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Abstract
Due to their high secretion capacity, Gram-positive bacteria from the genus Bacillus are important expression hosts for the high-
yield production of enzymes in industrial biotechnology; however, to date, strains from only few Bacillus species are used for
enzyme production at industrial scale. Herein, we introduce Paenibacillus polymyxaDSM 292, a member of a different genus, as
a novel host for secretory protein production. The model gene cel8A from Clostridium thermocellum was chosen as an easily
detectable reporter gene with industrial relevance to demonstrate heterologous expression and secretion in P. polymyxa. The yield
of the secreted cellulase Cel8A protein was increased by optimizing the expression medium and testing several promoter
sequences in the expression plasmid pBACOV. Quantitative mass spectrometry was used to analyze the secretome in order to
identify promising new promoter sequences from the P. polymyxa genome itself. The most abundantly secreted host proteins
were identified, and the promoters regulating the expression of their corresponding genes were selected. Eleven promoter
sequences were cloned and tested, including well-characterized promoters from Bacillus subtilis and Bacillus megaterium.
The best result was achieved with the promoter for the hypothetical protein PPOLYM_03468 from P. polymyxa. In combination
with the optimized expression medium, this promoter enabled the production of 5475 U/l of Cel8A, which represents a 6.2-fold
increase compared to the reference promoter PaprE. The set of promoters described in this work covers a broad range of promoter
strengths useful for heterologous expression in the new host P. polymyxa.
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Introduction

Industrial biotechnology is a rapidly growing field, since it is
associated with the fast and cost-effective production of goods
such as chemicals, pharmaceuticals, and biofuels in a resource
and environmentally sustainable manner (Ahmann and
Dorgan 2007). For decades, members of the genus Bacillus
have been used extensively for the industrial production of
enzymes such as proteases and amylases (Harwood 1992).
Bacillus species owe their success, in particular, to their ability
to secrete proteins into the extracellular medium with high
selectivity and productivity. This facilitates easy and econom-
ical downstream processing by simply recovering the target
proteins from the culture supernatant. Under ideal conditions,
the secretory system can export proteins at grams per liter
concentrations (Schallmey et al. 2004). Well-established in-
dustrial microorganisms include Bacillus subtilis, Bacillus
licheniformis, and a few other Bacillus species and are mainly
used to overexpress Bacillus genes for the production of
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enzymes typically added to washing or cleaning agents
(Schallmey et al. 2004; Küppers et al. 2014; Heinze et al.
2018). Despite the availability of production strains for bulk
enzymes, the identification and development of new expres-
sion hosts from other genera and species are important to
enable efficient production of new enzymes (Küppers et al.
2014) in industrially relevant yields. This applies especially to
heterologous expression, which is more challenging and usu-
ally significantly less efficient (Bien et al. 2014).

Paenibacillus polymyxa is a soil bacterium with a multi-
tude of useful properties. Some examples include plant growth
promotion, for example, through nitrogen fixation or produc-
tion of phytohormones, production of antimicrobial com-
pounds, such as polymyxins and industrially relevant sub-
stances, like 2,3-butanediol or exopolysaccharides (Grady
et al. 2016; Rütering et al. 2017). In comparison to other
strains of the same species, whose genomes have already been
published, P. polymyxa DSM292 shows some distinguishing
traits. Most notably, strain DSM292 displays a lower
exoprotease activity than strain DSM 365 or the type strain
P. polymyxa DSM36T. This can lead to higher stability of
heterologously expressed, secreted target proteins.
Therefore, we selected P. polymyxa DSM 292 as a promising
candidate to establish a new expression strain for heterolo-
gous, secretory protein production.

The well-characterized thermophilic endoglucanase Cel8A
from Clostridium thermocellum (Schwarz et al. 1986; Leis
et al. 2017) was chosen as an exemplary target protein with
biotechnological relevance. Due to its ability to hydrolyze
carboxymethyl cellulose (CMC) at 60 °C, active Cel8A can
be easily detected and quantified in the background of P.
polymyxa DSM 292 supernatant, which itself does not de-
grade CMC. Cel8A is a component of the cellulosome, an
extracellular multienzyme complex allowing efficient degra-
dation of plant cell wall polysaccharides by its synergistically
acting enzyme activities (Shoham et al. 1999; Schwarz 2001;
Zverlov and Schwarz 2004). Hence, cellulosomes have elicit-
ed great interest in potential biotechnological applications,
such as the production of biofuels from cellulosic biomass
(Bayer et al. 2007). Yet, several cellulosomal components
have to be heterologously expressed to enable the reconstitu-
tion of cellulosomes in vitro, and not all components can be
produced in large amounts in the available expression hosts
(Leis et al. 2017). Escherichia coli, B. subtilis, and Bacillus
stearothermophilus have been used to produce Cel8A
recombinantly (Schwarz et al. 1986; Soutschek-Bauer and
Staudenbauer 1987; Joliff et al. 1989; Bien et al. 2014; Leis
et al. 2017). The reported yields are highly variable between
different studies. For example, Schwarz et al. (1986) were able
to produce 304.4 U of Cel8A per gram of E. coli cells, while
Joliff et al. (1989) reported a yield of 800 U/l of secreted
Cel8A using B. subtilis. Very high yields of secreted Cel8A
were obtained using B. subtilis 168 (13,900 U/l) and B.

stearothermophilus CU21 (11,300 U/l) by Soutschek-Bauer
and Staudenbauer (1987).

Heterologous protein production depends on the availabil-
ity of efficient promoter systems that enable a controlled, high
level of target gene expression. Three types of promoters can
be used: constitutive, inducer-specific, and auto-inducible pro-
moters (Schumann 2007; Nijland et al. 2007; Lee et al. 2010).
The choice of promoter system is dependent on both the ex-
pression host as well as the characteristics of the desired target
protein. By using constitutive promoters, such as the B.
subtilis promoter P43 (Wang and Doi 1984), high levels of
target protein have been produced. Inducer-specific promoters
are also widely used, such as PxylA, which depends on induc-
tion by exogenous addition of xylose (Rygus and Hillen 1991;
Malten et al. 2005). While these systems offer high degrees of
control, the necessity for an external inducer makes them less
applicable to large-scale fermentations. Alternatively, tran-
scriptome analyses have identified auto-inducible promoters
whose activities are growth phase- or stress-specific, and
therefore, they do not require addition of inducers (Nicolas
et al. 2012). One promoter frequently used for large-scale
recombinant protein production is the B. subtilis aprE promot-
er (PaprE). In its native host, PaprE is active in the late expo-
nential and stationary growth phase (Valle and Ferrari 1989)
and served as a reference promoter in this study.

By analyzing the secretory production of endoglucanase
Cel8A under the control of 11 different promoters, this study
presents new insights into the performance of these regulatory
sequences in P. polymyxaDSM 292, and therefore, provides a
basis for exploiting this new expression strain for heterolo-
gous protein production. Furthermore, by optimizing the cul-
ture medium and applying a new promoter, the yield of the
secreted heterologous target protein was significantly
improved.

Materials and methods

Bacterial strains and growth conditions

Escherichia coli strains were grown in 20 ml LB medium
(Bertani 1951) shaken at 180 rpm or on LB agar plates at
37 °C overnight. E. coli TOP10 (Life technologies,
Carlsbad, USA) was used for cloning and as the donor strain
for transmating (Heinze et al. 2018) and was grown with
100 μg/ml carbenicillin (Carl Roth, Karlsruhe, Germany). E.
coli HB101 carrying the plasmid pRK2013 was used as a
helper strain for transmating and was cultured with 50 μg/ml
kanamycin (AppliChem, Darmstadt, Germany). E. coli
HB101 pRK2013 (DSM No. 5599) and P. polymyxa DSM
292 were obtained from DSMZ (Leibniz-Institut DSMZ-
Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH, Braunschweig, Germany). P. polymyxa DSM 292
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transmates carrying the expression plasmid were streaked on-
to LB selection agar containing 40 μg/ml polymyxin B (Carl
Roth) and 10 μg/ml kanamycin or grown in liquid medium
with 10 μg/ml kanamycin. For precultures, 20 ml LB liquid
medium was inoculated with a single colony of P. polymyxa
DSM 292 and grown overnight at 37 °C and 180 rpm. For
expression experiments, 20 ml main cultures of P. polymyxa
DSM 292 were inoculated to a starting OD600 of 0.2 using
overnight precultures and were incubated for 24 h at 37 °C and
180 rpm, unless indicated otherwise. Main cultures were
grown in LBS medium (LB medium supplemented with
0.5M sorbitol) or medium 2 (5 g/l soy peptone, 30 g/l glucose,
7 g/l (NH4)2SO4, 1 g/l MgSO4 × 7 H2O, 15 mg/l CaCl2 × 2
H2O, 25 mM Na/K-phosphate buffer pH 7.0 [corresponding
to 15.25 mM K2HPO4 and 9.75 mM NaH2PO4]). A final
amount of 0.06% (v/v) of a trace element solution, prepared
as described by Häßler et al. (2012), was added to medium 2;
however, it lacked biotin and calcium chloride.

Construction of expression vectors

The target gene cel8A from C. thermocellum was synthesized
by Eurofins Genomics (Ebersberg, Germany) with codon us-
age optimization for B. megaterium. The gene was subcloned
into pBACOVusing NdeI and XbaI restriction enzymes (New
England Biolabs, Ipswich, USA), yielding pBACOV-cel8A.
To identify a suitable signal peptide (SP) for the secretory
production of Cel8A, the B. subtilis secretory protein expres-
sion system kit (Takara-Bio Inc., Kusatsu, Japan) was used
according to the manufacturer’s instructions to create a SP
library. The library was transferred to P. polymyxa DSM 292
for screening and selection of a suitable SP. The resulting
plasmid pBACOV-SPLipB-cel8Awas used as a chassis for re-
placing the reference promoter PaprE with alternative pro-
moters by linearizing pBACOV-SPLipB-cel8A with SpeI and
MluI-HF (New England Biolabs). In cases where both PaprE
and SPLipB were replaced with alternative promoter and SP-
sequences, SpeI and EagI-HF (New England Biolabs) were
used. In all cases, PaprEwas fully replaced, including the orig-
inal ribosome binding site (RBS) of the exchanged promoter
sequence. The promoter sequences were amplified from ge-
nomic B. subtilis RIK1285 (Clontech Laboratories, Mountain
View, USA) or P. polymyxa DSM 292 genomic DNA. The
promoters PxylA and PxylA+ were amplified from plasmid
pHIS1525 (Mobitec GmbH, Göttingen, Germany; Table 2).
The RBS of PxylA as optimized by Malten et al. (2005) was
introduced by PCR amplification from pHIS1525 by miss-
matching positions in the reverse primer Pxyl_RBS+
_Gibson_rv, thereby generating PxylA+. The oligonucleotide
primers used in this study are listed in Supplementary
Table S1. The promoter sequences were introduced into vector
pBACOV via Gibson assembly (Gibson et al. 2009), and
plasmid sequences were confirmed by sequencing.

Plasmid transfer to P. polymyxa DSM 292

Plasmids were transferred to P. polymyxa DSM 292 by
transmating as previously described (Heinze et al. 2018).

Azo-CMC assay for measurement of Cel8A activity
in supernatants

OD600 of the main cultures was determined after incubation
for 24 h. Twomilliliters of culture was centrifuged for 5 min at
21,100 g, and the supernatant was carefully collected without
disrupting the cell pellet. Cel8A activity in the supernatant
was measured using Azo-CM-Cellulose (Azo-CMC,
Megazyme, Bray, Ireland). For each sample, 150 μl of 2%
substrate solution (dissolved in 200 mM sodium acetate,
pH 5.0 (HCl) at 60 °C, 100 mM NaCl, and 20 mM CaCl2)
was mixed on ice with 150 μl of culture supernatant. The
samples were incubated in a water bath at 60 °C for 5 min.
The reaction was terminated with 750 μl of precipitation buff-
er (294 mM sodium acetate × 3 H2O, pH 5.0 (HCl), 22 mM
zinc acetate, and 80% (v/v) ethanol) added, and the samples
were cooled at room temperature for 10 min. Samples were
centrifuged at 1000 g for 10min to remove the precipitate, and
the absorption of the supernatants was measured at 590 nm.
Blanks were prepared by mixing 150 μl of substrate solution
with 750 μl precipitation buffer, followed by the addition of
150 μl culture supernatant from the empty vector strain (P.
polymyxa DSM 292 pBACOV). The amount of Cel8A was
evaluated by comparing the absorption values to a reference
curve constructed with known concentrations of Cel8A pro-
duced in E. coliBL21 Star™ (Life technologies), as described
previously (Leis et al. 2017). The specific activity of the pu-
rified Cel8A reference was 15.75 U/mg using the DNSA as-
say (Wood and Bhat 1988) with 0.5% (w/v) CMC (Sigma-
Aldrich, St. Louis, USA) as substrate.

Medium optimization by Plackett–Burman design

Initially, a semidefined medium (termed medium 0) was de-
veloped as the basis for further optimization. Medium 0 was
optimized using a Plackett–Burman experimental design with
11 factors, resulting in 12 different media for testing. Factors
1–8 correspond to the following medium components: soy
peptone, glucose, ammonium sulfate, phosphate buffer, mag-
nesium, calcium, trace elements, and biotin; whereas, factors
9–11 were incubation conditions: temperature, pH, and aera-
tion (using baffled or normal Erlenmeyer flasks). For each
factor, a high (1) and low (− 1) level were defined, in addition
to the initial condition (0). The specified 1, − 1, and 0 levels
for each factor are listed in Table 1. To assess the performance
of each medium, P. polymyxa DSM 292 pBACOV-SPLipB-
cel8A and the negative control strain carrying pBACOVwith-
out the target gene were incubated in triplicate for 24 h under
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each condition, and the Cel8A activity in the supernatant was
determined (Azo-CMC).

Secretome analysis by quantitative mass
spectrometry (LC-MS/MS)

P. polymyxa DSM 292 carrying pBACOV-SPLipB-cel8A was
incubated in 20 ml medium 2 (37 °C, 180 rpm). After 24 h,
2 ml of the culture was harvested by centrifugation (21,100 g
for 5 min at 4 °C). The supernatant was collected without
disrupting the cell pellet and stored at − 20 °C until further
use for LC-MS/MS analysis.

Three biological replicates of 30 μl supernatant were mixed
with LDS sample buffer (Thermo Fisher Scientific, Waltham,
USA) for in-gel digestion. The samples were then reduced with
25 mM dithiothreitol, heated for 10 min at 95 °C and alkylated
with 55 mM chloroacetamide. Proteins were run on a 4–12%
NuPAGE gel (Thermo Fisher Scientific) for about 1 cm to con-
centrate the sample prior to in-gel tryptic digestion, which was
performed according to the standard procedures (Shevchenko
et al. 2006). The peptides obtained were dried to completeness
and resuspended in 12 μl of buffer A (0.1% formic acid (FA)),
and 5 μl of sample was injected per MS measurement.

The samples were analyzed via LC-MS/MS on a nanoLC-
Ultra 1D+ (Eksigent, Dublin, CA) coupled online to a Q-
Exactive HF mass spectrometer (ThermoFisher Scientific).
Peptides were initially loaded onto a 2-cm trap column
(75 μm inner diameter, ReproSil-Pur 120 ODS-3 5 μm, Dr.
Maisch) at a flow rate of 5 μl/min. Subsequently, they were
separated on a 40 cm analytical column (75 μm inner diame-
ter, ReproSil-Gold 120 C18 3 μm, Dr. Maisch) at a flow rate
of 300 nl/min and with a gradient of 4–32% buffer B (0.1%
FA and 5% DMSO in acetonitrile) in 120 min (buffer A now
also contained 5% DMSO).

The eluate from the analytical column was sprayed via a
stainless steel emitter (ThermoFisher Scientific) at a source
voltage of 2.2 kV into the mass spectrometer. The transfer cap-
illary was heated to 275 °C. The Q-Exactive HF was operated
in data-dependent acquisition (DDA) mode, automatically
switching between MS1 and MS2 spectrum acquisition. MS1
spectra were acquired over a mass-to-charge (m/z) range of
360–1300 m/z at a resolution of 60,000 (at m/z 200) using a
maximum injection time of 50 ms and an AGC target value of
3e6. Up to 20 peptide precursors were isolated (isolation win-
dow, 1.7 m/z; maximum injection time, 25 ms; and AGC value,
1e5), fragmented by high-energy collision-induced dissociation
(HCD) using 25% normalized collision energy (NCE) and an-
alyzed at a resolution of 15,000 with a scan range from 200 to
2000 m/z. Precursor ions that were singly charged, unassigned,
or with charge states > 6+ were excluded. The dynamic exclu-
sion duration of fragmented precursor ions was 20 s.

Peptide and protein identification and quantification were per-
formed using MaxQuant software (version 1.5.7.4; Cox and
Mann 2008) by searching the MS data against a P. polymyxa
DSM 292 protein database (5339 protein sequences) derived
from the P. polymyxa DSM 292 genome sequence (Sequence
accession numbers for Contigs 1 to 23: OKC01000001 to
OKC01000023 ; As s emb l y a c c e s s i o n numbe r :
GCA_900406265) using the search engine Andromeda (Cox
et al. 2011). The Cel8A protein sequence was manually added
to the reference database (including the SP sequence) to make it
identifiable within the P. polymyxaDSM 292 background prote-
ome. The MaxQuant search was performed using two variable
modifications; oxidation of methionine and N-terminal protein
acetylation. Carbamidomethylation on cysteines was specified as
a fixed modification. Trypsin (Trypsin/P) was specified as the
proteolytic enzymewith up to two allowedmissed cleavage sites.
Label-free quantification (Cox et al. 2014) and match-between-
runs (matching time window of 0.7 min and alignment time
window of 20 min) were enabled, and the results were filtered
for a minimal length of seven amino acids and 1% peptide and
protein false discovery rate (FDR). To assess the concentration of
the identified proteins relative to each other (i.e., to down-rank
the proteins according to their abundance in the sample), we
estimated the absolute protein intensities using the intensity-
based absolute quantification algorithm (iBAQ; Schwanhäusser
et al. 2011), which is implemented within MaxQuant.

Data deposition

Mass spectrometry data have been deposited at the
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository
with the dataset identifier PXD009882.

Nucleotide sequences of the plasmids used in this study
have been deposited in GenBank (accession numbers are giv-
en in Table 2).

Table 1 Specified factors and levels for medium optimization using a
Plackett–Burman matrix

Factor Component Level

− 1 0 1

1 Soy peptone [g/l] 0.5 5 5

2 Glucose [g/l] 10 20 30

3 (NH4)2SO4 [g/l] 2 4 7

4 Na/K PO4 buffer [mM] 25 100 200

5 MgSO4 × 7 H2O [g/l] 0.1 0.5 1

6 CaCl2 x 2 H2O [mg/l] 15 25 50

7 Trace element solution (portion) 0.06% 0.3% 1.5%

8 Biotin [mg/l] 0 0.03 0.15

9 pH 5.7 7.6 7

10 Temperature [°C] 30 37 40

11 Aeration (baffled flasks) No No Yes
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Results

This study examined the influence of various promoter se-
quences and medium composition on the secretory production
of the clostridial endoglucanase Cel8A by P. polymyxa DSM

292. Promoters from the literature were tested, and the expres-
sion mediumwas optimized. Furthermore, the secretome of P.
polymyxa DSM 292 was analyzed by quantitative mass spec-
trometry in order to identify strongly secreted host proteins,
whose promoters were hypothesized to be well-suited for the

Table 2 Plasmids used in this study. All promoters from the P. polymyxa DSM292 genome, except P43P, were selected based on a quantitative
secretome analysis

Plasmid Promoter SP Comments Source of plasmid References and GenBank
accession numbers

Plasmid used as PCR template

pHIS1525 PxylA Used for subcloning of PxylA
and PxylA+

Mobitec Rygus and Hillen 1991;
Malten et al. 2005;
Stammen et al. 2010

Reference plasmids

pBACOV PaprE SPAprE Broad host range expression plasmid
with auto-inducible promoter
PaprE from B. subtilis

Heinze et al. 2018 Heinze et al. 2018;
Ferrari et al. 1988;
Jan et al. 2000 GenBank:
MG599120

pBACOV-SPLipB-cel8A PaprE SPLipB Reference plasmid for the secretory
expression of cel8A in P. polymyxa
DSM 292 with SPLipB from
B. subtilis

This work GenBank: MH328009

Plasmids with inducible promoters from the literature

pPxylA-cel8A PxylA SPLipB Xylose-inducible B. megaterium
xyl operon (PxylA promoter, xylR
repressor)

This work Rygus and Hillen 1991
GenBank: MH328011

pPxylA+ − cel8A PxylA+ SPLipB PxylAwith optimized synthetic
ribosome binding site (rbs+)

This work Malten et al. 2005;
Stammen et al. 2010
GenBank: MH328012

Plasmids with characterized B. subtilis promoters from the literature

pP43-cel8A P43 SPLipB Constitutive B. subtilis promoter This work Wang and Doi 1984
GenBank: MH328013

pPtrnQ-cel8A PtrnQ SPLipB Constitutive B. subtilis promoter This work Song et al. 2016
GenBank: MH328014

pPylb-cel8A Pylb SPLipB Auto-inducible B. subtilis promoter This work Yu et al. 2015
GenBank: MH328015

Plasmids with promoters from the genome of P. polymyxa DSM 292

pP43P-cel8A P43P SPLipB Promoter of the P. polymyxa DSM
292 homolog of the B. subtilis
cdd gene regulated by P43.

This work GenBank: MH328016

pP01680-LipB-cel8A P01680 SPLipB Promoter of ORF 01680 of
P. polymyxa DSM 292

This work GenBank: MH328017

pP01680-nat-cel8A P01680 SP01680 Same promoter as
pP01680-LipB-cel8A

This work GenBank: MH328018

pP02218-LipB-cel8A P02218 SPLipB Promoter of ORF 02218 of
P. polymyxa DSM 292

This work GenBank: MH328019

pP02218-nat-cel8A P02218 SP02218 Same promoter as
pP02218-LipB-cel8A

This work GenBank: MH328020

pP03468-LipB-cel8A P03468 SPLipB Promoter of ORF 03468 of
P. polymyxa DSM 292

This work GenBank: MH328021

pP03468-nat-cel8A P03468 SP03468 Same promoter as
pP03468-LipB-cel8A

This work GenBank: MH328022

pP04737-LipB-cel8A P04737 SPLipB Promoter of ORF 04737 of
P. polymyxa DSM 292

This work GenBank: MH328023

pP04737-nat-cel8A P04737 SP04737 Same promoter as
pP04737-LipB-cel8A

This work GenBank: MH328024
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expression of heterologous target genes. The strategy used in
this study to optimize secretory Cel8A production is illustrat-
ed in Fig. 1.

Construction of expression vectors

The expression plasmids used in this study are based on the
broad host range plasmid pBACOV, featuring the B. subtilis
promoter PaprE for heterologous expression in a wide range of
bacilli, including P. polymyxa (Heinze et al. 2018). The target
gene cel8A, starting from codon 36 of the ORF and lacking its
native signal-peptide-coding region, was inserted into
pBACOV. To identify a suitable SP for secretory production
of Cel8A, an SP library was created and screened (see
“Material and methods”). This way, SPLipB was selected,
and the resulting plasmid pBACOV-SPLipB-cel8A served as
a reference in all expression experiments.

Fourteen plasmids with different promoter and/or SP se-
quences were derived from plasmid pBACOV-SPLipB-cel8A
(Table 2). The plasmids were transferred to P. polymyxaDSM
292 by transmating, and the influence of each promoter on the
secretory production of Cel8A was examined. Since P.
polymyxa has not yet been used for heterologous secretory
protein production, little is known about its endogenous

promoter systems. Hence, as a first step, well-characterized
promoters originating from other Bacillus species were select-
ed based on their known strength and controllability. These
promoters were PxylA, PxylA+, P43, PtrnQ, Pylb, and P43P.
Following this, the expression medium was optimized using
a Plackett–Burman matrix. Based on a quantitative analysis of
the secretome in the optimized medium, additional promoters
from the P. polymyxa genome were selected (P01680, P02218,
P03466, and P04737) and tested in combination with SPLipB and
the respective native SP.

Analysis of the production of Cel8A in LBS medium

In the first round of optimization, the new expression plasmids
pPxylA-cel8A, pPxylA+ − cel8A, pP43-cel8A, pPtrnQ-cel8A,
pPylb-cel8A, and pP43P-cel8A were introduced into P.
polymyxa DSM 292. The resulting strains were cultured in
20 ml of LBS medium for comparison of Cel8A production.
The expression levels, which depend on the promoter
strengths, were examined in terms of the resulting Cel8A ac-
tivity in the culture supernatant using the Azo-CMC assay and
were compared to the level obtained with the auto-inducible
reference promoter PaprE.

1) Promoters from
    Literature

-1   1    1    -1

1   -1    1     1

1    1    -1    1

1   -1    1    -1

2) Medium
optimization

3) Promoters from strongly
    secreted host proteins

Promoter

cel8A

n . c
.

Pap rE-SPLipB

P01 680 -SP LipB

P01 680 -SP na t.

P02 218 -SP LipB

P02 218 -SP na t.

P03 468 -SP LipB

P03 468 -SP na t.

P04 737 -SP Lip B

P04 737 -SP na t.

0

2000

4000

6000

     
.
6

Identification of 
best promoters

Cel8A activity
in supernatant

in
te

ns
ity

m/z

LC-MS/MS

Secretion of Cel8A
by P. polymyxa

Fig. 1 Workflow for the
optimization of secretory cel8A
expression in P. polymyxa DSM
292. To increase the total amount
of Cel8A secreted by P. polymyxa
DSM 292, a three-tiered strategy
was adopted. 1) Well-
characterized and published
promoters from B. subtilis and B.
megateriumwere tested, followed
by 2) systematic optimization of
the expression medium using a
Plackett–Burman design. In step
3), host proteins strongly secreted
by the production strain under
conditions selected from 2) were
identified by quantitative LC-MS/
MS, and the promoters of the
corresponding genes were cloned
and tested. The performance of
each promoter was evaluated
based on Cel8A activity in the
supernatant as assessed using the
Azo-CMC assay. The depicted
protein structure of Cel8A (PDB-
ID: 1CEM) was published by
Alzari et al. (1996)
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First, the xylose-inducible promoters PxylA and PxylA+ were
examined. The sequence of PxylA is identical to the promoter of
the B. megaterium xyl operon and was used in combination
with the gene for the XylR repressor; XylR inhibits transcrip-
tion in the absence of xylose. PxylA+ is derived from PxylA and
features an optimized ribosome binding site (rbs+) for B.
megaterium (Malten et al. 2005).

To compare the promoters PxylA and PxylA+, clones carrying
the respective plasmids were grown in LBS medium until the
OD600 reached 0.3. At this point, expression was induced by
addition of xylose to a final concentration of 0.5% (w/v). After
incubation for 24 h, the Cel8A activity in the supernatant was
measured using the Azo-CMC assay (Table 3). PxylA did not
promote cel8A expression under either condition. In contrast,
the CMCase activity in the supernatant of cells carrying the
pPxylA+ − cel8A plasmid reached about 74% of the reference
(PaprE) upon induction by xylose. No CMCase activity was
observed without addition of xylose, indicating a tight regula-
tion of the xylose-inducible promoter.

In contrast to the xylose-inducible promoters, P43, PtrnQ,
and P43P are constitutive. The constructs with P43 and PtrnQ
originating from B. subtilis, as well as P43P from P. polymyxa
DSM 292, did not promote cel8A expression in P. polymyxa
DSM 292. After incubation in LBSmedium, the target protein
could neither be detected in the supernatants or cell pellets, by
both Western blot analysis (by means of the C-terminal His6-
tag and an anti-His/AP antibody-conjugate), nor by Azo-
CMC activity assay. False negative results could be excluded
since the reference strain (P. polymyxa DSM 292 pBACOV-
SPLipB-cel8A) and the negative control (P. polymyxa DSM
292 pBACOV) produced the expected results.

Replacement of PaprEwith the auto-inducible Pylb promoter
resulted in increased amounts of extracellular Cel8A upon
culturing in LBS medium. The Cel8A activity produced by
P. polymyxaDSM 292 pPylb-cel8A reached a value of 2082 ±
249 U/l, a 2.3-fold increase over the reference plasmid
pBACOV-SPLipB-cel8A (PaprE).

Medium optimization

A second step to increase the total amount of active Cel8A
produced was a systematic optimization of the expression me-
dium. By using a Plackett–Burman matrix, 12 expression me-
dia covering 11 factors (Table 1) were designed and tested.
The Plackett–Burman matrix and the resulting Cel8A activi-
ties from P. polymyxa DSM 292 pBACOV-SPLipB-cel8A are
presented in Fig. 2. Medium composition had a substantial
effect on the Cel8A activity in the supernatant. While produc-
tivity was low with most tested media, medium 2 produced an
almost fivefold increase in Cel8A production compared to
medium 0 (Fig. 2) and a 1.8-fold increase compared to LBS.
The composition of medium 2 is listed in “Materials and
methods.”

When incubated in medium 2 for 24 h, P. polymyxa DSM
292 pBACOV-SPLipB-cel8A reached a higher final OD600 at
37 °C than at 40 °C, the temperature at which this medium
was initially tested. Accordingly, the measured Cel8A activity
in the supernatant was significantly higher at 37 °C (data not
shown). Therefore, medium 2 at 37 °C was chosen as by far
the best expression medium for further experiments.

Since PxylA+ and Pylb performed well in LBS medium, the
expression of cel8A under control of these two promoters was
also analyzed in medium 2 at 37 °C. Upon induction with
xylose, the Cel8A activity in the supernatant of P. polymyxa
DSM 292 pPxylA+ − cel8A reached 103 ± 3.26 U/l, whereas
the activity without addition of xylose was 34.7 ± 4.08 U/l. In
comparison with LBS medium, the amount of Cel8A pro-
duced under control of PxylA+ was more than six times lower
in medium 2.

For Pylb, the Azo-CMC assay revealed a Cel8A activity in
the supernatant of 1904 ± 55.4 U/l in medium 2. This value is
in the same range as that observed with Pylb in LBS medium
(2082 ± 249 U/l), which indicates that medium 2 did not in-
crease the productivity in this case. Furthermore, the reference
promoter PaprE generated a Cel8A activity of 2833 ± 215 U/l
(medium 2, 37 °C), indicating a better performance of PaprE
over Pylb under these conditions.

Identification of abundant proteins
in the supernatant of P. polymyxa DSM 292
for promoter selection

Since the combination of optimized medium 2 and the best
promoters from the first round of optimization (i. e., Pylb and
PxylA+) did not result in an increased production of Cel8A, a
third approach was used to identify promoters that would lead
to high levels of Cel8A in medium 2. We hypothesized that
promoters regulating the expression of highly abundant host
proteins in the supernatant of P. polymyxaDSM 292 may also
be well-suited for the secretory production of heterologous
enzymes. In order to identify such host proteins, the

Table 3 Xylose-inducible secretory Cel8A production in P. polymyxa
DSM 292 cultures carrying plasmids pPxylA-cel8A (PxylA) or pPxylA+ −
cel8A (PxylA+) in LBS medium. n. c.: negative control P. polymyxa DSM
292 pBACOV (empty vector). Reference: P. polymyxa DSM 292
pBACOV-SPLipB-cel8A. The specific Cel8A activities in the culture
supernatants were measured using the Azo-CMC assay. Values are
given as ± standard deviation of three replicates

Specific activity [U/l]

Without xylose + 0.5% xylose

Reference (PaprE) 884 ± 29.0

n. c. 19.4 ± 1.8 11.5 ± 4.2

PxylA 23.5 ± 3.6 11.8 ± 5.6

PxylA+ 20.7 ± 4.8 651 ± 122

Appl Microbiol Biotechnol (2018) 102:10147–10159 10153



supernatant of P. polymyxaDSM 292 pBACOV-SPLipB-cel8A
grown in medium 2 was analyzed by quantitative mass spec-
trometry (LC-MS/MS), followed by absolute label-free pro-
tein abundance estimation using the intensity-based absolute
quantification algorithm iBAQ. The analysis was performed
with three biological replicates, and the data were deposited at
the Proteome Xchange Consortium (http://proteomecentral.
proteomexchange.org, dataset identifier PXD009882). A
detailed overview of the quantitative protein results is
available in Supplementary Table S2. In total, 1078 proteins
were quantified with different abundances (Fig. 3). Secretory
SPs were predicted for 60 of the identified proteins using
SignalP 4.1 (Petersen et al. 2011), indicating that these pro-
teins are actively secreted by P. polymyxaDSM 292. These 60
proteins (open circles in Fig. 3) were all quantifiable with high
concentrations in the supernatant, i.e., they all ranked within
the 30% most highly concentrated proteins of the detected P.
polymyxa DSM 292 proteome (Fig. 3). The genome of P.
polymyxa DSM 292 contains a total of 418 genes with a pre-
dicted SP (SignalP 4.1; Petersen et al. 2011; Supplementary
Table S2). This means that about 14% of the repertoire of
secretory genes was expressed and the respective proteins
were detected under the experimental conditions used. The
detection of the 1018 proteins lacking a predicted SPwasmost
likely due to the ongoing cell lysis during culturing. These
proteins are presumably not actively secreted by P. polymyxa.

The six most abundant proteins in the P. polymyxaDSM 292
pBACOV-SPLipB-cel8A supernatant were the host proteins
PPOLYM_02218, PPOLYM_00910, PPOLYM_01680,
PPOLYM_03468, and PPOLYM_04737 (Table 4) and the het-
erologous target protein Cel8A. The protein sequences were

analyzed byBlastP 2.7.1.+ (Altschul et al. 1997), which revealed
that PPOLYM_00910 is a copper amine oxidase-like protein,
PPOLYM_01680 has a conserved Peptidase_C92 domain
(pfam05708), and PPOLYM_04737 is a pectate lyase homolog
belonging to the family PL1 subfamily 8 (determined using
dbCAN; Yin et a l . 2012) . PPOLYM_02218 and

Pe
pt

on
e

Gl
uc

os
e

(N
H 4)

2 
SO

4
Ph

os
ph

at
e B

uf
fe

r
M

gS
O 4

Ca
Cl

2
Tr

ac
e 

el
em

en
ts

Bi
ot

in
pH Te

m
pe

ra
tu

re
Ox

yg
en

0 0 0 0 0 0 0 0 0 0 0

-1 1 -1 1 -1 -1 -1 1 1 1 1

1 1 1 -1 1 -1 -1 -1 1 1 -1

1 -1 1 1 -1 1 -1 -1 -1 1 1

1 1 -1 1 1 -1 1 -1 -1 -1 1

-1 1 1 -1 1 1 -1 1 -1 -1 1

-1 1 1 1 -1 1 1 -1 1 -1 -1

-1 -1 1 1 1 -1 1 1 -1 1 -1

1 -1 -1 1 1 1 -1 1 1 -1 -1

-1 -1 -1 -1 1 1 1 -1 1 1 1

1 1 -1 -1 -1 1 1 1 -1 1 -1

1 -1 1 -1 -1 -1 1 1 1 -1 1

-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

Medium 0

C M C ase  ac tiv ity  [U /l]

0 500 1 ,000 1 ,500 2 ,000

324  ± 47

139  ± 13

1 ,566  ± 292

60  ± 8

139  ± 4

157  ± 5

304  ± 20

231  ± 370

82  ± 7

252  ± 57

111  ± 14

464  ± 60

259  ± 8

Medium 1

Medium 2

Medium 3

Medium 4

Medium 5

Medium 6

Medium 7

Medium 8

Medium 9

Medium 10

Medium 11

Medium 12

Fig. 2 Plackett–Burman matrix for
medium optimization and resulting
CMCase activities in the
supernatant of P. polymyxa DSM
292 pBACOV-SPLipB-cel8A
cultures. Twelve media were
created to test different
combinations of the 11 factors. The
specified levels of the 11 factors for
optimization are listed in Table 1.
The numbers indicate the specified
levels of a given factor: 0 = initial
level; − 1 = low level; and 1 = high
level. To test the productivity in
each medium, P. polymyxa DSM
292 pBACOV-SPLipB-cel8Awas
incubated in each medium for 24 h
at 180 rpm, and the Cel8A activity
in the supernatant was determined
using the Azo-CMC assay. The
given values are the means ±
standard deviation of three
biological replicates

Rank

Av
er

ag
e

iB
AQ

0 500 1000
103

104

105

106

107

108

109

1010

1011

Proteins w/ SP

Proteins w/o SP

Cel8A02218
01680
03468
04737

Fig. 3 Rank plot of proteins detected in the supernatant of P. polymyxa
DSM 292 pBACOV-SPLipB-cel8A determined by LC-MS/MS using
intensity-based absolute quantification (iBAQ). One thousand seventy-
eight proteins were quantified. Open circles indicate the 60 proteins for
which a SP was predicted by SignalP 4.1 (Petersen et al. 2011). These
secreted proteins rank among the 380 most abundant proteins in the
sample. The heterologous target protein Cel8A (triangle) was the fourth
most abundant protein in the supernatant. Solid circles indicate
intracellular proteins. The four most abundant secreted host proteins
(PPOLYM_02218, PPOLYM_01680, PPOLYM_03468, and
PPOLYM_04737) are labeled with dashed lines. The promoters
regulating the expression of their respective genes were chosen as
candidates for heterologous cel8A expression
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PPOLYM_03468 are annotated as hypothetical proteins. An SP
was predicted for all proteins except PPOLYM_00910.
Therefore, the promoters of ORFs PPOLYM_02218,
PPOLYM_01680, PPOLYM_03468, and PPOLYM_04737
were selected as suitable candidates for the regulation of heter-
ologous cel8A expression. The identification of the most abun-
dant secretory proteins of P. polymyxa DSM 292 also provides
access to a collection of efficient SP sequences that might be
useful for optimization of heterologous protein secretion.

The P. polymyxa DSM 292 promoters P01680, P02218,
P03468, and P04737

Fragments of 250–500 bp upstream of the respective coding
sequences of PPOLYM_02218, PPOLYM_01680,
PPOLYM_03468, and PPOLYM_04737 were amplified from
P. polymyxaDSM292 genomicDNAby PCR andwere inserted
into pBACOV-SPLipB-cel8A to replace PaprE. Additional ver-
sions of the resulting plasmids were created by inserting not only
the individual promoter sequences but also the respective pre-
dicted SP coding sequences to replace PaprE and SPLipB
(Table 2). The cloned regions were assumed to contain all se-
quences needed for promoter activity. Table 5 provides an over-
view of hypothetical regulatory elements present in the cloned
promoter sequences. Ribosome binding sites were identified by
searching for sequences homologous to the P. polymyxa Shine–

Dalgarno sequence (5′ UGGAGA 3′) at a distance of 6–11 bp
from the start codon. The − 35 elements and − 10 elements were
predicted using Bprom (Solovyev and Salamov 2011).

The expression of heterologous cel8A under control of the
promoters P01680, P02218, P03468, and P04737 in combination with
the original SP or SPLipB was examined in medium 2 at 37 °C
(Fig. 4). Interestingly, a strong dependence on the SP was ob-
served for each promoter. While the combination of P01680with
its native SP, SP01680, resulted in a 12.5-fold higher Cel8A
activity than P01680SPLipB, SPLipB yielded better results in com-
bination with P02218, P04737 (a 2.7-fold increase in both cases
compared to SP02218 and SP04737) and P03468 (an 8.1-fold in-
crease). The highest Cel8A activities were obtained with
P01680SP01680 and P03468SPLipB. For P01680SP01680, a Cel8A
activity of 2660 ± 245 U/l was measured, which is similar to
the amount of Cel8A produced under control of PaprE. The best
result was obtained with pP03468-LipB-cel8A (P03468SPLipB)
with a specific activity of 5475 ± 411 U/l, representing an in-
crease of 93% over the reference (PaprE, 2883 ± 215 U/l).

Discussion

In this study, we tested new promoter sequences that regulate
the expression of abundant proteins in the secretome of P.
polymyxa DSM 292 to optimize expression and secretion of

Table 4 The most abundant host proteins in the supernatant of P.
polymyxa DSM 292 pBACOV-SPLipB-cel8A. A supernatant of a culture
of P. polymyxa DSM 292 pBACOV-SPLipB-cel8A incubated for 24 h at
37 °C, 180 rpm in medium 2 was analyzed by LC-MS/MSwith intensity-

based absolute quantification (iBAQ). The listed iBAQ values are the
mean of three biological replicates. BlastP 2.7.1+ (Altschul et al. 1997)
was used to identify the homologous proteins and/or conserved domains.
Prediction of SPs was performed with SignalP 4.1 (Petersen et al. 2011)

Fasta headers MW [kDa] BlastP Average iBAQ Signal peptide predicted
by SignalP 4.1

02218| Hypothetical protein 15.839 Hypothetical protein 1.58 × 1010 Yes

00910| Hypothetical protein 81.817 Copper amine oxidase 7.57 × 109 No

01680| Hypothetical protein 26.292 Hypothetical protein, conserved
domain: Peptidase_C92 pfam05708

5.89 × 109 Yes

03468| Hypothetical protein 17.144 Hypothetical protein 4.68 × 109 Yes

04737| Pectate lyase A 24.570 Pectate lyase 2.83 × 109 Yes

Table 5 In silico sequence analysis of the cloned promoter sequences
P01680, P02218, P03468, and P04737. Ribosome binding sites were identified
by searching for sequences homologous to the P. polymyxa Shine–

Dalgarno sequence (5′ UGGAGA 3′) at a distance of 6–11 bp from the
start codon. The − 35 element and − 10 elements were predicted using
Bprom (Solovyev and Salamov 2011)

Promoter Length − 35 element − 10 element RBS Original
start codon

Sequence Distance from
start codon

Sequence Distance from
start codon

Sequence Distance from
start codon

P01680 291 nt TTTAAT 242 nt ATCAATAAT 217 nt AGGAGG 7 nt GTG

P02218 409 nt ATGAGG 166 nt TTTTATATT 140 nt AGGAGA 9 nt ATG

P03468 258 nt TTGCTA 124 nt ATTTATTAA 97 nt AGGAGG 8 nt TTG

P04737 408 nt TTGAAA 260 nt GATTATAAT 238 nt GAGAGG 11 nt ATG
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the heterologous gene cel8A from C. thermocellum. To the
best of our knowledge, this approach is the first report of a
quantitative LC-MS/MS analysis for the selection of bacterial
promoters for heterologous gene expression. Usually, pro-
moters are identified by dedicated transcriptome analyses,
for example, using microarrays (Nicolas et al. 2012; Yu
et al. 2015) or RNA-seq (Creecy and Conway 2015). These
methods are designed for the examination of gene expression
and provide detailed information about the regulation and
promoter strength; however, they have two drawbacks. First,
unless suitable transcriptome data are published, the acquisi-
tion of transcriptome data is expensive and, second, they only
provide information about the intracellular process of tran-
scription and promoter strength. However, secretory protein
production is a complex process that not only depends on the
transcription level but also on the efficient translation and
secretion. The rationale was to seek promoter regions not
solely based on promoter strength, but to find regulatory ele-
ments that are suitable for efficient secretory protein produc-
tion, involving all steps from transcription to secretion. This
was achieved by identifying the most abundant host proteins
in the supernatant ofP. polymyxaDSM292 pBACOV-SPLipB-
cel8A by quantitative LC-MS/MS. Indeed, five of the six most
abundant proteins in the supernatant comprised a predicted
secretion SP (SignalP 4.1; Petersen et al. 2011), one of them
being the heterologous target protein Cel8A.

Expression was examined with the promoters of the four
most abundant secreted proteins (PPOLYM_01680,

PPOLYM_02218, PPOLYM_03468, and PPOLYM_04737)
in combination with their respective native SPs or with
SPLipB, selected from a library of B. subtilis SPs. The results
revealed that depending on the promoter sequence, either the
native SP or SPLipB provided better performance with regard to
Cel8A secretion. It is a well-known fact that the reliable predic-
tion of well-suited SPs for secretion of a given target protein is
notoriously difficult to realize (Brockmeier et al. 2006;
Degering et al. 2010; Song et al. 2015). We now add the obser-
vation that the efficiency of a given SP also depends on the
promoter sequence; while SPLipB is suitable for secretion of
Cel8A in combination with the promoters PaprE, P02218,
P04737, and P03468, it performed poorly with promoter P01680.
Conversely, P01680SP01680-mediated cel8A expression led to
high amounts of secreted Cel8A. Thus, the efficiency of a given
SP does not only depend on the respective target protein but also
on the genetic context, that is, the promoter driving expression.

Our hypothesis that the promoter of a highly secreted host
protein could be a good candidate for heterologous gene ex-
pression, and secretion was strengthened when we tested
P03468. In combination with SPLipB, this promoter generated
an extracellular Cel8A activity of 5475 ± 411 U/l in the super-
natant of P. polymyxa DSM 292 grown in medium 2. In sum-
mary, after combining the results from the medium optimiza-
tion and from the mass spectrometry approach, the secretory
production of Cel8A by P. polymyxa DSM 292 could be in-
creased 6.2-fold from 884 ± 29.0 U/l (PaprESPLipB in LBS me-
dium) to 5475 ± 411 U/l (P03468SPLipB in medium 2), surpass-
ing the level of PPOLYM_03468, the protein natively
expressed by P03468. The yield of Cel8A in the supernatant
of P. polymyxa DSM 292 pP03468-LipB-cel8A in medium 2
can be estimated at about 348 mg/l, by inference from the
specific CMCase activity of the purified Cel8A reference pro-
duced in E. coli. However, the specific activity of Cel8A pro-
duced in E. coli can differ from the one of Cel8A secreted by
P. polymyxa DSM 292 which was not determined herein.
Accordingly, the actual yield (in mg/l) may vary.

The expression medium was optimized using a Plackett–
Burman matrix with 11 factors. Statistical methods, including
Plackett–Burman matrices, are commonly used for optimiza-
tion of culture media for the production of proteins and small
molecules (Singh et al. 2017). Yield improvements of factors
of 1.45–11.5 have been reported from using Plackett–Burman
matrices alone (Narasimhan and Shivakumar 2012; Singh
et al. 2017). Plackett–Burman screenings are usually the
starting points for further optimization, for example, using
response surface methodologies (RSM), such as Box–
Behnken design or central composite design, which in most
cases leads to further yield improvement by factors of 3.3–
13.4 (Fang et al. 2010; Farhat-Khemakhem et al. 2012; Singh
et al. 2017). Since this study focused on the identification of
promoters for improvement of Cel8A production, we did not
include an RSM approach. Nevertheless, the medium
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optimization here resulted in a production increase from 884
± 29.0 U/l in LBS with the reference strain to 2883 ± 215 U/l
in medium 2 at 37 °C. Thus, the medium optimization alone
led to more than a threefold improvement in the productivity.

The well-characterized promoters P43 and PtrnQ from B.
subtilis proved to be unsuitable for Cel8A production in P.
polymyxa DSM 292. The target protein Cel8A remained un-
detected, in both the supernatants and the cell pellets. This
implies that not the secretion process but cel8A expression
itself was unsuccessful. In B. subtilis, P43 controls expression
of the cdd gene (Song and Neuhard 1989), which encodes for
a cytidine deaminase. ATBLASTN search identified a homol-
ogous gene in P. polymyxaDSM 292. The respective promot-
er was termed P43P and tested; however, it failed to promote
cel8A expression in our host strain. The P43P-fragment which
was transferred into the expression vector might be a truncated
version of the promotor and might lack critical regulatory
elements or transcription factor binding sites.

The xylose-inducible promoter PxylA+ from B. megaterium
featuring an optimized ribosome binding site (rbs+) supported
the secretory cel8A expression inP. polymyxaDSM292 in LBS
medium. In contrast, the native sequence (PxylA) did not pro-
mote Cel8A production, suggesting that the ribosome binding
site plays a crucial role in the process of cel8A gene expression
in P. polymyxa DSM 292. Cel8A activity in the supernatants
obtained from cultures using PxylA+ reached about 74% of the
reference promoter sample (PaprE). As expected, addition of
xylose was essential for target gene expression in P. polymyxa
DSM 292, with no detection of leaky Cel8A production in the
xylose-deficient cultures. This demonstrates that the xylose-
inducible expression system derived from B. megaterium func-
tions in the host strain P. polymyxa DSM 292 when the opti-
mized ribosome binding site (Malten et al. 2005) is employed.

In medium 2, cel8A expression under control of PxylA+ was
reduced compared to the reference promoter PaprE regardless of
the addition of xylose, which indicates a loss of promoter induc-
ibility. The reduced target gene expression may be attributed to
catabolite repression mediated by the glucose present in medium
2. Glucose was reported to be an anti-inducer of xylA expression
in B. megaterium as it competes with xylose for the interaction
with the xylose repressor XylR (Dahl et al. 1995). Additionally,
the prevented uptake of alternative carbon sources is a common
mechanism of catabolite repression, as reviewed by Görke and
Stülke (2008). Transcriptomic analysis of carbohydrate utiliza-
tion by Paenibacillus sp. JDR-2 revealed a glucose-dependent
downregulation of genes involved in xylose uptake (Sawhney
et al. 2016). Similar effects might exist inP. polymyxaDSM292.
Thereby, medium 2 containing glucose is unsuitable for target
gene expression under control of a xylose-inducible promoter. If
an inducible system is needed, for example, for the production of
compounds that are toxic to P. polymyxa, PxylA+ can be used in
combination with a glucose-free medium, such as LBS, or in
medium 2 with an alternative carbon source.

Another promoter functional in P. polymyxa DSM 292 is
Pylb. This auto-inducible promoter was initially discovered in
a genome-scale microarray-based screening of B. subtilis pro-
moters by Yu et al. (2015). The promoter activity of Pylb was
discovered to be increased by 136% compared to that of PaprE
upon growth of the P. polymyxa DSM 292 host in LBS medi-
um. Pylb was therefore the most productive promoter in LBS
medium. In medium 2, Cel8A production levels reached by Pylb
were similar to those observed in LBS (approximately 2000 U/
l), but were less than the PaprE-mediated Cel8A production in
medium 2. This indicates that the composition of medium 2
does not have a beneficial effect on the secretory cel8A expres-
sion under control of Pylb in P. polymyxa DSM 292.

We were also able to demonstrate the secretory production
of three additional C. thermocellum enzymes in P. polymyxa
DSM 292, namely Cel9D, Cel9R, and Xgh74A (data not
shown). This indicates the suitability of P. polymyxa DSM
292 as a new production host for a variety of enzymes, such
as glycoside hydrolases.

In conclusion, we have demonstrated that P. polymyxa
DSM 292 can be used as a novel host organism for secretory
production of a heterologous enzyme. To optimize the pro-
duction level, (i) new promoters from the genome of P.
polymyxa DSM 292 were identified based on a quantitative
secretome analysis, (ii) several characterized promoters
from B. subtilis and B. megaterium were tested, and (iii)
the expression medium was optimized using a Plackett–
Burman matrix. The most significant contributions to pro-
ductivity enhancement were made by medium optimization
and use of the promoter P03468 in combination with SPLipB.
Fur thermore , a xylose-regula ted promoter f rom
B. megaterium was shown to be active and inducible in
P. polymyxa DSM 292 after modification of its Shine–
Dalgarno sequence. Our results can be the basis for further
development of P. polymyxa DSM 292 as a production host
for biotechnological enzymes.
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