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of clonal variability in recombinant gene expression in Pseu-
domonas depends on the combination of regulatory system 
and host strain, does not correlate with a general phenotype 
such as solvent tolerance, and must be evaluated case by case.
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Introduction

 Biotechnological processes are becoming more and more 
important in the chemical industry. The global industrial bio-
technology market was valued at US $14.9 billion in 2013 
and is expected to increase by 12.3 % per year from 2014 to 
2020 [19]. The immense diversity of biocatalysts and respec-
tive substrates and products has led to widespread applica-
tions in industry across many sectors. For energy-dependent 
biocatalysis such as redox biocatalysis, reproducibility and 
biocatalyst stability typically are major challenges [52], 
which often are thwarted by unnatural conditions for the 
microbial biocatalyst, e.g., by toxic/inhibitory substrate and 
product concentrations. Pseudomonas putida, a microbial 
platform host with promising physiological attributes such as 
solvent tolerance [46], a broad enzymatic inventory [60], and 
high metabolic capacity for biocatalyst (re)production and 
redox cofactor regeneration [8], is an extraordinary candi-
date to overcome toxicity- and capacity-related process limi-
tations. These promising properties of Pseudomonas strains 
enable the use of toxic solvents in whole-cell biotransfor-
mations [25], including oxygenase-based reactions [34], for 
which the dependence on cofactors, the formation of reactive 
oxygen species [36], and inherent enzyme instability ex vivo 
hamper the use of isolated enzymes [61]. Examples include 
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P. putida DOT-T1E [46] and P. putida S12 [24] which, 
in contrast to solvent-sensitive P. putida KT2440 [38] or 
Escherichia coli strains [34], are highly tolerant toward toxic 
organic solvents with a log PO/W of 2–4, e.g., toluene (2.69) 
or styrene (2.95). When exposed to such solvents, tolerant 
strains differ from sensitive strains in their capability to adapt 
and grow, which involves the activation of protection mecha-
nisms. Thereby, cis–trans isomerization of unsaturated fatty 
acids, as short-term response, decreases the permeability and 
fluidity of membranes [30], whereas, as long-term response, 
solvent efflux pumps actively extrude organic solvents [32] 
to avoid solvent accumulation in the cytoplasmic membrane.

Variations in cell morphology, stability of biocatalytic per-
formance, and cell fitness of such solvent-tolerant strains are 
poorly understood so far. Phenotypic heterogeneities in iso-
genic microbial populations [4] often result from cellular stress 
responses [1], can be induced by recombinant gene expression 
[27] or the presence and accumulation of toxic compounds [2], 
and even have been observed in terms of variable gene expres-
sion patterns in glucose-limited chemostat reactors [40]. It was 
reported that, during well-mixed, high-cell-density fed-batch 
processes with E. coli, up to 20 % of the cells became depolar-
ized and permeabilized indicating the development of high and 
low productive phenotypes [26]. If cells develop such pheno-
typic variations in a bioprocess, the whole process is hampered 
in terms of reproducibility, stability, and productivity.

The stochasticity in gene expression or gene expres-
sion “noise” in genetically identical cells exposed to the 
same environmental conditions has recently been inves-
tigated in detail [18, 31, 47]. Although heterogeneity in 

gene expression levels might represent a microbial strat-
egy to prepare for diverse environmental conditions, which 
enhances robustness and may be stress induced [6], the 
development of subpopulations can heavily affect reproduc-
ibility and efficiency of biotechnological processes [1, 27].

The aim of this study was to investigate the stability and 
reproducibility of whole-cell monooxygenase activities in 
Pseudomonas strains differing with respect to phenotypic char-
acteristics such as solvent tolerance. For this purpose, plasmids 
carrying genes encoding for membrane-bound xylene monoox-
ygenase (XMO) or soluble styrene monooxygenase (SMO) 
were used in different Pseudomonas host strains. Whole-cell 
activities were investigated for the selective XMO- and SMO-
catalyzed functionalizations of 2-methylquinoxaline to quinox-
aline-2-yl-methanol and styrene to (S)-styrene oxide, respec-
tively (Fig. 1). E. coli JM101 served as a control host strain, 
which has been used earlier for the production of 3,4-dimeth-
ylbenzaldehyde from pseudocumene using XMO [9, 11] and 
(S)-styrene oxide from styrene using SMO [35, 42]. The high 
variability in activity observed for some of the Pseudomonas 
host strains was then further investigated by testing different 
expression systems (alk/lac), inducers, and substrates.

Materials and methods

Bacterial strains, plasmids, media, and chemicals

Microbial strains and plasmids used in this work are listed 
in Table 1. Cells were grown in lysogeny broth medium [50] 
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Fig. 1  Monooxygenases applied in activity assays. a The membrane-
bound xylene monooxygenase (XMO), converting 2-methylqui-
noxaline to quinoxaline-2-yl-methanol, consists of two subunits, the 
hydroxylase component XylM and the NADH reductase component 

XylA responsible for electron transfer [59]. b Epoxidation of styrene 
to (S)-styrene oxide with the soluble styrene monooxygenase (SMO) 
consisting of the oxygenase StyA and the NADH-flavin reductase 
StyB [41]
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or M9* medium [43] adjusted with 10 M NaOH to a pH of 
7.4, either with 0.5 % (w/v) glucose or citrate as sole carbon 
source for E. coli or Pseudomonas, respectively. Citrate was 
used to avoid catabolite repression of the PalkB promoter in 
Pseudomonas strains [58]. Thiamine (10 mg L−1), kanamy-
cin (50 µg mL−1), and gentamycin (50 µg mL−1) were added 
when appropriate. Unless stated otherwise, all chemicals were 
purchased from Sigma-Aldrich (Steinheim, Germany) or Carl 
Roth (Karlsruhe, Germany) in the highest purity available and 
used without further purifications. Quinoxaline-2-yl-methanol, 
quinoxaline-2-carbaldehyde, and quinoxaline-2-carboxylic 
acid were obtained as a gift from Georgios Ionidis (formerly 
ETH Zurich, Institute of Biotechnology, Zurich, Switzerland).

Molecular biology methods

Electrocompetent Pseudomonas cells were prepared 
according to the method of Choi et al. [14] and plasmids 
were introduced by electroporation (2500 V, Equibi-
oEasyjecT Prima, Kent, UK). Transformation of E. coli 
was performed as described earlier [50].

DNA manipulation methods and agarose gel electropho-
resis were performed as described by Sambrook and Russel 
[50]. Enzymes (Phusion High-Fidelity Polymerase, T4-ligase, 
restriction enzymes) and buffers were purchased from Thermo 
Scientific Molecular Biology (St. Leon-Rot, Germany) and 
oligonucleotides from Sigma-Aldrich. Plasmids and DNA 
fragments were isolated using the peqGOLD plasmid Mini-
prep Kit I from peqLab (Erlangen, Germany) and purified via 
NucleoSpin Gel and PCR Clean-up from Macherey–Nagel 
(Düren, Germany) according to supplier protocols.

For the construction of plasmids (pTEZ225, pTEZ220, 
pTEZ240), the monooxygenases genes styAB and xylMA 
were isolated from the plasmids pSPZ10 and pSPZ3, respec-
tively. The xylMA genes were excised as an Asp718I/BamHl 
fragment which was inserted into the pCom8 vector 
digested with the same enzymes yielding plasmid pTEZ225 
(10,055 bp). pTEZ220 (10,084 bp) was constructed in anal-
ogy to pTEZ225 with pCom10 (Kmr) instead of pCom8 
(Gmr) as backbone. The styAB genes were excised as a 
HindIII/KpnI fragment which was inserted into pCom8 
digested with same enzymes yielding pTEZ240 (9720 bp).

Table 1  Bacterial strains and plasmids used in this study

Gmr  = gentamycin resistance, Kmr = kanamycin resistance, Rifr = rifampin resistance, Telr = tellurite resistance, Tetr = tetracycline resist-
ance, Camr = chloramphenicol resistance

Strain Characteristics References

E. coli

 DH5α supE44ΔlacU169(Φ80lacZΔM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1 [22]

 DH10B F− mcrA Δ(mrr hsdRMS-mcrBC) Φ80dlacZΔM15 ΔlacX74 deoR recA1 araΔ139 Δ(ara,leu)7697 
galU galK λ− rpsL endA1 nupG

[16]

 JM101 supE thi-1 Δ(lac-proAB) F′[traD36 proAB+lacIqlacZΔM15] (solvent sensitive) [37]

P. putida

 DOT-T1E Rifr derivate of P. putida DOT-T1 (solvent tolerant) [46]

 DOT-T1E-PS34 RifrKmrSmrTelrttgB::9phoA-Km ttgD::kilABttgH::ΩSm (solvent sensitive) [48]

 DOT-T1Ecti0 RifrKmrctiT1::9phoA-Km (solvent sensitive) [30]

 KT2440 mt-2 derivative cured of the TOL plasmid pWW0 (solvent sensitive) [5]

 S12 (solvent tolerant) [23]

P. taiwanensis VLB120 Orgin of styA and styB (solvent tolerant) [33]

Plasmid Characteristics References

pCom8 Expression vector for E. coli and Pseudomonas, pRO1600 and pMB1ori, alk-regulatory system  
(alkS, PalkB), Gmr

[57]

pCom10 pCom8, Kmr [57]

pSPZ10 pBR322 derived, pMB1 ori, alk-reg. sys. (alkS, PalkB), styA and styB, Kmr [44]

pSPZ3 pBR322 derived, pMB1 ori, alk-reg. sys. (alkS, PalkB), xylM and xylA, Kmr [43]

pTEZ225 pCom8, xylM and xylA, Gmr This study

pTEZ240 pCom8, styA and styB, Gmr This study

pTEZ220 pCom10, xylM and xylA, Kmr This study

pStyAB pCom10, styA and styB, Kmr This study

pStyAB-lac pCom10 derived, contains lac-regulatory system (lacI, PlacUV5), styA and styB, Kmr This study

pLac_alaD_ω-TA placI-derived vector (Merck), lacI, PlacUV5, carries alaD and cv2025 ω-TA, Camr unpublished
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For the construction of pStyAB, the styAB genes were 
amplified via PCR from pTEZ240 using primers F1 and 
B1 (Table 2). The 1832 bp PCR product was purified via 
agarose gel electrophoresis, digested with NdeI, and ligated 
into pCom10.

The plasmid pStyAB-lac was constructed via PCR using 
the primers F3 and B3 (Table 2) and the template pStyAB. 
The resulting 6418 bp fragment, containing the styAB genes 
and the plasmid backbone, was purified via agarose gel 
electrophoresis, digested with XbaI and SacI, and ligated 
with purified and identically digested PCR fragments of 
pLac_alaD_ω-TA generated with F2 and B2 as primers 
(1655 bp) (Table 2) to insert the lac-regulatory system.

Growth conditions and clonal heterogeneity 
experiments

Cultivations were carried out in screw-capped baffled 
Erlenmeyer flasks at 30 °C and 200 rpm in a Multitron 
shaker (Infors, Bottmingen, Switzerland) and inoculated 
with single colonies from LB agar plates, which had been 
incubated for 12–16 h. To determine variabilities, 8 clones 
(colonies) were picked, grown for 6–8 h in liquid LB pre-
cultures, and transferred as a 1 % (v/v) inoculum into an 
overnight M9* preculture, by which the main M9* cul-
ture was inoculated to a starting cell concentration of 
0.02–0.03 g cell dry weight (CDW) per liter. Recombinant 
gene expression was induced after 3.5 h of cultivation with 
1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) or 
0.025 % (v/v) (0.22 mM) dicyclopropyl ketone (DCPK) 
and 0.1 % (v/v) (0.61 mM) n-octane for Plac- or PalkB-based 
expression vectors, respectively. After induction, incuba-
tion was continued for 4 h, before cells were harvested by 
centrifugation and resuspended to 0.5 gCDW L−1 in 50 mM 
KPi buffer (pH 7.4) supplemented with 0.5 % (w/v) citrate 
or glucose.

To perform activity assays, cell suspension aliquots 
of 1 mL were distributed into 10-mL Teflon-sealed Pyrex 
tubes and incubated for 5 min at 30 °C in a rotary shaker 
(Aquatron, Infors) at 300 rpm. After this equilibration 
time, the biotransformation was started by the addition of 

the substrate to a concentration of 1.5 mM for styrene and 
8 mM for 2-methylquinoxaline. Incubation was contin-
ued for 10 min (or 5 min when 1 mM toluene was used 
as substrate). The styrene epoxidation assays were stopped 
by addition of 1 mL ice-cold diethyl ether containing 
0.2 mM n-decane as internal standard. After 1 min extrac-
tion by mixing and phase separation via centrifugation, the 
organic phase was transferred into a GC vial for analysis 
(see below). Reactions performed with 2-methylquinoxa-
line or toluene as substrates were stopped by acidification 
with 0.8 % (v/v) perchloric acid or by the addition of 0.5 
volumes of acetonitrile. After centrifugation, the cell-free 
supernatant was analyzed via reversed-phase high-perfor-
mance liquid chromatography (HPLC, see below).

Analytical procedures

Biomass concentrations were monitored by measuring the 
optical density at a wavelength of 450 nm (OD450) using a 
Libra S11 spectrophotometer (Biochrom, Cambridge, UK). 
Gravimetrical determination of the CDW:OD450 correlation 
factor was done as described [50]. One OD450 unit corre-
sponds to a biomass concentration of 0.186 gCDW L−1 for 
P. taiwanensis VLB120 [21], 0.166 gCDW L−1 for E. coli 
JM101, 0.211 gCDW L−1 for P. putida DOT-T1E and S12, 
and 0.235 gCDW L−1 for P. putida KT2440.

Styrene, (S)-styrene oxide, and 2-phenylethanol quantifi-
cation were performed by GC analysis as described before 
[35]. Analysis of 2-methylquinoxaline samples was per-
formed with a LaChrom Elite HPLC system (Hitachi High 
Technologies America, Pleasanton, CA) equipped with a 
Hypersil ODS C18 125-4.0 (5 µm) column from Agilent 
Technologies (Palo Alto, CA). The mobile phase consisted 
of acetonitrile and water containing 0.1 % (v/v) perchloric 
acid operating a gradient as follows: 3 min isocratic with 
5 % acetonitrile followed by an increase to 25 % of acetoni-
trile over 7 min and up to 100 % acetonitrile within 6 min. 
The flow rate was set to 1 mL min−1 and the temperature 
to 25 °C. Detection occurred at a wavelength of 236 nm. 
Toluene samples were separated with an HPLC instru-
ment from Merck Hitachi (interface D-7000, UV-detector 

Table 2  Oligonucleotide primers used in this study

a Restriction sites are underlined

Primer Sequence (5′ → 3′)a Characteristics

F1 CGGCCATATGAAAAAGCGTATCGG pStyABFw (NdeI)

B1 CGGCCATATGTCAATTCAGTGGCAACG pStyABBw (NdeI)

F2 GCGTCTAGAAATTCTCATGTTAGTCATGCC LacI_LacUV5_Fw_XbaI

B2 GCGAGTACTGGTTCCTAGATCCTGTGTGA LacI_LacUV5_Bw_ScaI

F3 GCGAGTACTGGAGAATTCCATATGAAAAAGC pCOM_AMP_Fw_SacI

B3 GCGTCTAGAAAATAATCGGCATTAAGTGA pCOM_AMP_Bw_XbaI



855J Ind Microbiol Biotechnol (2015) 42:851–866 

1 3

L-7400, pump L-7100, autosampler L-7200) equipped with 
a Nucleosil C18 column (pore size, 100 Å; particle size, 
5 µm; inner diameter, 4 mm; length, 2 cm) from Mach-
erey–Nagel (Oensingen, Switzerland). The mobile phase 
consisted of acetonitrile and H2O containing 0.1 % (v/v) 
perchloric acid. The elution profile was 35–43 % acetoni-
trile over 5 min, followed by 43–80 % over 5 min and then 
80 % acetonitrile isocratic for 2 min. The flow rate was set 
to 1.0 mL min−1 and the detection occurred at 210 nm.

Protein separation for StyA detection was performed 
as described earlier [50], via sodium dodecylsulfate poly-
acrylamide gel electrophoresis (SDS-PAGE).

Results

Solvent‑tolerant P. putida shows a high variability 
in recombinant XMO activity

To investigate clonal heterogeneity of oxygenase cataly-
sis in recombinant Pseudomonas, XMO-based specific 
whole-cell activities and their variability were tested in 
Pseudomonas strains with different phenotypes, especially 
regarding solvent tolerance, and compared among each 
other and with E. coli JM101. The Pseudomonas strains 
tested included the solvent-tolerant P. putida strains DOT-
T1E and S12 and solvent-sensitive P. putida KT2440, 
which, as E. coli, is highly susceptible toward low logPO/W 
solvents.

For each strain, eight different colonies of freshly trans-
formed cells were picked separately and cultivated in par-
allel, induced, and tested for the hydroxylation of 2-meth-
ylquinoxaline to quinoxaline-2-yl-methanol as described 
in “Materials and methods”. Relative activity variations 
from clone to clone (i.e., colony to colony picked) are rep-
resented by the coefficient of variation cν (Table 3, Fig. 
S1), the ratio of the standard deviation among the activities 
for the eight clones to the mean activity. The experimen-
tal error σexp of a reproducibility study of one recombinant 
strain is calculated via the standard deviation of all meas-
ured activities (each clone analyzed in duplicates) normal-
izing the mean activities of each clone to 100 %. Based 
on the assumption that, for a homogenous population, the 
experimental error and the biological variation should not 
exceed 10 % each, strains were classified to exhibit low 
variabilities, if the overall variation does not exceed 20 %. 
To ensure the overall reproducibility of the cultivation and 
assay strategy, the experimental setup was standardized in 
a way that each clone was treated equally and separately 
from the beginning on (inoculation of LB agar plate), 
which resulted in similar numbers (45–50) of cell divisions 
at the start of the resting cell activity assay.

To avoid insufficient supply of the inducer, induction 
was routinely carried out with 0.025 % (v/v) DCPK. 
This concentration is sufficient for full induction [10], 
although it provoked a slight reduction in growth rates 
for all tested Pseudomonas strains (data not shown). The 
most significant variation was observed with P. putida 
DOT-T1E and P. putida S12 showing an up to 13-fold 
higher variation compared with E. coli JM101 and sol-
vent-sensitive P. putida KT2440 (Table 3, Fig. S1). The 
lowest activity variation was found for E. coli JM101 
(pSPZ3) with a coefficient of variation of 6 % being in 
the same range as the experimental error. The finding 
that the two solvent-tolerant strains showed high vari-
ability, whereas solvent-sensitive P. putida KT2440 and 
E. coli JM101 showed low variability suggests that high 
variability may be inherent to solvent-tolerant strains. 
The high activity variations of the two recombinant P. 
putida DOT-T1E strains indicate that the heterogeneity 
is not related to the type of selection marker used; the 
plasmids used only differed with respect to the antibiotic 
resistance (kanamycin for pTEZ220 and gentamycin for 
pTEZ225).

As control experiment for activity assay validation, the 
oxidation of the substrate toluene (Table 3, Fig. S1) was 
investigated with the same eight transformants of E. coli 
JM101 (pSPZ3), E. coli JM101 (pTEZ225), and P. putida 
DOT-T1E (pTEZ225) used for the conversion of 2-meth-
ylquinoxaline. A similar variability was found for DOT-
T1E recombinants, whereas reproducible activities of E. 
coli JM101 (pSPZ3) and E. coli JM101 (pTEZ225) were in 
accordance with reported activities [10].

Average specific 2-methylquinoxaline and tolu-
ene hydroxylation rates were higher for E. coli JM101 
(pTEZ225) (53.2 ± 10.5 U gCDW

−1/121.4 ± 26.5 U gCDW
−1)  

than for E. coli JM101 (pSPZ3) (39.5 ± 4.0 U gCDW
−1/

103.3 ± 13.5 U gCDW
−1). This might be due to the higher 

plasmid copy number (PCN) for pTEZ225 compared with 
pSPZ3 in E. coli. In contrast to plasmid pSPZ3, plasmid 
pTEZ225 lacks the rop gene, whose product is involved in 
the repression of plasmid DNA replication. Furthermore, 
pTEZ225 harbors two origins of replication, pRO1600 and 
pMB1, whereas only the pMB1 origin is present on pSPZ3.

To exclude the transformation procedure as cause for 
variability of whole-cell activities, a single colony of a P. 
putida DOT-T1E (pTEZ225) transformant was spread on 
solid LB medium and 8 descending colonies were tested 
for XMO-catalyzed 2-methylquinoxaline hydroxylation 
in independent whole-cell activity assays. The tested 
clones originating from the same transformant cell again 
showed a high variation in activity. These results show 
that, during cultivation on agar plates (25–30 genera-
tions) and/or in liquid cultures (~20 generations), genetic 
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or physiological alterations must have taken place, which 
influenced XMO overproduction or activity of the recom-
binants (Table 3).

Variations in activity appear independently of the 
enzyme system used and of specific solvent tolerance 
mechanisms

The variability of whole-cell activities using the mem-
brane-bound XMO opened the question, if this behavior 
is enzyme specific or connected to its membrane-bound 
nature. Thus, the SMO from P. taiwanensis VLB120 
was tested as an alternative monooxygenase, which is 

soluble and hence physiologically different from mem-
brane-bound XMO. The variability of SMO-catalyzed 
styrene epoxidation was investigated in different Pseu-
domonas strains and in E. coli JM101 by means of 
whole-cell activity assays (Table 3, Fig. S2). P. putida 
S12 was not tested as host strain for SMO catalysis, as 
this strain harbors a SMO and is able to degrade and 
grow on styrene [23].

Again, high specific activity variations occurred in 
P. putida DOT-T1E whereas solvent-sensitive P. putida 
KT2440 showed a lower variability. Thus, the type of 
enzyme, substrate, and/or product can be excluded as 
factors contributing to the observed variability. The 

Table 3  Summary of catalytic performance in repeated whole-cell activity assays for all tested biocatalyst

n: number of colonies picked and tested for variability in specific activity after cultivation in LB and M9* liquid media including induction
a Results based on activity assays using toluene instead of 2-methylquinoxaline as substrate
b Results based on one mother colony which was spread to 8 descending colonies
c Induction agent is n-octane instead of DCPK
d Results based on E. coli JM101 colonies harboring pTEZ240 plasmids which were previously extracted from different induced cultures of  
P. putida DOT-T1E-PS34 showing high variability

Biocatalyst Solvent 
tolerance

Specific activity Coeff. of 
variation
cν (%)

Exp.  
error (%)

n (–) Antibiotic 
resistance

Min 
(U gCDW

−1)
Max 
(U gCDW

−1)
Average 
(U gCDW

−1)

Xylene monooxygenase

 P. putida DOT-T1E pTEZ225 + 0.4 ± 0.0 45.1 ± 1.7 23.1 ± 18.5 80 7.2 8 Gmr

 P. putida DOT-T1E pTEZ225a + 1.9 ± 0.3 122.9 ± 16.3 63.4 ± 48.2 76 12.0 8 Gmr

 P. putida DOT-T1E pTEZ220 + 2.4 ± 0.0 32.8 ± 1.8 17.4 ± 10.0 58 6.1 8 Kmr

 P. putida S12 pTEZ225 + 3.9 ± 0.1 22.5 ± 0.5 12.2 ± 7.3 58 2.6 8 Gmr

 P. putida KT2440 pTEZ225 − 27.9 ± 4.4 45.6 ± 2.4 35.3 ± 5.9 17 7.1 8 Gmr

 E. coli JM101 pTEZ225 − 38.4 ± 1.0 70.5 ± 0.7 53.2 ± 10.5 20 5.2 8 Gmr

 E. coli JM101 pTEZ225a − 94.0 ± 21.6 157.5 ± 6.9 121.4 ± 26.5 22 8.9 8 Gmr

 E. coli JM101 pSPZ3 − 35.7 ± 1.1 41.9 ± 1.5 39.5 ± 4.0 6 4.9 8 Kmr

 E. coli JM101 pSPZ3a − 86.3 ± 7.1 127.9 ± 0.4 103.3 ± 13.5 13 12.1 8 Kmr

 P. putida DOT-T1E pTEZ225b + 5.6 ± 0.1 22.0 ± 0.6 17.2 ± 6.6 38 2.0 8 Gmr

Styrene monooxygenase

 P. putida DOT-T1E pTEZ240 + 3.9 ± 0.8 80.2 ± 6.5 52.7 ± 23.3 43 9.0 8 Gmr

 P. putida DOT-T1Ecti0 pTEZ240 − 10.6 ± 0.9 47.5 ± 3.8 25.7 ± 12.3 48 11.5 8 Gmr

 P. putida DOT-T1E-PS34 pTEZ240 − 2.9 ± 0.1 80.0 ± 1.7 37.2 ± 30.4 82 7.7 7 Gmr

 P. putida KT2440 pTEZ240 − 6.7 ± 0.4 13.0 ± 2.0 8.8 ± 2.0 23 15.3 8 Gmr

 E. coli JM101 pStyAB − 57.5 ± 1.3 71.2 ± 5.5 61.2 ± 4.4 7 5.3 8 Kmr

 P. putida DOT-T1E pStyAB + 0.8 ± 0.7 68.5 ± 6.9 27.2 ± 20.5 75 9.1 32 Kmr

 P. putida KT2440 pStyAB − 14.8 ± 1.2 22.4 ± 1.6 18.6 ± 2.1 12 4.8 16 Kmr

 P. taiwanensis VLB120 pStyAB + 30.4 ± 2.2 54.5 ± 4.8 38.9 ± 7.7 20 7.5 16 Kmr

 P. putida DOT-T1E pTEZ240c + 29.8 ± 1.4 104.3 ± 1.8 57.2 ± 28.9 51 7.7 8 Gmr

 E. coli JM101 pTEZ240d − 49.5 ± 2.9 73.8 ± 1.0 61.0 ± 9.2 15 2.8 7 Gmr

 P. putida DOT-T1E pStyAB-lac + 87.0 ± 10.1 146.2 ± 20.2 107.6 ± 14.8 14 8.5 16 Kmr

 P. putida DOT-T1E pStyAB-lac + DCPK + 106.7 ± 28.5 150.4 ± 8.5 130.7 ± 13.3 10 7.7 8 Kmr

 P. putida KT2440 pStyAB-lac − 21.2 ± 0.1 28.7 ± 0.2 24.0 ± 2.9 12 7.1 8 Kmr
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lower coefficient of variation obtained with P. putida 
KT2440 compared with P. putida DOT-T1E supported 
the possibility of a correlation between solvent toler-
ance of the host strain and the variability of recombinant 
monooxygenase activity, e.g., via altering the intracellu-
lar inducer or substrate concentrations or via competi-
tion for energy.

Thus, solvent-sensitive deletion mutants of P. putida 
DOT-T1E were tested as hosts for the SMO-catalyzed sty-
rene epoxidation. The variabilities in SMO activity of both 
P. putida DOT-TlEcti0 (pTEZ240), which lacks the cis–
trans isomerase, and P. putida DOT-T1E-PS34 (pTEZ240), 
which is deficient in all three major solvent efflux pumps, 
were at least as high as the variability observed with the 
parental strain. The most prominent solvent tolerance 
mechanisms apparently did not interact with recombinant 
oxygenase catalysis. This, however, does not exclude a 
connectivity with solvent tolerance regulation and respec-
tive population heterogeneity, which might result from the 
addition of the inducer DCPK (logPO/W = 0.58) being an 
organic solvent itself.

To exclude effects related to the inducer used for recom-
binant gene expression, DCPK was replaced by less toxic 
n-octane (logPO/W = 5.15) for the induction of SMO syn-
thesis in P. putida DOT-T1E (pTEZ240). P. putida DOT-
TIE is unable to grow on and metabolize n-octane, whereas 
the reduction of DCPK by host-specific dehydrogenases 
cannot be completely excluded. The nearly identical cata-
lytic performance in both cases (DCPK: 52.7 U gCDW

−1
, 

cν = 43 %; n-octane: 57.2 U gCDW
−1, cν = 51 %) indicates 

that the variability in SMO activity is independent of the 
agent used for induction (Table 3, Fig. S2).

Variability of SMO activity in recombinant 
Pseudomonas correlates with SMO expression levels 
and is strain specific

For a more detailed statistical and mechanistic characteri-
zation of the observed variability of in vivo SMO activities, 
expression analyses were performed and a higher number 
of colonies was tested. To further elucidate whether this 
high variability is a common feature of solvent-tolerant 
Pseudomonas strains, solvent-tolerant P. taiwanensis 
VLB120 was included as host strain in these studies. Since 
P. taiwanensis VLB120 is the source of the SMO used in 
this study, possible interferences of the plasmid-based 
recombinant gene expression with the native styrene deg-
radation operon were investigated. In a control experiment, 
P. taiwanensis VLB120 incubated with 0.025 % (v/v) 
DCPK did not show any styrene conversion (SMO activ-
ity) in resting cell activity assays (data not shown). Thus, 
interferences originating from the native sty operon can be 
excluded for the conditions applied.

SMO overproduction in different strains using plasmid 
pStyAB (differing from pTEZ240 only in its kanamycin 
instead of gentamycin resistance marker) revealed that spe-
cific SMO activities correlate with intracellular levels of 
the StyA component of SMO as visualized via SDS-PAGE 
analysis (Fig. 2). StyB was not visible on the gel, due to 
its low abundance and intrinsic stability, as it has been 
reported for the wild-type strain and recombinant E. coli 
[29, 41]. Specific styrene epoxidation activities were com-
parable to those obtained with plasmid pTEZ240, again 
indicating that the change of the selection marker does not 
remarkably influence whole-cell activities.

Significant variations in activity and StyA contents 
from clone to clone only occurred with P. putida DOT-
T1E (pStyAB) indicating that host-specific differences in 
gene expression, plasmid proliferation, or enzyme stability, 
rather than in cofactor or substrate availability, caused the 
difference in activity reproducibility. The fact that solvent-
tolerant P. taiwanensis VLB120 (pStyAB) showed a low 
variability in activity contradicts the suggested correlation 
of variability and solvent tolerance.

A detailed characterization of the variability in P. putida 
DOT-T1E (pStyAB) on the basis of 32 independently 
assayed clones revealed an apparent random distribution 
of activities between 0.8 and 68.5 U gCDW

−1 (Fig. 3). This 
heterogeneous behavior in SMO activity of independent 
cultures is a result of strong variations in the intracellular 
SMO protein concentrations with a calculated coefficient 
of variation of 75 %. A statistical test according to Shapiro 
and Wilk [53] was employed to evaluate, whether the activ-
ities determined for P. putida DOT-T1E (pStyAB) and P. 
putida KT2440 (pStyAB) are normally distributed. The cal-
culated p value of 0.758 for recombinant P. putida KT2440 
was well above the significance level of 0.05 which indi-
cates a normal Gaussian distribution of respective activities 
(Fig. 3). In contrast, the p value of 0.056 obtained for P. 
putida DOT-T1E (pStyAB) provides only poor evidence 
for a normal distribution, but, considering the high activ-
ity range between 0 and 68.5 U gCDW

−1, suggests a random 
distribution of measured activities.

The variations in specific whole-cell activities appar-
ently were related to variable oxygenase expression levels, 
which may be due to mutations on the plasmid sequence 
or unstable plasmid segregation. To investigate these pos-
sibilities, plasmids were isolated from different cultures 
of induced P. putida DOT-T1E-PS34 (pTEZ240) show-
ing highly variable activities and used to transform E. coli 
JM101 cells. The constant size and recovery of the plasmid 
isolated (results not shown) and the regained reproducibil-
ity of activity when introduced in E. coli JM101 as host 
strain (Table 3) indicated that plasmid-related alterations 
did not occur during cultivation and induction and, hence, 
were not the cause for the observed variabilities.
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Exchange of the alk‑regulatory system with the 
lac‑regulatory system results in a decreased activity 
variation

To investigate if the styAB expression variability in P. 
putida DOT-T1E is due to an inhomogeneous transcrip-
tional regulation, and thus, besides the strain, depends on 

the type of regulatory system employed, the alk-regula-
tory system was substituted by the lac-regulatory system 
for styAB expression. In contrast to the alk-regulatory sys-
tem, which is subject to catabolite repression by glucose 
but not by organic acids such as citrate and succinate [49], 
the lac-regulatory system, due to its orthologous nature, 
is not subject to catabolite repression in Pseudomonas 

Fig. 2  Variability in SMO activity and expression levels using 
recombinant strains harboring the plasmid pStyAB. Specific styrene 
epoxidation activities were determined with resting cells of solvent-
tolerant P. putida DOT-T1E (a) and P. taiwanensis VLB120 (b) and 
of solvent-sensitive E. coli JM101 (c) and P. putida KT2440 (d). 

Exemplary results of resting cell activities are displayed for 8 inde-
pendent clones 4 h after induction with 0.025 % (v/v) DCPK. SDS-
PAGE analysis of each induced clone used for activity assays (a–d) 
revealed the corresponding StyA content (at 46.4 kDa)
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at all. The non-degradable, non-volatile, and non-toxic 
sugar derivative IPTG served as induction agent for the 
pStyAB-lac plasmid in which the lac operon is regulated 
via the LacI repressor and the PlacUV5 promotor. Upon 
induction, the LacI repressor dissociates from the opera-
tor region once IPTG has bound resulting in expression of 
the styAB genes (negative regulation). This is another dif-
ference to the alk-regulatory system (positive regulation) 
where, in the presence of the induction agent, the tran-
scriptional regulator AlkS activates gene expression via 
the PalkB promotor as well as its own formation. As origin 
of replication, ribosomal binding site, and transcriptional 
terminators were kept identical, emerging differences in 
gene expression can be attributed to the exchange of the 
regulatory system.

In accordance with the results obtained with the alk-
regulatory system, epoxidation activities of P. putida 
KT2440 (pStyAB-lac) did not show heterogeneous behav-
ior, but increased by ~30 % (Fig. 4). For P. putida DOT-
T1E (pStyAB-lac), in sharp contrast to P. putida DOT-
T1E (pStyAB), no significant activity variation occurred 
in reproducibility assays. Instead, a high reproducible 
average activity of 107 U gCDW

−1 was obtained, with a 
coefficient of variation of 14 %. These results were sup-
ported by SDS-PAGE analysis verifying that the low vari-
ation is based on homogenous intracellular SMO levels. 
As a control experiment to exclude an influence of the 
inducer DCPK as trigger for variability, 0.025 % (v/v) 
DCPK was added during induction of styAB expres-
sion in P. putida DOT-T1E (pStyAB-lac). Interestingly, 
even higher activities of 130.8 ± 13.1 U gCDW

−1 were 
obtained with a good reproducibility. The non-variable 
recombinant oxygenase activity and gene expression in P. 

putida DOT-T1E, when the plasmid with the lac-system 
was used, indicates that the variability emerging with the 
alk-based regulatory system is specific to this regulatory 
system, which behaves differently depending on the Pseu-
domonas host strain.

Discussion

Energy-dependent production of chemicals and proteins 
in recombinant bacteria is coupled to cell viability and 
often hampered by cellular stress responses. The negative 
influence of plasmid-based gene expression on growth 
efficiency and cell viability is well documented and is 
typically caused by utilization of cellular resources for 
plasmid replication [7], antibiotic resistance mechanisms 
[3], or transcription and translation for recombinant pro-
tein production [13]. In addition, inducer, enzyme, sub-
strate, or product toxicity may on the one hand activate 
energy-dependent cell protection mechanisms, and on the 
other hand directly impair the cell metabolism and viabil-
ity [25]. Based on differential regulatory predispositions 
of individual cells, leading to different phenotypes in cul-
tures descending from respective clones (discussed below 
as extrinsic noise), all these effects may trigger or uncover 
cellular heterogeneity. The results presented here show that 
the clonal heterogeneity of oxygenase activity in recom-
binant Pseudomonas using the pCom-based system, on 
which recombinant gene expression is regulated via the 
AlkS/PalkB system, was not related to plasmid replication, 
mutation, antibiotic resistance or solvent tolerance mecha-
nisms, or type of enzyme, substrate/product, or inducer 
used. Clonal heterogeneity was, however, related to the 

a b

Fig. 3  Distribution of specific activities measured for recombinant P. 
putida DOT-T1E (panel a) and P. putida KT2440 (panel b) harbor-
ing the pStyAB plasmid. Specific styrene epoxidation activities were 

determined for 32 and 16 colonies, respectively. Lines represent the 
calculated Gaussian distribution of the measured specific activities
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combination of strain and expression system used, which 
determines the recombinant gene expression efficiency via 
the susceptibility of regulation to extrinsic noise (the inter-
action of the regulatory network of the host strain and the 
regulatory system on the expression vector) or via intrinsic 
noise related to the regulatory system itself as discussed in 
the following.

Noise in gene expression based on the alk‑regulatory 
system

Cell-to-cell variability in recombinant gene expression 
can be initiated by two different types of noise, intrin-
sic and extrinsic noise (Fig. 5) [18]. Extrinsic noise is 
based on cell-to-cell differences in regulatory network 

Fig. 4  Variability in SMO activity and expression levels in P. putida 
DOT-T1E (a + c) and P. putida KT2440 (b) harboring the plasmid 
pStyAB-lac. Specific styrene epoxidation activities were determined 
with resting cells originating from 8 different clones 4 h after induc-

tion with 1 mM IPTG and addition of 0.025 % (v/v) DCPK in a 
control experiment (c). SDS-PAGE analysis of each induced clone 
used for activity assays revealed the corresponding StyA content (at 
46.4 kDa)
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operation. Thereby, random fluctuations of non-discrete 
signals occur, i.e., uneven contents of biomolecules made 
by fluctuations during discrete gene expression and cell 
division events. These variations in defined biomolecule 
or regulator concentrations (ribosomes, RNA polymer-
ases, DNA polymerases, transcription factors) are either 
too small, not having an effect on regulatory network 
operation, or are sensed by the regulatory network result-
ing in a cellular response such as the expression of spe-
cific genes [18, 45]. In contrast, intrinsic noise (Fig. 5) 

is inherent to the operation of a discrete regulatory sys-
tem (e.g., the alk- or the lac-regulatory systems) and also 
occurs in cells, which are identical not only regarding 
their genetic inventory but also regarding the concentra-
tions and states of their cellular components. In this case, 
the reaction rate, e.g., for recombinant gene expression, is 
driven by the frequency of the collision of the individual 
partners (regulator, promoter, inducer) involved [18, 56]. 
Thereby, variability emerges due to low concentrations of 
these partners leading to a high stochasticity of respective 

Fig. 5  Clonal heterogeneity in Pseudomonas and sources of noise 
during recombinant gene expression. a Extrinsic noise in isogenic 
cells is caused by fluctuations in concentrations of biomolecules 
[ribosomes, transcription factors (TF), DNA/RNA polymerases] 
involved in the basic regulatory machinery controlling gene expres-
sion. Differences in such concentrations in individual cells can be 
considered as differing predispositions and may, under certain con-
ditions, result in phenotypes with differing gene expression patterns. 
This may include threshold concentrations, e.g., of TFs, below which 
the expression of certain genes is not induced at all. In the extreme 
case, this may result in a digital behavior (expression or no expres-
sion) with respect to the production of a recombinant protein. b 
Intrinsic noise is defined as the noise occurring, when the concen-
trations of the above-mentioned biomolecules are constant, i.e., do 
not differ in isogenic cells. Thus, intrinsic noise only depends on 

the specific expression system considered and not on the predisposi-
tion of the regulatory network. Such noise occurs when the rate of 
gene expression is controlled by random microscopic events (yellow 
boxes), i.e., coincidental contacts/collisions between the respective 
partners (inducer, promotor, regulator) present at low concentrations. 
The resulting output also differs from cell to cell, but is established 
and changes upon random events following a probabilistic pattern. 
Both, intrinsic and extrinsic noise act in parallel and are origins of 
cell-to-cell heterogeneity. c Possible scheme of cell-to-cell variabil-
ity in clonal heterogeneity assays with P. putida DOT-T1E cells. The 
predisposition of specific regulatory molecules in one single clone 
defines the efficiency of recombinant gene expression and finally the 
specific activity of a descending culture. Overall, activity variations 
from clone to clone (culture to culture) are driven by the extent to 
which such extrinsic noise occurs (color figure online)
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interactions. As stated by Elowitz et al. [18], the accuracy 
of the respective gene regulation is limited by intrinsic 
noise, even if host-intrinsic regulatory protein concentra-
tions do not vary. For the alk-regulatory system on the 
pCom plasmid, AlkS may be the major source of intrinsic 
noise as it positively regulates its own formation on the 
transcriptional level [12], and may be present at very low 
concentrations in non-induced cells. Such intrinsic noise 
leads to phenotypic cell-to-cell variability within a cul-
ture and is subject to short-term changes based on events 
occurring randomly. As it is not dependent on regulatory 
network predispositions, it does, from a probabilistic 
perspective, not become apparent looking at the average 
expression level in a whole culture and is not reflected 
in differences among cultures originating from different 
clones. Thus, the clonal variability observed in this study 
upon induction of cultures cannot be explained by intrin-
sic noise. On the other hand, extrinsic noise may contrib-
ute via unequal partitioning during cell division or vari-
able predispositions of regulatory networks, e.g., variable 
predispositions for solvent stress, antibiotic resistance, 
or plasmid proliferation. For example, the abundance of 
a regulator enhancing gene expression under control of 
the alk-regulatory system might be bequeathed from the 
source clone to daughter cells. If, after transformation, 
regulator concentrations differ from clone to clone, the 
following generations would inherit a more or less effi-
cient recombinant protein production (Fig. 5). A similar 
mechanism based on individual predispositions as cause 
for cell-to-cell variability in one culture was described 
by Siegele and Hu [54]. Variations in gene expres-
sion occurred due to an ‘autocatalytic induction mecha-
nism’ based on the araBAD-regulatory system in E. coli. 
Thereby, the regulator protein AraC activates gene expres-
sion of the host-specific transporter systems for arab-
inose uptake upon binding of arabinose and stimulates 
induction of the ParaBAD promotor. Based on their predis-
position, only those cells initiated gene expression upon 
induction by arabinose, in which the basic Ara transporter 
level exceeded a certain threshold. In this study, however, 
the uptake of the induction agents, n-octane and DCPK, 
is not coupled to an active transport system, but occurs 
via passive diffusion across the cell membranes. Thus, the 
intracellular abundance of the inducer is assured indepen-
dently of the genetic background of the strains used and 
of predispositions regarding inducer uptake.

In this study, we clearly show that variability in recom-
binant gene expression in P. putida DOT-T1E and S12 is 
connected to the alk-regulatory system, which originates 
from another Pseudomonas strain, P. putida GPo12. The 
application of a regulation system not originating from 
Pseudomonas, the lac-regulation system, did not result in 
significant clonal heterogeneity for all Pseudomonas strains 

tested. With a variability in activity of only 14 %, P. putida 
DOT-T1E (pStyAB-lac) showed stable and reproducible 
SMO activities as high as 107.62 ± 14.8 U gCDW

−1, which 
is the highest specific styrene oxide formation rate reported 
for P. putida DOT-T1E so far. These results indicate that 
stochastic predispositions of the regulatory network, owing 
to extrinsic noise in individual cultures of P. putida DOT-
T1E(pStyAB) and S12 (pStyAB) leads to the high variabil-
ity in gene expression. This can be attributed to the interac-
tion of the regulatory network of the employed strain with 
the alk-regulatory system or with plasmid replication. The 
latter, however, would require an additional interference of 
plasmid replication with the alk-regulatory system, as the 
backbone (replication regulation) of the pStyAB-lac plas-
mid (showing low variability) is identical to pStyAB.

In contrast, solvent-tolerant P. taiwanensis VLB120 
[33] did not show a high variability in styAB gene expres-
sion regulated via the alk-system. Although this strain has 
the tendency to develop two different morphotypes when 
growing in a biofilm, no differences in activity of these two 
types have been observed [20]. The apparent consistency 
of expression and activities indicates that possible stochas-
tic variabilities occurring in the regulatory network of this 
strain do not affect AlkS/PalkB-mediated expression. These 
observations point out the fact that microbial heterogene-
ity must be analyzed on a case-by-case basis and therefore 
should be incorporated in the initial screening phases for 
the selection of the best microbial host as proposed by 
Delvigne and Goffin [15]. However, such heterogeneity 
obviously does not only depend on the host strain, but on 
the combination of the host strain and the regulatory sys-
tem used.

Possible implications of solvent tolerance 
regarding variability in gene expression

Variations obtained with the alk-regulatory system for 
recombinant gene expression and respective whole-cell 
oxygenase activities were significantly lower for solvent-
sensitive P. putida KT2440 and E. coli JM101 as well as 
for solvent-tolerant P. taiwanensis VLB120 than for sol-
vent-tolerant P. putida DOT-T1E and P. putida S12. The 
high activity variations (cν = 82 and 48 %, respectively) 
obtained with solvent efflux pump and cis–trans isomer-
ase knockout strains of P. putida DOT-T1E heterologously 
expressing the XMO genes under control of the alk-regula-
tory system indicate that respective tolerance mechanisms 
do not directly cause the heterogeneous behavior, e.g., via 
variable predispositions for the pumping of inducers, sub-
strates, and products out of the cells. In addition, due to 
its low hydrophobicity (logPO/W of 0.58), DCPK does not 
vigorously accumulate in the membrane and may not cause 
solvent adaptation as it has been predicted for 1-hexanol 
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and 1-butanol [25, 39]. This and the finding that induction 
of recombinant gene expression via DCPK and n-octane—
solvents with differing polarities—both resulted in high 
activity variations further confirm that the major solvent 
tolerance mechanisms are not directly involved in the 
observed variability in gene expression.

Nevertheless, the addition of a solvent like DCPK does 
influence cell physiology and, in consequence, process per-
formance [17]. Related stress responses, which may well 
involve the solvent tolerance regulatory network, and vari-
ability in their predisposition may cause the observed vari-
ability in biocatalytic performance via an interaction with 
the alk-regulatory system or plasmid proliferation. Such a 
scenario can be excluded as DCPK addition during SMO 
gene expression under control of the lac-regulatory system 
resulted in low variations regarding SMO expression lev-
els and activities. Thus, the observed variability appears to 
be related to stress-independent, but host-specific interac-
tions of the alk-regulatory system with the host regulatory 
network.

Possible effects of DCPK enabling increased activities 
independent of induction

Interestingly, the addition of 0.025 % (v/v) DCPK to P. 
putida DOT-T1E (pStyAB-lac) leads to an increase in mean 
activity of around 21 %, compared with the same recombi-
nant strain in the absence of DCPK. Semi-quantitative anal-
ysis via SDS-PAGE (Fig. 4) did not show a significant dif-
ference in StyA levels, suggesting that this activity increase 
is not owing to different intracellular SMO concentrations. 
However, differences in active SMO concentrations cannot 
be excluded. An increased mass transfer of the substrate sty-
rene across the membrane due to increased membrane flu-
idity caused by the addition of a solvent [55], in this case 
DCPK, may be another explanation for the higher epoxida-
tion rates. Alternatively, energy metabolism may cause this 
behavior via an increased NADH availability. Previous stud-
ies on P. putida DOT-T1E and S12 revealed that, upon expo-
sure to low logPO/W solvents like octanol (logPO/W = 2.9) 
and toluene (logPO/W = 2.7), rates for central energy metab-
olism including NAD(P)H regeneration were significantly 
increased to cope with higher energy demands for solvent 
tolerance mechanisms [8]. The same phenomenon may be 
caused by the addition of low DCPK amounts, in this case 
fostering styrene epoxidation via increased NADH supply.

Plasmid copy number and variability

Recently, flow cytometry studies showed that recombinant 
P. putida KT2440 forms subpopulations regarding expres-
sion under control of the alk-regulatory system from the 
pCom10-based plasmid pA-EGFP_B [27]. The SMO used 

in the respective study is the same as the SMO used in this 
study and was tagged with a green fluorescence protein 
(eGFP). After induction, a productive, fluorescing (68 %) 
and a non-productive, non-fluorescing (32 %) subpopula-
tion emerged. In our study using the pStyAB and pStyAB-
lac plasmids with the same plasmid backbone and monoox-
ygenase genes as present on pA-EGFP_B, P. putida 
KT2440 might also exhibit such a bimodal behavior with a 
rather robust ratio of the two subpopulations. The formation 
of a non-productive subpopulation would be a plausible 
explanation for the low activities of 18.6 ± 2.1 U gCDW

−1 
and 24.0 ± 2.9 U gCDW

−1 obtained with P. putida KT2440 
containing pStyAB and pStyAB-lac, respectively. PCN 
determination via digital droplet PCR showed that the sub-
population formation of the P. putida KT2440 strain occurs 
due to instable plasmid proliferation despite the presence 
of kanamycin as selection marker [28]. It has been reported 
that long exposure to kanamycin can trigger the formation 
of a bacterial population able to survive without harboring 
a resistance gene [51]. Thus, the question arises whether 
recombinant P. putida DOT-T1E and S12 also tend to the 
formation of subpopulations regarding PCN and if het-
erogeneous subpopulation ratios in individual cultures are 
the cause for the observed variability in recombinant gene 
expression and epoxidation activity. If so, plasmid replica-
tion would be affected by the alk-regulatory system as indi-
cated above. The fact that agarose gel band intensities for 
plasmids isolated from different P. putida DOT-T1E-PS34 
cultures did not differ (results not shown), points to a direct 
interference of the alk-regulatory system with the host 
regulatory network, rather than the involvement of plasmid 
replication. Further investigations on a possible involve-
ment of plasmid replication in recombinant P. putida DOT-
T1E are in progress.

Conclusion

In this study, we characterized recombinant monooxyge-
nase catalysis in different Pseudomonas strains regard-
ing specific resting cell activities, expression levels, and 
respective variability. A standardized experimental setup 
was developed to ensure similar generation numbers (45–
50) for each tested clone at the start of the resting cell activ-
ity assay. These clonal heterogeneity assays revealed high 
variations in specific resting cell activities for recombinant 
P. putida DOT-T1E and S12 and low variations for E. coli 
JM101, P. putida KT2440, and P. taiwanensis VLB120 
upon monooxygenase gene expression under the control 
of the alk-regulatory system. Such activity variations from 
colony to colony picked were found to correlate with the 
recombinant protein amount in the cells. A direct connec-
tivity of this variability with the proposed major solvent 
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tolerance mechanisms (that is, cis–trans isomerization and 
active solvent efflux), mutations, antibiotic resistance, and 
type of enzyme, substrate/product, or inducer used could 
be excluded. By changing the regulatory system used for 
recombinant gene expression to the lac-system, which 
relieved any high variability, it was shown that the interplay 
between the alk-regulatory system and the host-specific 
regulatory network of the employed strain, an extrinsic 
type of noise, apparently plays an important role regard-
ing the appearance of such variability. In addition, it can be 
stated that the development of gene expression variability 
is not limited to the induction period, but already starts dur-
ing growth on the agar plate after transformation.

Thus, this study highlights that stability and reproduc-
ibility of recombinant plasmid-based gene expression 
strongly depend on the combination of host strain and 
expression system employed. The results point out that the 
general usage of the alk-regulatory system in combination 
with Pseudomonas putida as host strain has to be scruti-
nized. In general, we demonstrate that the evaluation of 
hosts, strains, and regulatory systems regarding reproduc-
ibility and variability is crucial for prospective industrial 
applications. The methods developed for the analysis of 
clonal heterogeneity will serve as stepping stone for such 
future investigations. Overall, future research should not 
only target cell-to-cell variability in a single culture/bio-
process, but also clonal variability, finally allowing the 
selection of the best performing microbial host and expres-
sion system.
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