
Regular Article

Genetic programming of catalytic Pseudomonas putida biofilms
for boosting biodegradation of haloalkanes

Ilaria Benedetti, Víctor de Lorenzo n, Pablo I. Nikel
Systems and Synthetic Biology Program, Centro Nacional de Biotecnología (CNB-CSIC), Madrid 28049, Spain

a r t i c l e i n f o

Article history:
Received 2 September 2015
Received in revised form
2 October 2015
Accepted 19 November 2015
Available online 24 November 2015

Keywords:
Pseudomonas putida
Catalytic biofilm
Dehalogenase
Metabolic engineering
Biocatalysis
Synthetic morphology

a b s t r a c t

Bacterial biofilms outperform planktonic counterparts in whole-cell biocatalysis. The transition between
planktonic and biofilm lifestyles of the platform strain Pseudomonas putida KT2440 is ruled by a reg-
ulatory network controlling the levels of the trigger signal cyclic di-GMP (c-di-GMP). This circumstance
was exploited for designing a genetic device that over-runs the synthesis or degradation of c-di-GMP –

thus making P. putida to form biofilms at user's will. For this purpose, the transcription of either yedQ
(diguanylate cyclase) or yhjH (c-di-GMP phoshodiesterase) from Escherichia coli was artificially placed
under the tight control of a cyclohexanone-responsive expression system. The resulting strain was
subsequently endowed with a synthetic operon and tested for 1-chlorobutane biodegradation. Upon
addition of cyclohexanone to the culture medium, the thereby designed P. putida cells formed biofilms
displaying high dehalogenase activity. These results show that the morphologies and physical forms of
whole-cell biocatalysts can be genetically programmed while purposely designing their biochemical
activity.

& 2015 International Metabolic Engineering Society. Published by Elsevier Inc. All rights reserved.

1. Introduction

Pseudomonas putida is an environmental, Gram-negative bac-
terium that ubiquitously colonizes soil and metabolizes a broad
range of natural and synthetic organic compounds (Martins dos
Santos et al., 2004; Nelson et al., 2002; Nikel, 2012; Nikel et al.,
2014a, (2015a); Timmis, 2002). Because of their remarkable ability
to degrade pollutants, P. putida strains are being extensively stu-
died for a number of industrial and environmental uses (Martínez-
García et al., 2014a, 2014b, 2014c, 2014d; Poblete-Castro et al.,
2012). In particular, strain KT2440, a derivative of the toluene-
degrading wild-type P. putida strain mt-2 (Bagdasarian et al.,
1981), exhibits unusual (and attractive) traits such as growth on a
broad range of recalcitrant compounds, tolerance to solvents,
antibiotics, and heavy metals, and shows high reducing power
availability. These qualities make P. putida a platform of choice for
engineering harsh redox reactions on organic substrates (Nikel,
2012). A large variety of genetic tools have been developed over
the years to analyze, clone, and manipulate the genes (and even
the whole genome) of this bacterium for a suite of environmental
and industrial applications (Martínez-García and de Lorenzo,
2012; Martínez-García et al., 2015; Nikel and de Lorenzo, 2013a,

2013b). Still, any catalytic activity engineered in a given bacterial
host has to be delivered to the cognate substrate in a specific
physical format that often determines the whole effectiveness of
the process. Planktonic cells are usually very sensitive to the
stressful conditions prevalent in a stirred tank bioreactor (Del-
vigne and Goffin, 2013), or other catalytic scenarios where cells are
dispersed in a much larger volume of an aqueous medium. In
contrast, biofilms of catalytic bacteria are advantageous over sus-
pended cells not only in that physical proximity limits the
unwanted diffusion of intermediates (Rosche et al., 2009), but also
in that they exhibit a superior tolerance to physicochemical insults
and harsh reaction conditions (D'Alvise et al., 2010; Karande et al.,
in press). Moreover, bacteria within a biofilm are known to display
lower cell-to-cell variability than their planktonic counterparts
and endure different types of stresses (Ackermann, 2013; Nikel et
al., 2014b). Finally, cells adhered to hard surfaces, e.g., on porous
solid carriers such as Raschig rings, allow for the operation of
catalysts in packed column reactors (Halan et al., 2012; 2014).

Alas, most Laboratory-adapted P. putida strains produce thin
and somewhat weak biofilms (Gjermansen et al., 2005, 2010). It is
often the case that recurrent re-isolation of the same strain from
liquid media inadvertently results in the enrichment of mutants
that stick less to surfaces. Furthermore, the occurrence of biofilms
is subject to a complex regulatory network that rotates around
controlling intracellular levels of the secondary messenger cyclic
diguanosine monophosphate (c-di-GMP). This small molecule
governs the transition from planktonic to biofilm lifestyle (and

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/ymben

Metabolic Engineering

http://dx.doi.org/10.1016/j.ymben.2015.11.004
1096-7176/& 2015 International Metabolic Engineering Society. Published by Elsevier Inc. All rights reserved.

n Corresponding author at: Systems and Synthetic Biology Program, Centro
Nacional de Biotecnología (CNB-CSIC), Darwin 3, Campus de Cantoblanco Madrid
28049, Spain. Tel: +34 91 585 4536, Fax: þ34 91 585 4506.

E-mail address: vdlorenzo@cnb.csic.es (V. de Lorenzo).

Metabolic Engineering 33 (2016) 109–118

www.sciencedirect.com/science/journal/10967176
www.elsevier.com/locate/ymben
http://dx.doi.org/10.1016/j.ymben.2015.11.004
http://dx.doi.org/10.1016/j.ymben.2015.11.004
http://dx.doi.org/10.1016/j.ymben.2015.11.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymben.2015.11.004&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymben.2015.11.004&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymben.2015.11.004&domain=pdf
mailto:vdlorenzo@cnb.csic.es
http://dx.doi.org/10.1016/j.ymben.2015.11.004


back) in a wide range of bacteria (Römling et al., 2013; Schirmer
and Jenal, 2009), including P. putida and other Pseudomonads
(Österberg et al., 2013; Tolker-Nielsen et al., 2000; Ueda and
Saneoka, 2014). This situation happens by regulating cell adhe-
siveness through inhibition of flagellar movement and production
of sticky exopolymeric substances (EPS) (Fazli et al., 2014; Flem-
ming and Wingender, 2010). More than 40 proteins encoded in the
P. putida genome contain GGDEF domains (diguanylate cyclase
needed for c-di-GMP formation) or EAL domains (c-di-GMP
phosphodiesterase) (Ausmees et al., 2001; Gjermansen et al.,
2006; Simm et al., 2004), making biofilm formation an archetypal
polygenic phenotype. When the merged cyclase activity is high, c-
di-GMP increases, matrix material and EPS are produced and
biofilm is formed (Hengge, 2009; Liang, 2015). In contrast, ele-
vated phosphodiesterase activity leads to dispersal of the surface-
stuck bacteria. This regulatory complexity results on very limited
options for artificially controlling biofilm development (Caly et al.,
2015; Schuster and Markx, 2014), as it would be desirable for
engineering predictable catalysts and their formulation for
industrial bioprocesses.

In this work, we have engineered two genes from Escherichia coli,
encoding active GGDEF and EAL domains, to be transcribed in P.
putida under the control of a cyclohexanone-inducible, tightly-
regulated expression system purposely designed to suit this objec-
tive (Benedetti et al., 2015). We show below that the resulting con-
struct altogether took over the endogenous regulatory network of c-
di-GMP and allowed for controlled biofilm formation according to
specific catalytic needs, e.g., for biodegradation of the environmental
pollutant 1-chlorobutane. Specifically, we demonstrate that dehalo-
genation of the haloalkane increased by 42-fold by delivering the
biochemical activity from the thereby induced biofilm as compared to
the same setup with planktonic cells. These results accredit not only
that the catalytic efficiency of a whole-cell biotransformation can
change dramatically with its planktonic versus biofilm lifestyle, but
also that the physical form and the morphology of the active biomass

can be genetically programmed by implanting synthetic devices on
endogenous regulatory networks.

2. Materials and methods

2.1. Bacterial strains and culture conditions

Bacterial strains used in this study are listed in Table 1. E. coli
HB101, carrying plasmid pRK600, was used as a helper for tripar-
ental mating, and it was routinely grown in LB medium (Green and
Sambrook, 2012). P. putida was incubated at 30 °C in M9 minimal
medium (Green and Sambrook, 2012) added with MgSO4 at 2 mM
and either glucose or succinate at 0.4% (w/v) as the sole carbon
source. Kanamycin (Km, 50 μg ml"1), streptomycin (Sm,
80 μg ml"1), cloramphenicol (Cm, 30 μg ml"1), gentamicin (Gm,
10 μg ml"1), and/or tetracycline (Tc, 15 μg ml"1) were supple-
mented to the culture media when required. For haloalkane
dehalogenase assays, cells were grown in low-chloride M9 mini-
mal medium (M9C medium), containing (NH4)2SO4 instead of
NH4Cl and Na2SO4 instead of NaCl (Nikel and de Lorenzo, 2013a).
Growth was estimated by measuring the optical density at 600 nm
(OD600) after diluting the culture whenever needed. Flask cultures
were set in 125-ml Erlenmeyer flasks containing culture medium
up to one-fifth of their nominal volume. Static cultures were
incubated with no shaking, and shaken-flask cultures were agi-
tated at 170 rpm. Unless stated otherwise in the text, cyclohex-
anone and isopropyl-β-D-1-thiogalactopyranoside (IPTG) were
added to the cultures to induce the ChnR- and LacIQ-based
expression systems, respectively, at 1 mM.

2.2. Assessment of colony morphology in Congo Red medium plates

The colony morphology of selected P. putida recombinant
strains was assessed in Congo Red plates, i.e., M9 minimal medium

Table 1
Bacterial strains and plasmids used in this study.

Bacterial strain Relevant characteristicsa Reference

Escherichia coli
HB101 Helper strain; F– λ– hsdS20(rB– mB–) recA13 leuB6(Am) araC14 Δ(gpt-proA)62 lacY1 galK2(Oc) xyl-5 mtl-1 thiE1

rpsL20(SmR) glnX44(AS)
Boyer and Roulland-Dussoix
(1969)

Pseudomonas putida
KT2440 Wild-type strain derived from P. putida mt-2, cured of the pWW0 TOL plasmid Bagdasarian et al. (1981)
KT2440 Δall-Φ P. putida KT2440 derivative with prophage 1, prophage 4, prophage 3, and prophage 2 deleted Martínez-García et al. (2014c)
KT2440 Δall-Φ GFP P. putida KT2440 Δall-Φ derivative constitutively expressing gfp2 as a chromosomal Tn7 insertion (PA1/04/03-

gfp2), GmR
Martínez-García et al. (2014c)

KT-BG P. putida KT2440 derivative carrying a BCD2-msf#GFP transcriptional fusion as a chromosomal Tn7 insertion,
GmR

Zoebel et al. (in press)

KT-BG-PelA P. putida KT-BG derivative carrying a PpelA-BDC2-msf#GFP transcriptional fusion as a chromosomal Tn7 insertion
(cyclic diguanosine monophosphate reporter strain), GmR

This study

Plasmids
pRK600 CmR; oriV(ColE1), traþ mobþ functions from plasmid RK2 Keen et al. (1988)
pSEVA2311 KmR; oriV(pBBR1), chnR, PchnB Benedetti et al. (2015)
pSEVA2311M KmR; oriV(pBBR1), chnR, PchnB - msf#GFP Benedetti et al. (2015)
pSEVA424 SmR; oriV(RK2), lacIQ, Ptrc Silva-Rocha et al. (2013)
pYedQ TcR; vector pRK404 (Scott et al., 2003) carrying yedQ from E. coli Ausmees et al. (2001)
pYhjH TcR; vector pBBR1-MCS3 (Kovach et al., 1995) carrying yhjH from E. coli Gjermansen et al. (2006)
pSYedQ KmR; oriV(pBBR1), chnR, PchnB-yedQ This study
pSYhjH KmR; oriV(pBBR1), chnR, PchnB-yhjH This study
pSLacH KmR; oriV(pBBR1), lacIQ, Ptrc-yhjH This study
pBG KmR GmR; oriV(R6K), carries the Tn7 ends Tn7L and Tn7R and a BCD2-msf#GFP fusion Zoebel et al. (in press)
pBG-PelA KmR GmR; pBG carrying the PpelA promoter as a PpelA-BDC2-msf#GFP transcriptional fusion This study
pSEVA4413 SmR; oriV(ColE1), PEM7 promoter This study
pAHDO SmR; oriV(RK2), xylS, Pm-AHDO Nikel and de Lorenzo (2013a)
pSAHDO SmR; oriV(ColE1), PEM7-AHDO This study

a Abbreviations used in this table are as follows: Cm, chloramphenicol; Km, kanamycin; Gm, gentamycin; Rif, rifampicin; Sm, streptomycin; Tc, tetracycline; gfp2, gene
encoding an enhanced green fluorescent protein; msf#GFP, gene encoding the monomeric and superfolder green fluorescent protein (msf#GFP); BCD2, optimized trans-
lational coupler; AHDO, alkyl halide degradation operon.
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containing 0.4% (w/v) glucose, 1% (w/v) agar, 40 μg ml"1 Congo
Red, and 20 μg ml"1 Coomassie brilliant blue G-250. For this assay,
P. putida cells carrying the plasmids described in the text were
grown for 18 h in M9 minimal medium containing 0.4% (w/v)
glucose and supplemented with Km. These overnight cultures
were washed by centrifugation and resuspension, and finally
diluted to an OD600 of 0.05 in fresh M9 minimal medium (without
any carbon source) and an aliquot of each bacterial suspension
(5 μl) was spotted onto a fresh Congo Red plate. Cyclohexanone
was provided as the inducer in the form of saturating vapors by
placing a cyclohexanone-filled tip on the lid of the Petri dish.
Bacterial strains were allowed to grow for 5 days at 30 °C until
visible formation of aggregated colonies was evident by visual
inspection of the Petri dishes (Ruiz et al., 2006). Pictures of indi-
vidual colonies were acquired at 25$ and 500$ magnification by
using a Leica DMRTM wide field microscope (Leica Microsystems
GmbH, Wetzlar, Germany) with differential interference contrast
optics, equipped with the Leica TwainTM software (Leica Micro-
systems GmbH) as described elsewhere (Nikel et al., 2015b).
Images were processed with the ImageJ 1.46r software (http://
imagej.nih.gov/ij/index.html).

2.3. DNA techniques and plasmid construction

All the plasmids used in this study are listed in Table 1. DNA
amplification by PCR, digestion with restriction enzymes, ligation,
and other standard cloning procedures followed well established
protocols (Green and Sambrook, 2012) and specific instructions
from the manufacturers. All plasmid constructs were confirmed by
Sanger DNA sequencing (Secugen SL, Madrid, Spain).

2.3.1. Construction of plasmids for the regulated expression of genes
encoding a diguanylate cyclase and a phoshodiesterase from E. coli

Expression plasmids for the tightly-regulated expression of
genes influencing biofilm formation were constructed as follows.
The gene encoding the YedQ cyclase was amplified by PCR from
plasmid pYedQ using yedQ-F [50-AAA CCT AGG TTA GGA GGA AAA
ACA CGT GCA GCA CGA GAC AAA AAT G-30, recognition site for
AvrII underlined, synthetic Shine-Dalgarno (SD) sequence in ita-
lics] and yedQ-R (50-AAA GAA TTC TTA AGC GTT ATC GCT CGC-30,
recognition site for EcoRI underlined), and cloned into pSEVA2311
as an AvrII/EcoRI fragment, yielding plasmid pSYedQ (Table 1). The
gene encoding the YhjH phosphodiesterase was amplified by PCR
from plasmid pYhjH using yhjH-F (50-AAA GAG CTC TTA GGA GGA
AAA ACA TAT GAT AAG GCA GGT TAT CC-30, recognition site for
SacI underlined, synthetic SD sequence in italics) and yhjH-R (50-
AAA GGA TCC TTA TAG CGC CAG AAC CG-30, recognition site for
BamHI underlined), and cloned into pSEVA2311 and pSEVA424 as
a SacI/BamHI fragment, yielding plasmids pSYhjH and pSLacH,
respectively (Table 1).

2.3.2. Construction of a synthetic operon for the degradation of alkyl
halides

The synthetic operon AHDO (Alkyl Halide Degradation Operon)
spans the genes encoding the DhaA and CaaD1/2 haloalkane
dehalogenases from Pseudomonas pavonaceae strain 170 (Nikel et
al., 2013b; Poelarends et al., 1998). The constitutive expression of
dhaA, caaD1, and caaD2 was attained by transferring a KpnI/HindIII
DNA fragment from the expression plasmid pAHDO (Table 1) into
pSEVA4413, which carries the constitutive, synthetic PEM7 pro-
moter, yielding plasmid pSAHDO. In pSAHDO, the expression of
dhaA, caaD1, and caaD2 is under transcriptional control of the PEM7

promoter to ensure appropriately high levels of dehalogenase
activity in the recombinants.

2.3.3. Construction of a reporter P. putida strain for in vivo assess-
ment of cyclic diguanosine monophosphate

P. putida KT-BG-PelA (Table 1), a strain used as a whole-cell
biosensor to analyze the intracellular content of c-di-GMP, was
constructed as follows. The PpelA promoter of Pseudomonas aeru-
ginosa PAO1, known to respond to the intracellular c-di-GMP
concentration (Baraquet et al., 2012), was cloned as an AvrII/PacI
amplicon into the mini-Tn7 vector pBG, thereby obtaining plasmid
pBG-PelA. The synthetic Tn7 transposon in this plasmid, bearing
the PpelA-BCD2-msf#GFP transcriptional fusion, was mobilized by
tetraparental mating (Zoebel et al., in press) into the chromosome
of wild-type P. putida KT2440, achieving P. putida KT-BG-PelA. To
qualitatively estimate the intracellular concentration of c-di-GMP
through the PpelA promoter activity, plasmids pSEVA2311, pSYedQ,
and pSYhjH were moved to P. putida KT-BG-PelA by triparental
mating (Herrero et al., 1990). Recombinants were statically incu-
bated overnight at 30 °C in M9 minimal medium supplemented
with Km, glucose at 0.4% (w/v), and cyclohexanone at 1 mM. The
msf#GFP signal was detected in the flasks by placing them on top
of a Safe ImagerTM 2.0 Blue Light Transilluminator (Thermo Fischer
Scientific Inc., Waltham, MA, USA). Pictures were acquired under
bright field or fluorescence with a Nikon D60 camera (Nikon Inc.,
Melville, NY, USA).

2.4. Single-cell analysis by flow cytometry

A MACSQuantTM VYB cytometer (Miltenyi Biotec, Bergisch
Gladbach, Germany) was used for msf#GFP analysis and quantifi-
cation as indicated elsewhere (Martínez-García et al., 2014a). An
Ar laser, diode-pumped solid state, was used to excite msf#GFP at
488 nm and the fluorescence signal was recovered with a
525740 nm band-pass filter. To quantitatively estimate the
intracellular concentration of c-di-GMP through the PpelA promoter
activity, plasmids pSEVA2311, pSYedQ, and pSYhjH were moved to
P. putida KT-BG-PelA by triparental mating. Recombinants were
statically incubated overnight at 30 °C in M9 minimal medium
supplemented with Km, glucose at 0.4% (w/v), and cyclohexanone
at 1 mM. An aliquot of these overnight cultures (1 ml) was washed
three times with filtered 1$ phosphate buffered saline (1$ PBS;
8 g l"1 NaCl, 0.2 g l"1 KCl, 1.4 g l"1 Na2HPO4, and 0.2 g l"1

KH2PO4, pH 7.4), re-suspended with 1$ PBS and analyzed by flow
cytometry. The flow cytometry analysis was executed on at least
20,000 cells from each sample and the corresponding data was
processed using FlowJo v. 9.6.2 software (FlowJo LLC, Ashland,
OR, USA).

2.5. Biofilm assays and fluorescence microscopy

Biofilm formation was quantified by means of the crystal violet
assay (Nikel et al., 2013a; O'Toole and Kolter, 1998). Cells were
grown in 96-well microtiter plates (Nunclon™Δ Surface; Nunc A/
S, Roskilde, Denmark) in M9 minimal medium supplemented with
the appropriate carbon sources and antibiotics, and with different
inducer concentrations, and allowed to grow for 24 h at 30 °C
without shaking. The culture broth was removed from the plates,
and the OD600 was then measured in a 200-μl aliquot of the cell
suspension in a SpectraMax Plus384 Microplate Reader (Molecular
Devices, Sunnyvale, CA, USA). After washing wells three times with
H2O, 200 μl of a 0.1% (w/v) crystal violet solution was added to the
plates, which were then incubated 30 min at room temperature.
After discarding the solution, the remaining crystal violet asso-
ciated with biofilms was dissolved by addition of 150 μl of a 33%
(v/v) acetic acid solution. The plates were agitated gently for 1 h.
Crystal violet density was acquired in a SpectraMax Plus384

Microplate Reader at 590 nm, and these values were normalized to
the OD600 of each culture to obtain biofilm indexes. In another set
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of experiments, a glass coverslip (22 mm$22 mm; Menzel-Gläser
GmbH, Braunschweig, Germany) was placed in a tilted position in
a six-well plate (Thermo Fisher Scientific Inc., Pittsburgh, PA, USA)
containing 5 ml of M9 minimal medium supplemented with glu-
cose, the appropriate antibiotics, and cyclohexanone. Wells were
inoculated with cells pre-grown in the same medium (in shaken-
flask cultures) at an initial OD600 of 0.05. After incubating the
plates at 30 °C without shaking during 24 h, coverslips were
recovered and washed three times with H2O. Each coverslip was
assembled with a slide including ProlongTM (Life Technologies
Corp., Grand Island, NY, USA) to suppress photobleaching, and
sealed using clear nail polish. Coverslips were then washed with a
10% (w/v) sodium dodecyl sulfate solution to obtain a one-
dimensional image of the biofilm surface. Microscopy was per-
formed using an Olympus BX61 microscope equipped with a
100$ phase contrast objective and a DP70 camera (Olympus
Corp., Tokyo, Japan). GFP signals were measured using wide-field
excitation with a MNIBA2 fluorescence mirror unit.

2.6. Haloalkane dehalogenase assay

P. putida recombinants were cultured in 96-well microtiter
plates in M9C medium containing either 0.4% (w/v) glucose or
succinate, 5 mM 1-chlorobutane, and the appropriate inducer and
antibiotics for 48 h at 30 °C without shaking. Halide liberation was
monitored colorimetrically by the method of Bergmann and Sanik
(1957), with the modifications described by Nikel and de Lorenzo
(2013a). This assay method depends on displacement of the
thiocyanate ion from Hg(SCN)2 by inorganic chloride. Halide pro-
duction (in the 0–1 mM range) was determined spectro-
photometrically at 460 nm. In order to normalize the haloalkane
dehalogenase activity, the raw activity was normalized to the total
protein in each well as follows. Dehalogenase activity was deter-
mined as indicated by Nikel and de Lorenzo (2013a) in a 200-μl
aliquot of the culture broth and in the attached cells (i.e., biofilm)
after removing all the liquid in the well. In parallel, the total
protein concentration was determined in each fraction (i.e.,
planktonic and attached cells) as per the Bradford assay (Bradford,
1976) using a kit purchased from Bio-Rad Corp. (Hercules, CA,
USA), after complete bacterial cell lysis using the BugBusterTM

protein extraction reagent (NovagenTM; Merck Millipore Corp.,
Billerica, MA, USA).

2.7. Chemicals and reagents

Unless stated otherwise, all chemicals and inducers were pur-
chased from Sigma-Aldrich Co. (St. Louis, MO), while flow cyto-
metry materials (buffers and calibration beads) were purchased
from Miltenyi Biotec GmbH.

3. Results and discussion

3.1. Use of a cyclohexanone-responsive expression system to
manipulate biofilm formation and dispersal in P. putida KT2440

Although P. putida KT2440 is a versatile host for engineering a
variety of biotransformations, this strain is a poor and somewhat
unpredictable biofilm former, a situation that can constitute a
disadvantage for biotechnological applications (see Section 1). The
work reported in this study aims at controlling the attachment of
P. putida cells to solid surfaces for the sake of improving its cata-
lytic abilities and easing its handling in consolidated bioprocesses.
To this end, we developed and implanted a genetic plug-in device
that takes over the native transcriptional and metabolic sub-
networks of P. putida determining the synthesis and degradation

of c-di-GMP. In this way, the intracellular levels of this second
messenger (and therefore, the ability of the bacterium to form
biofilms) become subjected to the deliberate addition of an exo-
genous signal (e.g., a chemical inducer). The vector of choice for
this purpose was plasmid pSEVA2311, described by Benedetti et al.
(2015), in which the cyclohexanone-responsive ChnR regulator
and the PchnB promoter from the Gram-negative bacterium Acine-
tobacter johnsonii have been standardized according to the SEVA
(Standard European Vector Architecture) rules (Martínez-García et
al., 2014b; Silva-Rocha et al., 2013). The output of the ChnR/PchnB
expression system has been parameterized in E. coli using a
fluorescent reporter (Benedetti et al., 2015).

In order to improve the biofilm formation ability of P. putida,
we decided to rewire the expression of a diguanylate cyclase gene
by cloning yedQ from E. coli into pSEVA2311, and the resulting
plasmid was termed pSYedQ (Table 1). In parallel, the same
expression system was used to drive the expression of the phos-
phodiesterase YhjH, encoded by yhjH from E. coli, which was
cloned in pSEVA2311 to yield a construct termed pSYhjH (Table 1).
These two enzymes control the turnover of c-di-GMP in a fashion
that would allow the user to modify the levels of this secondary
messenger at will. In particular, YedQ, which contains a GGDEF
domain, drives the formation of c-di-GMP from GTP; while YhjH,
which contains an EAL domain, catalyzes the breakdown of c-di-
GMP into 50-phosphoguanylyl-(30-50)-guanosine (pGpG) and,
ultimately, GMP (Fig. 1A). We transferred the plasmids
(pSEVA2311, used as a control, pSYedQ, and pSYhjH) into P. putida
KT2440 by triparental mating and confirmed their presence by
antibiotic selection and digestion of plasmid DNAwith appropriate
restriction enzymes. In a first attempt to evaluate the functionality
of YedQ, we grew P. putida KT2440/pSYedQ in M9 minimal med-
ium containing glucose, and after 24 h of static incubation of the
flasks, the attached cells were stained with crystal violet to qua-
litatively visualize biofilm formation (Fig. 1B). This simple test
showed that the amount of biofilm formed by the recombinant
carrying YedQ was more abundant that that formed by the control
strain (i.e., P. putida KT2440/pSEVA2311), and that biofilm forma-
tion was even more evident in the culture incubated in the pre-
sence of cyclohexanone.

To quantitatively assess the function of the new plasmid con-
structs, we determined biofilm formation in the different strains at
stake under glycolytic or gluconeogenic growth conditions. P.
putida cells carrying either plasmid pSYedQ or vector pSEVA2311
were statically grown in glucose- or succinate-containing M9
minimal medium for 24 h in multi-well plates. Cells were either
grown with no inducer or exposed to varying concentrations of
cyclohexanone. Biofilm formation was quantified using the crystal
violet assay. The results indicate that P. putida KT2440 bearing
pSYedQ formed more biofilm than the control strain carrying the
empty vector under all the conditions tested (Fig. 1C and D), and
that the level of biofilm production was proportional to the con-
centration of the inducer. The formation of biofilm was slightly
higher in succinate cultures than in the cultures amended with
glucose. At the highest concentration of cyclohexanone used in
these experiments (i.e., 5 mM), the biofilm index in glucose and
succinate cultures for P. putida KT2440/pSYedQ was 1.8- and 2.1-
fold higher than in uninduced cultures. Remarkably, the control P.
putida strain carrying the empty pSEVA2311 vector formed the
same amount of biofilm as did the uninduced recombinant
expressing yedQ, which is a further indication of the low level of
leaky expression of the ChnR/PchnB expression system.

Expectedly, when biofilm formation was measured in cultures
of P. putida KT2440 bearing pSYhjH (i.e., expressing the phos-
phodiesterase domain), the opposite effect was observed as that
caused by YedQ: as the inducer concentration increased (which
corresponds to increasingly higher phosphodiesterase activities),
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the recombinants produced less biofilm (Fig. 1E and F). As indi-
cated before, all the strains under examination had a higher
biofilm-forming capability in the presence of succinate as the
carbon source. The overexpression of yhjH in P. putida KT2440 at
the highest concentration of cyclohexanone determined a
decrease of 64% and 53% in the cell attachment in glucose and
succinate cultures, respectively, as compared to uninduced control
conditions. The effect of overproducing YhjH on biofilm dispersal
seemed less prominent than that of YedQ in inducing cell attach-
ment. One of the possible reasons for this observation is the
known inhibition of some phosphodiesterase enzymes by product
accumulation, particularly pGpG (Lacey et al., 2010). Finally, and to
further evaluate the tightness of the ChnR/PchnB expression system
under these working conditions, we introduced an additional
control in this set of experiments in which transcription of the
yhjH phosphodiesterase was controlled by the commonly used
LacIQ/Ptrc expression system (i.e., plasmid pSYLacH, see Table 1).
Side-by-side comparison of these two expression systems evi-
denced a lower basal expression of ChnR/PchnB as compared to that
brought about by LacIQ/Ptrc, particularly in succinate cultures
(Fig. 1E). In this case, biofilm formation by P. putida KT2440/pSY-
LacH decreased by 28% in the absence of IPTG. Besides the known

leakiness of the LacIQ/Ptrc expression system, mounting experi-
mental evidence point to a toxic effect of IPTG when this chemical
is used as an inducer. Interestingly, we did not observe any com-
promise of the bacterial growth even when cyclohexanone was
added at 5 mM as the inducer of the ChnR/PchnB expression system
(data not shown). Since all these experiments pointed to an enhanced
biofilm formation profile when cells overproduce diguanylate cyclase,
we next explored the micro- and macroscopic properties of P. putida
cells overexpressing yedQ as explained in Section 3.2.

3.2. Microscopy analysis of biofilm formation and colony morphol-
ogy in recombinant P. putida KT2440 overexpressing yedQ

To analyze biofilm structure by microscopy, we first introduced
either plasmid pSYedQ or the control vector pSEVA2311 into P.
putida KT2440 Δall-Φ GFP by triparental mating. This strain is a
derivative of prophage-less P. putida KT2440 Δall-Φ, a robust and
more viable bacterial chassis for several metabolic manipulations
(Martínez-García et al., 2014c), which constitutively expresses gfp2
from a chromosomal insertion – and consequently it can be easily
visualized in fluorescence microscopy experiments. In terms of its
intrinsic capability of biofilm formation, no major differences have
been detected as compared with the parental KT2440 strain
(Martínez-García et al., 2014c). Since P. putida KT2440 Δall-Φ GFP
grows very well under glycolytic conditions, we adopted an assay
in which glass coverslips were placed in M9 minimal medium
supplemented with glucose and cyclohexanone at 1 mM and
inoculated with a diluted culture of P. putida KT2440 Δall-Φ GFP/
pSYedQ. Control experiments were carried in parallel with an
uninduced recombinant and also with the same strain carrying the
empty pSEVA2311 vector. After 48 h, coverslips of all the strains
under inspection were removed and prepared for microscopy
analysis. Fig. 2A shows phase contrast images (left column), and
the same coverslip preparations visualized in the green fluores-
cence channel (right column). Overproduction of the YedQ
diguanylate cyclase, controlled by the ChnR/PchnB expression

Fig. 1. Quantification of biofilm formation by Pseudomonas putida KT2440 carrying
the YedQ diguanylate cyclase or the YhjH phosphodiesterase from Escherichia coli
under control of the ChnR/PchnB expression system. (A) The synthesis and hydro-
lysis of cyclic diguanosine monophosphate (c-di-GMP) is controlled by diguanylate
cyclases, that convert two molecules of guanosine triphosphate (GTP) into c-di-
GMP, and diesterases, that break down c-di-GMP to yield 50-phosphoguanylyl-(30-

50)-guanosine (pGpG) . This species is further converted into two molecules of
guanosine monophosphate (GMP). In general, c-di-GMP is known to stimulate the
biosynthesis of adhesins and expolysaccharide matrix substances in biofilms while
inhibiting various forms of motility. The two enzymes used in this work are YedQ
and YhjH from Escherichia coli, a diguanylate cyclase and a diesterase, respectively.
YedQ bears a GGEDF domain and YhjH carries an EAL domain, which catalyze the
synthesis and degradation of c-di-GMP, respectively. (B) Biofilm formation by P.
putida KT2440 cells carrying either pSEVA2311 (empty plasmid) or pSYedQ (car-
rying the yedQ diguanylate cyclase under control of ChnR/PchnB). Cells were grown
in M9 minimal medium with 0.4% (w/v) glucose in static cultures for 24 h at 30 °C,
after which the culture broth was removed and biofilms were visualized by staining
the attached cells with crystal violet as detailed in Section 2. The ChnR/PchnB system
was induced by addition of cyclohexanone (Cyc.) at 1 mM at the onset of the cul-
tivation. (C–F) Biofilm formation by different recombinant P. putida strains bearing
pSEVA2311 (empty plasmid), pSYedQ (carrying the yedQ diguanylate cyclase under
control of ChnR/PchnB), pSYhjH (carrying the yhjH phosphodiesterase under control
of ChnR/PchnB), or pSLacH (carrying the yhjH phosphodiesterase under control of
LacIQ/Ptrc) quantitatively assessed in microtiter plates. In all cases, cells were grown
in M9 minimal medium in static cultures for 24 h at 30 °C using either glucose (C
and E) or succinate (D and F) as the sole carbon source. Cyclohexanone or iso-
propyl-β-D-thiogalactopyranoside was used as the inducers of the ChnR/PchnB and
the LacIQ/Ptrc expression systems at the concentrations indicated in the figure. The
biofilm index values were obtained by normalizing the absorbance of crystal violet
at 590 nm (A590) to the bacterial growth in each well (estimated as the optical
density measured at 600 nm, OD600). Bars represent the mean values of the cor-
responding parameter 7standard deviation of triplicate measurements from at
least four independent experiments. Concn., concentration.
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system, induced the generation of more biofilm matrix material
than the control strain carrying the empty vector. In particular,
cultures exposed to cyclohexanone exhibited clear microcolonies
along the preparation, which is a microscopic indication of the
enhanced biofilm-formation capability of the strain over-
expressing yedQ from E. coli.

Colony morphology in solid culture medium containing the
diazo dye Congo Red provides a qualitative indication of the for-
mation of cellulose and other exopolymeric materials. To evaluate
the influence in matrix formation upon the regulated activity of
diguanylate cyclase or phosphodiesterase, the appearance of
macrocolonies of P. putida KT2440 carrying the empty pSEVA2311
vector, pSYedQ, or pSYhjH was inspected in Congo Red plates in
the presence of saturating concentrations of cyclohexanone in the
vapor phase (Fig. 2B). Observation of the corresponding colonies
under 25$ or 500$ magnification indicates that the strain
overproducing diguanylate cyclase is able to form more cellulose
and exopolysaccharide materials than the control strain carrying
pSEVA2311. This difference is featured in the lobulated rims of the
colony boundaries and the appearance of spots on the colony.
Besides, colonies of the YedQþ strain firmly attached to the culture
medium surface and had a sticky consistence (data not shown). On
the contrary, the YhjHþ strain attached poorly to the surface, and
formed loose colonies, with wider borders. Taken together, these
results are in accordance with the quantification of biofilm for-
mation using the crystal violet assay (Fig. 1B) and the results
obtained by fluorescence microscopy of microcolonies in the
coverslip (Fig. 2A). The assays described in the sections above
accredit how the activities brought about by YedQ or YhjH influ-
ence P. putida attachment to abiotic surfaces and biofilm dispersal,

respectively. Yet, what is the biochemical basis of these pheno-
types in the recombinants?

3.3. Construction and evaluation of a c-di-GMP bioreporter P. putida
strain

In bacteria, c-di-GMP is a second messenger involved in a broad
spectrum of cellular processes such as the regulation of metabolic
activities, cell differentiation, and photomorphogenesis. c-di-GMP
is produced from two molecules of GTP by diguanylate cyclases
and it is broken down to yield 50-phosphoguanylyl-(30-5)-guano-
sine (pGpG) by specific phosphodiesterases (Hengge, 2009;
Römling et al., 2013); pGpG is subsequently split into two GMP
molecules (Orr et al., 2015) (Fig. 1A). As stated before, diguanylate
cyclase activity is associated with the presence of GGDEF domains
in some proteins, while the c-di-GMP–specific phosphodiesterase
activity is linked to EAL domains. Recent studies indicated that
proteins with GGDEF/EAL domains and the actual concentration of
c-di-GMP are the key factors dictating the regulation of cellular
adhesiveness and biofilm formation in a range of bacteria,
including P. putida (Almblad et al., 2015; Ausmees et al., 2001;
Gjermansen et al., 2006; O'Toole et al., 2000; Pamp and Tolker-
Nielsen, 2007; Simm et al., 2004; Tolker-Nielsen et al., 2000). In
the experiments described up to this point, we designed plasmids
pSYedQ and pSYhjH in which the activity of diguanylate cyclase or
phosphodiesterase, respectively, was modulated by mean of the
ChnR/PchnB expression system. As a consequence of these manip-
ulations, we obtained P. putida strains able to produce more or less
biofilms. To confirm that over-production of either YedQ or YhjH
can be traced to c-di-GMP formation and degradation, respec-
tively, we adopted a biosensor P. putida strain in which the c-di-

Fig. 2. Microscopy analysis of biofilm formation and colony morphology in response to the overproduction of the YedQ diguanylate cyclase from Escherichia coli in Pseu-
domonas putida. (A) Microscopy assessment of bacterial attachment to a glass surface. P. putida KT2440 Δall-Φ GFP bearing either pSEVA2311 (empty plasmid) or plasmid
pSYedQ (carrying the yedQ diguanylate cyclase under control of ChnR/PchnB) and was grown in M9 minimal medium containing 0.4% (w/v) glucose in presence or absence of
cyclohexanone at 1 mM. A cover slide, which was placed in the culture medium inoculated with the cells, constituted the abiotic surface for biofilm attachment. Images were
taken after 48 h of incubation at 30 °C without shaking. The cover slide was washed, cells were fixed, and observed under the optic microscope under both bright field and
fluorescence. NI, non-induced; Cyc., cyclohexanone. (B) Macroscopic colony morphology in Congo Red plates. Cultures of P. putida KT2440 bearing either pSEVA2311 (empty
plasmid), plasmid pSYedQ (carrying the yedQ diguanylate cyclase under control of ChnR/PchnB), or plasmid pSYhjH (carrying the yhjH phosphodiesterase under control of
ChnR/PchnB) were diluted to an optical density measured at 600 nm of 0.05 and spotted onto Congo Red plates in the presence of saturating vapors of cyclohexanone. After
5 days of incubation at 30 °C, the colony morphology was analyzed by using a Leica DMRTM wide field microscope at two different magnifications as indicated in the figure.
Cyc., cyclohexanone.

I. Benedetti et al. / Metabolic Engineering 33 (2016) 109–118114



GMP–responsive PpelA promoter from P. aeruginosa (Baraquet et al.,
2012) drives the expression of the reporter gene encoding
msf#GFP (Fig. 3A). The functional cargo of such transcriptional
fusion was delivered as a single copy into the chromosome of P.
putida KT2440 by means of a synthetic, standardized version of
the Tn7 transposon (Zoebel et al., in press).

The simple visual inspection of cultures grown in M9 minimal
medium containing glucose and 1 mM cyclohexanone under both
bright field and blue light revealed that, while all the strains under
study grew more or less similarly, P. putida KT2440/pSYedQ cells
displayed considerably more fluorescence than the control strain
carrying the empty pSEVA2311 vector (Fig. 3B). As expected, the
YhjHþ strain, overproducing the phosphodiesterase enzyme, had a
lower fluorescence level than the other two recombinants. The
quantification of the msf#GFP signal in these bacterial cultures by
means of flow cytometry (Fig. 3C and D) confirmed the results
described above. It is to be noticed that all the strains had an
unimodal distribution of fluorescence within the entire bacterial
population, thereby indicating an homogenous response of the
biosensor device inserted as a monocopy of the target bacterium
(Fig. 3C). The change in msf#GFP fluorescence between
cyclohexanone-induced and uninduced cultures of the P. putida
YdeQþ strain reached 25 fold, while for the P. putida recombinants
carrying either the empty vector or the plasmid containing the
yhjH diesterase the change was %10 fold (Fig. 3D). It is plausible
that overexpression of yedQ in this strain releases c-di-GMP to the
intracellular pool of diffusible metabolites and small molecules
which can reach and activate the biosensor device. In contrast,

there may be a share of c-di-GMP which is protected by inactive
GGDEF/EAL domains (Solano et al., 2009; Spurbeck et al., 2012),
and, because of this, may not make it to the same pool and thus
cannot be seen by the PpelA–based biosensor. Still, even a con-
servative interpretation of the data of Fig. 3 indicated that, as
expected, the alternative YedQ and YhjH production increases or
decreases, respectively, the intracellular pool of c-di-GMP. This
information sufficed for the design of a programmable, biofilm-
forming catalytic P. putida strain as explained in Section 3.4.

3.4. Design of a catalytic biofilm for dehalogenation of haloalkanes

With the genetic device for controlling c-di-GMP levels in vivo
in hand, P. putida KT2440 was subsequently used as the chassis to
plug-in the genes that allow for degradation of xenobiotic
haloalkanes such as 1-chlorobutane (Nikel et al., 2013b; Slater et
al., 1997). As a first step, the synthetic AHDO (alkyl halide degra-
dation operon) was assembled into vector pSEVA4413, to obtain
plasmid pSAHDO, in which the genes encoding the dehalogenase
activity are constitutively expressed by means of the PEM7 pro-
moter (Fig. 4A). This operon spans three genes isolated from P.
pavonaceae 170 encoding the enzymes responsible for degrading
several halocompounds (Poelarends et al., 1998), and the corre-
sponding dehalogenase activity was shown to be functional in P.
putida KT2440 even under anoxic operating conditions (Nikel and
de Lorenzo, 2013a). The enzymatic activities endowed by the
AHDO operon are [i] a hydrolytic haloalkane dehalogenase (DhaA)
with broad substrate specificity and [ii] the 3-chloroacrylic acid

Fig. 3. Construction and validation of a fluorescence-based biosensor to assess the content of cyclic diguanosine-monophosphate (c-di-GMP) in vivo. (A) Structural orga-
nization of the relevant elements borne by Pseudomonas putida KT-BG-PelA. The functional elements inserted in the chromosome of this bacterium include [i] the Tn7L and
Tn7R ends, which bracket the functional Tn7 transposon, [ii] the T0 and T1 transcriptional terminators, which isolate the transcription of the Tn7 transposon cargo from
outside regulatory elements, [iii] the aacC1 gene, which encodes the gentamicin-resistance determinant gentamicin 30-acetyltransferase, [iv] the c-di-GMP-responsive PpelA
promoter, [v] the BCD2 optimized translational coupler, and [vi] themsf#GFP gene, which encodes the monomeric and superfolder green fluorescent protein. The elements in
this outline are not drawn to scale. (B) Qualitative assessment of PpelA promoter activity as a proxy of the c-di-GMP content in P. putida KT-BG-PelA. P. putida KT-BG-PelA
carrying pSEVA2311 (empty plasmid), plasmid pSYedQ (carrying the yedQ diguanylate cyclase under control of ChnR/PchnB), or plasmid pSYhjH (carrying the yhjH phos-
phodiesterase under control of ChnR/PchnB) was statically grown for 24 h at 30 °C in M9 minimal medium containing 0.4% (w/v) glucose supplemented with the appropriate
antibiotics and cyclohexanone at 1 mM. Flasks containing these cultures were photographed either under normal light or by placing them onto a blue light transilluminator.
Cyc., cyclohexanone. (C) The msf#GFP fluorescence intensity in the strains described above was quantified by flow cytometry. The vertical dashed line represents the
geometric x-mean value of the control strain (i.e., P. putida KT-BG-PelA carrying the empty pSEVA2311 plasmid). AFU, arbitrary fluorescence units. (D) Induction profile of P.
putida KT-BG-PelA carrying pSEVA2311, pSYhjH, or pSYedQ in response to 1 mM cyclohexanone. Relative promoter output values were calculated by normalizing average
fluorescence level of induced populations (i.e., geometric x-mean) to those of the untreated control samples (i.e., no cyclohexanone added). At least 20,000 cells were
analyzed for each assay. Bars represent the mean values of the corresponding parameter 7standard deviation of triplicate measurements from at least four independent
experiments.
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dehalogenase (CaaD), composed of two subunits, CaaD1 and
CaaD2. DhaA and CaaD catalyze the complete dechlorination of
several target compounds, such as 1-chlorobutane and 1,3-
dichloropropene (Janssen, 2004). Haloalkane dehalogenases have
a great biotechnological potential nowadays (Koudelakova et al.,
2013). Plasmid pSAHDO was mobilized into P. putida KT2440
overproducing YedQ (i.e., the engineered biofilm-forming strain);
as a control, we used the same strain carrying the empty
pSEVA4413 vector (i.e., without the dhaA, caaD1, and caaD2
genes). All the strains under examination were grown in microtiter
multi-well plates in M9 minimal medium containing either glu-
cose or succinate as the carbon source and supplemented with
cyclohexanone at 1 mM. After 48 h of incubation without shaking,
needed to establish a strong biofilm, a saturated 1-chlorobutane
solution in water was separately added to planktonic cells and the
biofilms. After an extra 24 h of incubation under the same

conditions, planktonic cells and cells attached to the wells were
assayed in vitro for dehalogenase activity (Fig. 4B and C). The bulk
of dehalogenase activity was recovered in the biofilm fraction of all
the cultures tested (Fig. 4B). The dehalogenase activity was nor-
malized to the total protein concentration in each well (as an
estimation of bacterial growth), and the resulting specific deha-
logenase activity in P. putida KT2440 YedQþ DhaAþ CaaD1þ

CaaD2þ , in turn, was compared to the specific activity displayed
by P. putida KT2440 YedQþ carrying pSEVA4413 (Fig. 4C). In the
planktonic fraction of cultures, this activity ratio was close to 1,
which is an indication of a low dehalogenase activity in sessile
cells irrespective of the carbon source used to grow the cells. In
stark contrast, the biofilm fraction showed an activity ratio 2.1- or
4.3-fold higher in glucose and succinate cultures, respectively,
than adherent cells carrying the empty pSEVA4413 vector. The
levels of specific dehalogenase activity in the biofilm fraction
ranged from 0.75–1.85 units mg protein"1, which are comparable
in magnitude to those previously reported when the expression of
the dhaA, caaD1, and caaD2 genes was controlled by using a XylS-
Pm–based expression system (Nikel and de Lorenzo, 2013a).

4. Conclusion

While often considered deleterious in clinical settings, bacterial
biofilms are of great interest in industrial and environmental
Biotechnology. Applications of surface-attached biomass (e.g., in
biocatalysis, during the removal of toxic metals, or in the forma-
tion of electricity in microbial fuel cells) are the subject of con-
siderable attention in the last few years (Botyanszki et al., 2015;
Cologgi et al., 2014; Halan et al., 2011; Li et al., 2013; Perni et al.,
2013). This situation surely arises because biofilms allow for the
delivery of the activity at stake in a concentrated physical form
that is more manageable than bacteria in liquid suspension. Alas,
the natural process of biofilm formation/dissolution is so complex
that metabolic engineering has hardly contemplated to include
this feature in any genetic design for improving catalytic efficiency.
We show above that, regardless of the native and often unpre-
dictable ability of Pseudomonas strains to produce biofilms, one
can altogether submit this trait to the user's needs by artificially
overtaking the endogenous network that manages intracellular c-
di-GMP levels. We made that to happen by using an inducible and
tightly controlled genetic device for heterologous expression of
diaguanylate cyclase and phosphodiesterase genes. To the best of
our knowledge, the work above is the first instance of synthetic
morphology for the sake of biocatalysis, as the physical format of
the biological material at issue has been changed in vivo in
response to the activity of an implanted artificial gene network
(Davies, 2008; Drubin et al., 2007; Tanaka and Yi, 2009).

On the bases outlined above, we could show that thereby gen-
erated biofilms boosted the ability of P. putida endowed with the
synthetic operon AHDO to dehalogenate an archetypal haloalkane
pollutant. In sum, we argue this work to be the first case inwhich the
design of an optimal whole-cell catalyst merges [i] the genetic and
biochemical assembly of the primary pathway (i.e., the AHDO
operon) with [ii] its implantation in a bacterial host pre-evolved to
sustain harsh reactions on tough substrates (P. putida KT2440), and
[iii] its materialization in a physical form that eases its operation
under working conditions. We believe that such physical form should
in fact become an integral part of the design process of the geneti-
cally manufactured catalysts of the future.

Fig. 4. Performance of the alkyl halide degradation operon (AHDO) in planktonic or
surface-associated Pseudomonas putida cells. (A) Schematic representation of the
synthetic operon in which dhaA170, caaD1170, and caaD2170 are placed under control
of the constitutive PEM7 promoter as a single transcriptional unit. The engineered
organohalide biodegradation pathway is composed of enzymes from P. pavonaceae
170. The dhaA170 and caaD1-caaD2170 coding sequences were preceded by a Shine-
Dalgarno (SD) motif. The elements in this outline are not drawn to scale.
(B) Qualitative in vitro screening of haloalkane dehalogenase activity in wild-type P.
putida KT2440 bearing plasmids pSYedQ (carrying the yedQ diguanylate cyclase
under control of ChnR/PchnB) and pSAHDO (carrying the AHDO operon under con-
trol of the constitutive PEM7 promoter). Cells were grown in M9C medium (a
modified M9 minimal medium with low chloride content) supplemented with 0.4%
(w/v) glucose (G) or succinate (S) and cyclohexanone at 1 mM. After 48 h of
incubation at 30 °C without shaking, samples were prepared in order to obtain cells
in planktonic conditions or in a biofilm state. These two fractions were exposed to a
saturated 1-chlorobutane solution for 24 h. Dehalogenase activity was determined
in vitro as indicated in Section 2, and plates were photographed as shown. P. putida
KT2440 carrying plasmid pSAHDO and the empty pSEVA4413 vector were included
in the assay to evaluate the background activity signal under control (Ctrl.) con-
ditions. (C) In vitro quantification of the haloalkane dehalogenase activity in P.
putida KT2440 recombinant cells growing in planktonic conditions and in a biofilm
state. The specific activity ratio was calculated by dividing the values of enzyme
activity obtained in either planktonic cells or in the biofilm of P. putida KT2440
carrying both pSYedQ and pSAHDO with the corresponding values obtained in P.
putida KT2440 carrying pSYedQ and the empty pSEVA4413 vector. Bars represent
the mean value of the enzyme activity ratio 7standard deviation of triplicate
measurements from at least four independent experiments.
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