant of these genes 
could acquire the features of both single mutants, 

Fig. 3 Screening of E. coli single mutant strains and optimization of the genetic background for D-DIBOA production. a Screening of E. coli 
single mutant strains transformed with the vector pBAD-NfsB for improved D-DIBOA synthesis. Bar charts show relativized values of D-DIBOA 
concentration (mM) and SP (mmol D-DIBOA/gCDW x h) for single mutant strains respect to the wild type strain at 22 h. In no case the coefficient 
of variation were higher than 11%. In the left-hand column, the mutant strains assayed in this work are listed and in the right-hand column the 
metabolic pathways in which the mutated gene is involved are indicated. In order to facilitate the analysis of the screening, the mutant strains are 
listed in the same order as in Table 1. b Scatter plot of mean and SD (from at least 9 replicates) of D-DIBOA concentration in the reference, the single 
and double knockout strains. c BY and d SP for the single and double mutant strains under the screening conditions. Asterisks (*) show the pair of 
strains that have no statistically significant differences (p value > 0.05) for BY or SP. The parameters in b, c and d were evaluated at 0, 4, 8, 18 and 22 h 
time points
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showing an increased production at 8 h and adding up 
the production of both strains.

To this end, the ∆lapA∆fliQ double mutant was con-
structed as described in Material and Method section 
and was transformed with the pBAD-NfsB vector. This 
strain was assayed at the same conditions described 
above for the single mutants. The analysis of the data 
obtained in these experiments revealed that indeed, 
D-DIBOA concentration, BY and SP were significantly 
improved respect to those obtained with the lapA and 
fliQ single mutant strains (Fig.  3b, c, d respectively). 
Furthermore, the double mutant strain showed comple-
mentary features of both single mutants, since all these 
parameters were enhanced at 8 h, at the same level as the 
fliQ mutant background and they were improved at the 
rest of the time points analysed like in the lapA mutant. 
In fact, the BY at 22 h in this new strain (76%) improved 
the single lapA (68%) and enhanced 16% the BY of the 
best previously reported strain (60%) [18] (Fig.  3c). In 
terms of SP, the double mutant also showed favourable 
features of both single mutants: lapA SP showed a maxi-
mum of productivity at 4 h while in the fliQ mutant the 
maximum SP, although higher, was reached at 8 h. Inter-
estingly, in the case of the lapAfliQ double mutant the SP 
were virtually the same than in ∆lapA at 4 h and ∆fliQ at 
8 h (Fig. 3d). Therefore, this double mutant seems to add 
up the positive features of both single mutants, showing 
not only a better D-DIBOA rate production and a higher 
final concentration, BY and SP than the single mutants, 
but also than the mutant strains previously reported by 
Valle et al. [18].

There are two critical elements that affects to a whole 
cell biocatalysis: on the one hand, internal factors such 
as enzyme concentration and cofactors availability and, 
on the other hand, the uptake of the substrate into the 
cytoplasm. In this work, mutants related to the biosyn-
thesis of several macromolecule structures or related to 
theoretical increased NAD(P)H/NAD(P)+ ratio were 
screened. However, the two single mutants selected for 
their enhanced biotransformation capabilities were asso-
ciated to the bacterial cell wall. This improved biocata-
lytic ability of the ΔlapAΔfliQ/pBAD-NfsB strain may be 
because of a higher permeability to the precursor (sub-
strate of the reaction).

In this sense, the outer membrane (OM) of gram-neg-
ative bacteria, such as E. coli, acts as an effective per-
meability barrier against various toxic agents, including 
antibiotics. The diffusion of hydrophobic compounds 
through the enterobacterial OM is very restricted 
because of the lack of glycerophospholipid bilayers, the 
effective pathway for hydrophobic diffusion. The struc-
tural integrity of the OM is attributable to its unique 
lipopolysaccharide (LPS) constituent. Mutants that have 

a defective OM permeability barrier function are useful 
in various fields of basic and applied research and it has 
long been proposed that in biotechnology, bioconversion 
processes can greatly benefit from mutants that allow 
maximal diffusion of substrates [28]. This is probably 
the case of the lapA mutant. LapA (lipopolysaccharide 
assembly protein A) was previously described as a heat 
shock protein involved in the assembly of LPS in E. coli. 
Mass spectra of LPS from a ΔlapA mutant revealed accu-
mulation of a few incomplete LPS precursors, although 
this strain can grow in M9 medium [29]. To investigate 
the effect of the elimination of this protein on the cell 
surface and on the permeability to the precursor, two 
different sets of experiments were carried out (Fig.  4). 
Firstly, scanning electronic microscopy on the wild type 
and the lapA, fliQ and the double mutant strains were 
performed. The aim of these experiments was to find 
out whether the LPS of the outer membrane were visibly 
affected. Indeed, we found that the normal rough surface 
and cylindrical tube shape with hemispherical caps of the 
E. coli wild type strain were altered in both the lapA and 
the double lapA/fliQ mutants (Fig.  4a). These changes 
were more evident in the double mutant strain in which 
most of the cells showed smooth surface and blunt ends. 
This would indicate an altered and more permeable OM 
to toxic compounds like the precursor used in this work. 
To test this hypothesis, the mutants and wild type back-
ground strains (without NfsB overexpression) were cul-
tured with increased precursor concentrations and the 
bacterial growth was measured 6 h after precursor addi-
tion (Fig. 4b). Our results indicate that either the lapA or 
the double lapA/fliQ mutants showed lower cell growth 
even at the lowest precursor concentration assayed.

It is more difficult to explain the effect fliQ gene dele-
tion on the biocatalysis. This protein is a component of 
the flagellar export apparatus that pass flagellar compo-
nents from the cell membrane to the periplasm [30, 31]. 
It is worth to note that another mutant related to this 
export system, the mutant flhA also tested in the screen-
ing carried out in this work showed D-DIBOA concentra-
tion and SP 10% higher than those of the wild type strain. 
This advantageous phenotype was not observed in flgA, 
other component of the flagellum assembly not relate to 
the export machinery [32]. In this strain D-DIBOA con-
centration was similar to that of the wild type (Fig. 3a). 
There could therefore be a relation between this protein 
export system and a better ability of the NfsB enzyme to 
biotransform the precursor, although further research 
needs to be done to disclose this relation.

These results indicate that the strategy of screening of 
mutants for suitable genetic backgrounds in whole cell 
catalysis would be focused not only in cofactor require-
ments but also to LPS biosynthesis and transport to the 
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OM. This would lead to improve diffusion of substrates 
to the interior of the cells. In this work we demonstrate 
that the flagellar assembly genes are also a potential 
source of favourable genetic backgrounds for biotransfor-
mation processes.

The optimization of the culture conditions simplifies 
the process and increases the D-DIBOA biotransformation 
yield up to 90%
Since the engineered ∆lap∆fliQ/pBAD-NfsB strain 
proved to be suitable for D-DIBOA production, we 
optimized the culture conditions for this strain in 
order to improve yield and concentration and to reduce 
costs of the process by studying several operational 
variables. To this aim, the following parameters were 

Fig. 4 SEM micrographs of E. coli strains and tolerance test at 6 h in presence or absence of different concentrations of precursor. a SEM images 
for the wild type, the selected mutants and the double mutant strains overexpressing NfsB. b Growth tolerance test of the genetic backgrounds of 
these strains (without pBAD-NfsB) in presence of increasing concentrations of precursor
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studied at the same time points previously described 
and were optimized in the following hierarchical order:

Temperature
In previous works D-DIBOA biosynthesis was carried 
out at 30  °C to avoid precursor degradation, because its 
stability decreases with temperature in LB medium [18, 

33]. Nevertheless, since the optimized strain is very effi-
cient and the stability of precursor and D-DIBOA in the 
M9 culture medium was higher, we decided to study the 
synthesis of the target product at 37  °C and 40  °C. This 
analysis showed that the optimal temperature for the bio-
transformation was 37  °C, at which 90% BY at 18 h was 
obtained (Fig.  5a). In contrast, the BY obtained in cul-
tures grown at 30 and 40  °C were lower (80% BY) and 
did not show statistically significant differences between 
them.

Inoculum biomass
Once the temperature of the process was optimized, we 
evaluated the effect of different biomass concentrations 
at the time in which the precursor was added to the cul-
ture medium (considered as starting time of the biotrans-
formation) (Fig. 5b). We found that an increment in the 
OD, respect to that used in the screening  (OD600 = 0.6), 
to 0.7 caused a decrease in the BY during the first 12 h. 
Nevertheless, a decrease in the initial OD to 0.5 pro-
duced an increment in the D-DIBOA production at the 
same time; although no significant differences at 18 h and 
22 h were found. A further reduction in the OD to 0.4, 
showed lower BY than at 0.5 in the initial phase of the 
biotransformation and similar values at the end of the 
biotransformation assay. Therefore, an  OD600 = 0.5 at 0 h 
was considered the optimum, since the kinetic behaviour 
of the biotransformation was improved and less biomass 
was needed.

Thiamine requirement
The M9 culture medium used in the screening and the 
others experiments described above was supplemented 
with thiamine. This is the most expensive component of 
the medium and it would increase the cost of the bio-
logical production of D-DIBOA at a higher scale. For this 
reason, the biotransformation in M9 with or without thi-
amine supplementation was tested. Our results showed 
that there were no statistically significant differences in 
BY neither in presence nor absence of thiamine in the 
culture medium (Fig.  5c). The use of this modified M9 
medium would therefore reduce the costs and facilitate 
procedures for the scale up of the process.

Successive precursor loads enhance D-DIBOA 
concentration in the culture medium up to 5 mM 
and increases the biotransformation yield up to 100%
The industrial application of D-DIBOA biosynthesis 
requires not only maximum BY but also the highest pos-
sible concentration of the product in the culture medium. 
This could be achieved by increasing the initial amount 
of precursor added to the culture medium, however, 

Fig. 5 Optimization of three parameters for improving BY in 
the ∆lap∆fliQ/pBAD-NfsB strain. a Temperature. b Biomass at 
the time of addition of precursor to the culture medium  (OD600) 
(biotransformation time point 0 h) c Thiamine supplementation. (*) 
indicates no statistically significant differences between experimental 
conditions at the times indicated
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the toxicity of the precursor is a limiting factor to this 
approach [33]. Nevertheless, the precursor is transformed 
into D-DIBOA overtime and we reasoned that several 
precursor loads at different times should avoid toxic pre-
cursor concentrations while would increase D-DIBOA 
concentration. For this reason, precursor reload assays 

were carried out by adding the same amount (0.5  mg/
mL) at two time points selected on base of precursor 
concentration: when 50% (at 4 h) and 80% (at 8 h) of the 
initial precursor had been already consumed. There-
fore, three different sets of experiments were carried out 
feeding the system at 0 h and then at 4 h or at 8 h or at 

Fig. 6 Biotransformation experiments with successive precursor loads. The culture media was fed with precursor doses in different addition times. 
Loads at a 0 and 4 h; b 0 and 8 h; c 0, 4 and 8 h. On the left, the concentration of precursor and D-DIBOA. On the right, the BY and SP
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both times. The analysis of these experiments (Figs.  6 
and 7) shows how when the system was fed at 0 and 4 h 
(Fig. 6a), the production of D-DIBOA, was considerably 
higher than that of the batch system (3.27  mM versus 
1.98  mM), although led to a considerable decrease of 
the BY (74%). However, remarkably, when precursor was 
fed at 0 and 8 h (Fig. 6b), all the precursor added to the 
culture medium was transformed into D-DIBOA at 26 h 
(BY = 100%) and the concentration (4.44 mM) was 300% 
higher respect to the data previously reported by Valle 
et al. [18] and more than 220% higher than that of the sin-
gle fed assays described in this work. On the other hand, 
the experiment with three successive loads (Fig. 6c) pro-
duced the highest concentration of D-DIBOA described 
in a biotransformation synthesis so far (5.05  mM). This 
concentration is 379% respect to the highest concentra-
tion previously reported for the biological production of 
D-DIBOA (1.32 mM) [18]. Nevertheless, the biotransfor-
mation yields decreased to 76%. The growth curves for 
the three strategies have been included in the Additional 
file 5.

Therefore, a future scaling up of D-DIBOA bio-pro-
duction would be based on systems with 2 loads: at 0 h 
(2.22 mM) and when precursor concentration decreases 
to 80%. In order to obtain a higher concentration of the 
target product, the system with three loads could be 
applied, but in this case, the precursor that remains unre-
acted in the biotransformation should be recovered in the 
D-DIBOA downstream process. With the aim of summa-
rizing the improvements achieved in this work, the yields 

and concentrations obtained in all the optimization steps 
are shown in Fig. 7.

Conclusions
In this work, we have engineered by genetic modifica-
tion a novel E. coli strain that is capable of producing 
D-DIBOA with 100% yield from the chemical precursor. 
The use of a defined medium with only an organic mol-
ecule (glucose) in its composition will facilitate the prod-
uct purification processes. An approach using successive 
precursor loads at lab scale has also increased the final 
D-DIBOA concentration in the culture medium around 
300% respect to the biotransformation system previously 
reported. All of these improvements make the whole sys-
tem feasible for the scaling up of the process.

Additional files

Additional file 1. Analysis of precursor stability in different solutions and 
culture media. Precursor stability was measured by HPLC after 24 h of 
incubation in the same conditions for the biocatalysis described in the 
material and method section. Precursor concentration was measured in 
solutions containing peptone and yeast extract (Pept+YE), LB medium 
(LB), peptone and sodium chloride (Pept+NaCl) and M9 minimal medium 
supplemented with glucose (MM+Gluc).

Additional file 2. List of superpathways and genes related to biosynthesis 
of macromolecules: Cellular constituents (257 genes).

Additional file 3. List of the selected superpathways and genes involved 
in carbon and energy metabolism.

Additional file 4. Biotransformation yields in the biocatalysis carried out 
by ∆lapA, ∆fliQ, ∆nuoG and ∆fadR single mutant strains, ∆lapA∆fliQ double 
mutant strain and wild type strain at 4, 8, 18 and 24 h of experiment after 
precursor addition.

Additional file 5. Growth curves for: (a) Biotransformations with the 
ΔlapA, ΔfliQ and ΔlapAΔfliQ strains described in Fig. 3c and d. (b) Biotrans-
formation with the ΔlapAΔfliQ double mutant in the multiple loads of 
precursor experiments described in Fig. 6.
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