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Abstract Members of the genusPaenibacillus are widespread
facultative anaerobic, endospore-forming bacteria. Some spe-
cies such as Paenibacillus riograndensis or Paenibacillus
polymyxa fix nitrogen and may play an important role in agri-
culture to reduce mineral nitrogen fertilization in particular for
non-legume plants. The genetic manipulation of Paenibacillus
is an imperative for the functional characterization, e.g., of its
plant growth-promoting activities and metabolism. This study
showed that P. riograndensis and P. polymyxa can be readily
transformed using physical permeation by magnesium
aminoclays. By means of the fluorescent reporter genes
gfpUV,mcherry, and crimson, a two-plasmid system consisting
of a theta-replicating plasmid and a rolling circle-replicating
plasmid was shown to operate in both species. Xylose-
inducible and mannitol-inducible fluorescent reporter gene ex-
pression was demonstrated in the compatible two-plasmid sys-
tem by fluorescence-activated cell scanning. As a metabolic
engineering application, the biotin requiring P. riograndensis
was converted to a biotin-prototrophic strain based on
mannitol-inducible expression of the biotin biosynthesis oper-
on bioWAFDBI from Bacillus subtilis.
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Introduction

The genus Paenibacillus includes several diazotrophic species
broadly distributed in the environment, for example, in differ-
ent types of soil, the rhizosphere and plant tissues (Beneduzi
et al. 2013). They may play an important role in the agriculture
since the use of diazotrophic bacteria inoculants can reduce the
mineral nitrogen fertilization that represents a significant cost
in non-legume cultures. The diazotroph Paenibacillus
riograndensis SBR5 is a Gram-positive, rod-shaped,
endospore-forming rhizobacterium that was isolated from the
rhizosphere of Triticum aestivum in southern Brazil (Rio
Grande do Sul; Beneduzi et al. 2010). The genome of
P. riograndensis SBR5 was sequenced and fully annotated
and consists of a single chromosome of 7,893,056 base pairs
containing 6705 protein coding, 87 tRNA and 27 rRNA genes
(Brito et al. 2015). Simple mineral salts media support the
growth of SBR5. Since SBR5 is auxotrophic for biotin, it is
necessary to add this vitamin to the minimal medium (Brito
et al. 2015). Previous studies have shown that this bacterium
exhibits nitrogen fixation activity (Fernandes et al. 2014) and
other plant growth-promoting characteristics such as indol-3-
acetic acid and siderophore production have been described
(Beneduzi et al. 2010; Sperb et al. 2016).

Despite its potential as a plant growth promoting
rhizobacterium (PGPR), some of the PGPR and metabolic
activities of P. riograndensis SBR5 still remain to be studied
(e.g., its function in the soil phosphorus cycle). Since the ge-
netic tools are not well developed for this species, functional
genomics analyses are very difficult to perform. For this rea-
son, an efficient method for transformation ofP. riograndensis
SBR5 would be beneficial to further study its PGPR activities
and metabolism.

Some transformation methods for related Paenibacillus
species have been reported previously, most of them based
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on electroporation. For example, a transformation efficiency
of 1.9 × 105 transformants/μg of plasmid DNA has been
achieved for Paenibacillus larvae (Murray and Aronstein
2008). An electroporation method was shown to function ef-
ficiently for the plant growth-promoting Paenibacillus
polymyxa, but much less efficiently for the related
Paenibacillus azotofixans (Rosado et al. 1994). For
P. larvae, a polyethylene glycol-based protoplast transforma-
tion method was also reported (Bakhiet and Stahly 1985).

A simple, inexpensive and efficient bacterial transforma-
tion method based on physical permeation using magnesium
aminoclays was recently shown to be functional for both the
Gram-positive Streptococcus mutans and the Gram-negative
Escherichia coli (Choi et al. 2013) as well as for the microalga
Chlamydomonas reinhardtii (Kim et al. 2014). Unlike chem-
ical transformation, electro-transformation, biolistic transfor-
mation, or sonic transformation, this method is based on the
Yoshida effect (Yoshida et al. 2001). Sliding friction applied to
a colloidal solution with a nanosized acicular material and
bacterial cells increases the frictional coefficient rapidly, and
the resulting complex increases in size and penetrates the bac-
terial cells, which results in the uptake of exogenous DNA
(Yoshida and Sato 2009). Transformation of Paenibacillus
based on physical permeation using magnesium aminoclays
has not yet been reported. In the present work, the magnesium
aminoclay-based transformation method was adapted to
P. riograndensis. The heterologous gfpUV, mcherry, and
crimson reporter genes were functionally expressed in
P. riograndensis SBR5 under the control of constitutive or
inducible promoters from either theta-replicating or rolling
circle-replicating plasmids. As an example of a biotechnolog-
ical application, P. riograndensis was rendered biotin proto-
trophic by inducible expression of the bioWAFDBI operon
from B. subtilis. Moreover, the transformation method and
the plasmids developed for P. riograndensis were shown to
be transferable to P. polymyxa DSM-365.

Materials and methods

Strains, plasmid DNA and primers

P. riograndensis SBR5, P. polymyxa DSM-365, and Bacillus
methanolicusMGA3 were used as hosts for heterologous fluo-
rescence genes expression. SBR5 was kindly provided by Prof.
Luciane Passaglia, Genetics Department in Universidade
Federal do Rio Grande do Sul (UFRGS, Brazil), DSM-365
purchased from DSMZ and B. methanolicus MGA3 obtained
from Prof. Trygve Brautaset, SINTEF, Trondheim, Norway
(Table 1). Information about the plasmids used as empty vectors
in this work is available in Table 1; they were two rolling circle-
replicating plasmids conferring chloramphenicol resistance and
conta ining a methanol- inducible promoter f rom

B. methanolicus, named pNW33Nmp and pTH1mp (pRE)
and third theta-replicating plasmid pHCMC04 here named
pTE containing the xylose-inducible promoter PxylA and the
gene encoding the xylose regulator XylR amplified from the
genome of Bacillus megaterium (Biedendieck et al. 2011). All
the empty vectors were obtained from SINTEF, Trondheim.
Sequences for origin of replication of E. coli and B. subtilis
are present in all the shuttle vectors. The primers used for strain
construction are presented in Table S1.

Medium and growth conditions

For the cultivation of Paenibacillus transformants, the cells
were routinely grown at 30 °C and 120 rpm, in medium
Caso broth (medium 220 from DSMZ) containing: peptone
from casein (15 g L−1), peptone from soymeal (5 g L−1), yeast
extract (3 g L−1), and NaCl (5 g L−1) with pH adjusted to 7.15
with NaOH. Antibiotics were added accordingly to the antibi-
otic resistance of the plasmid in use, 5.5 μg mL−1 of chloram-
phenicol and 10 μg mL−1 of ampicillin. E. coli strains were
routinely cultivated at 37 °C in lysogeny broth supplied with
10 μg mL−1 of chloramphenicol and 100 μg mL−1 of ampi-
cillin when necessary. The strains of B. methanolicus were
grown as described before (Irla et al. 2016).

To test the inducible systems, the transformant cells of
SBR5 with reporter gene under control of mannitol-
inducible system were grown in Caso broth supplemented
with gradually increasing concentrations of mannitol (0, 20,
40, 80, and 160 mM). The transformant cells of SBR5 with
reporter gene under control of the xylose-inducible system
were grown in Caso broth supplemented with 0, 25, 50, 100,
200, or 400 mM of xylose, and DSM-365 transformants were
grown in Caso broth supplemented with 0, 25, 50, or 100 mM
xylose. In co-transformation with two inducible plasmids, the
transformant cells of SBR5 and DSM-365 were grown in
Caso broth with addition of both mannitol and xylose in con-
centration of 0, 25, or 50 mM. In the growth assay of the
P. riograndensis SBR5(pRM2-bioWAFDBI), the recombinant
cells were grown over night in Caso broth and centrifuged for
15 min at 4000 rpm. After washing the pellet for three times
with NaCl 0.89 % solution, the cells were transferred to the
PbMM P. riograndensis minimal medium (MVcMY without
vitamin complex and yeast extract; Jakobsen et al. 2009) using
50 mM xylose as carbon source, supplemented or not with
0.1 mg L−1 biotin and 160 mM inducer (mannitol).

Plasmids construction and preparation of recombinant
strains

Molecular cloning was performed as described by Sambrook
(2001). Chemically competent cells of E. coli DH5α were pre-
pared for cloning (Hanahan and Harbor 1983). All the informa-
tion about the polymerase chain reactions (PCRs) for plasmid
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construction in this work is present in Table 1 and the oligonu-
cleotide sequences described in Table S1. Genomic DNA of
P. riograndensis was isolated as described by Eikmanns et al.
(1994). B. methanolicus DNA isolation procedure, competent
cells preparation, and transformation method are described in
Irla et al. (2016). The NucleoSpin® Gel and PCR Clean-up kit
(Machery-Nagel, Düren, Germany) was used for PCR clean-up

and plasmids were isolated using the GeneJET Plasmid
Miniprep Kit (Thermo Fisher Scientific, Waltham, USA).
Plasmid backbones and inserts were amplified using
Phusion® DNA polymerase (New England Biolabs, Ipswich,
England) and the overlapping regions joined by Gibson assem-
bly (Gibson 2014). For colony PCR the Taq polymerase (New
England Biolabs) was used.

Table 1 Bacterial strains and plasmids used in this study

Bacteria Characteristics Reference or source

Bacillus methanolicus MGA3 SINTEF

P. polymyxa DSM-365 DSMZ

Bacillus subtilis 168 BGSC

Escherichia coli DH5α Hanahan (1983)

Paenibacillus riograndensis SBR5; biotin auxotrophic UFRGS

Plasmid

pRE CmR; pTH1mp: rolling circle-replicating vector with methanol-inducible
promoter of methanol dehydrogenase (Pmdh) derived from
Bacillus methanolicus; contains origin of replication (ORI) sequences
from Bacillus subtilis and E. coli

Irla et al. (2016)

pR-gfpUV CmR; pRE with gfpUV cloned downstream the Pmdh Irla et al. (2016)

pTE CmR, AmpR; pHCMC04: theta-replicating vector with xylose-inducible
promoter from B. megaterium; contains ORI sequences from Bacillus
subtilis and E. coli

Nguyen et al. (2005)

pNW33Nmp CmR, KmR; pNW33N derivative in which the Pmdh was inserted Irla et al. (2016)

pRfc-crimson CmR; protein fusion of Crimson and the CmR from pRE: amplification of
pRE back bone excluding the TAA sequence of cmR including crimson
sequence instead

This work

pRfc-mCherry CmR; protein fusion of mCherry and the CmR from pRE: amplification of
pRE back bone excluding the TAA sequence of cmR including mCerry
sequence instead

This work

pRfc-gfpUV CmR; protein fusion of GfpUVand the CmR from pRE: amplification of
pRE back bone excluding the TAA sequence of cmR including gfpUV
sequence instead

This work

pPpyk-gfpUV CmR; pRE with Pmdh replaced by pyruvate kinase promoter (amplified
from SBR5 genome) upstream gfpUV

This work

pPtuf-gfpUV CmR; pRE with Pmdh replaced by the elongation factor Tuf promoter
(amplified from SBR5 genome) upstream gfpUV

This work

pPgap-gfpUV CmR; pRE with Pmdh replaced by glyceraldehyde-3-phosphate
dehydrogenase promoter (amplified from SBR5 genome) upstream
gfpUV

This work

pRM1-gfpUV CmR; pRE-gfpUV with Pmdh replaced by mtlA mannitol-inducible
promoter amplified from SBR5 genome

This work

pRM2-gfpUV CmR; pRE-gfpUV with Pmdh replaced by mtlR mannitol-inducible promoter
amplified from MGA3 genome

Irla et al. (2016)

pRM3-gfpUV CmR; pRE-gfpUV with Pmdh replaced by mtlA mannitol-inducible promoter
amplified from 168 genome

This work

pRX-gfpUV CmR; pRE derivative for gfpUV expression under control of the xylose-inducible
promoter from B. megaterium

Irla et al. (2016)

pTX-crimson CmR, AmpR; pTE derivative with crimson sequence inserted in EcoRV GAT^ATC
site

This work

pTX-mCherry CmR, AmpR; pTE derivative with mCherry sequence inserted in
EcoRV GAT^ATC site

This work

pEKEx3-bioWAFDBI SpecR; C. glutamicum/E. coli shuttle vector for IPTG-inducible expression of
bioWAFDBI from B. subtilis

Peters-Wendisch
et al. (2014)

pRM2-bioWAFDBI CmR; pRM2-gfpUV in which gfpUV was replaced by bioWAFDBI
amplified from pEKEx3-bioWAFDBI

This work
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Preparation of the magnesium aminoclays

The preparation of the magnesium aminoclays was done ac-
cording to Han et al. (2011). An ethanolic solution of 200 mM
MgCl2 × 6H2O was stirred for 20 min, and 13 mL of 3-
aminopropyl thriethoxysilane (Carl Roth, Karlsruhe,
Germany) was added dropwise. The bulk solution was stirred
at room temperature for 18 h. After stirring, the milky solution
was centrifuged for 10 min at 4000 rpm and the white pellet
washed with ethanol. The pellet was dried at 50 °C for 24 h, and
the white product was grinded and autoclaved inside falcon
tubes.

Magnesium aminoclay-based transformation method
assay

The bacterial transformation method using magnesium
aminoclays was developed and optimized by Choi et al.
(2013). Here, we performed similar experiments by varying
the parameters for adaptation of this method for
P. riograndensis SBR5. The magnesium aminoclay solution
was prepared by mixing 10 mg of magnesium aminoclays
with 1 mL of deionized sterile water 1 day before the trans-
formation for total dissolution. The plasmid DNA, in amounts
of 0.05, 0.1, 0.3, 0.5, or 1 μg was mixed with 0.05 mL of the
aminoclay solution, and the volume was completed to 0.5 mL
with deionized sterile water. The bacterial cells were grown in
Caso broth medium until reaching the exponential phase,
when theywere centrifuged at 4000 rpm for 10min. The pellet
was resuspended in pure sterile water (OD600 nm adjusted to 1)
and 0.5 mL of cell suspension was mixed to the aminoclay-
plasmid solution. For mixing, we fixed the amount of plasmid
DNA of 0.1 μg and two treatments were applied: vortexing
the mixture for 10, 30, 60, 120, or 180 s or short-time
ultrasonication, using amplitude of 40 % for 5, 10, 20, or
30 s. To test the friction force, Caso broth agar plates were
prepared with 1.5 or 3 % of agar, and the remaining parame-
ters were 0.1 μg of DNA and 60 s of vortexing. The spreading
time of the 1.5 % agar varied being 30, 60, 120, or 180 s and
on the plates with 3 % agar the spreading time (of 60 s) was
not varied. After 48 h incubation at 30 °C, the colony-forming
units were counted.

Recombinant P. riograndensis plasmid isolation
and retransformation to E. coli

The plasmid isolation procedure used in this work was per-
formed as following: an overnight culture (30 mL) of
P. riograndensis SBR5 transformed with the plasmid
pNW33mp was centrifuged for 15 min at 4000 rpm, and the
pellet was washed and resuspended in 40 μL of the TE buffer
(0.05M Tris, pH 8.0, 0.01M EDTA). The cell suspension was
added to 600 μL freshly prepared lysis buffer (TE buffer with

4 % SDS, pH adjusted to 12.45) filled into an Eppendorf tube
and the lysis was completed by the incubation of the mixture
at 37 °C for 60min. The lysate was neutralized by the addition
of 30 μL of 2 M Tris, pH 7.0. For precipitation of the chro-
mosomal DNA and proteins, 240 μL of 5 M NaCl was added
to the lysate and the mixture was incubated in ice for 6 h. After
the incubation, the lysate was centrifuged for 10 min at
11,000 rpm and the supernatant was transferred to a new tube.
For DNA recovery, 10 % (v/v) of 3 M sodium acetate, pH 5.2
was added to the aqueous plasmid DNA solution and plasmid
DNA was precipitated by addition of −20 °C cooled ethanol
absolute. After 45 min centrifugation at 11,000 rpm, the DNA
pellet was washed twice with ethanol 70 % solution and air
dried for 10 min before resuspension in deionized water.

E. coli DH5α was transformed with the isolated plasmid
DNAvia heat shock and the resulting transformants were used
for a plasmid mini preparation kit (Macherey-Nagel) accord-
ing to the manufacture specifications. The plasmid DNA iso-
lated from SBR5 and the plasmid isolated from the E. coli
transformed with plasmid DNA isolated from SBR5 were
digested with the restriction enzyme AcuI (Thermo Fisher
Scientific) according to the manufacturer specifications, and
the presence of digested plasmid DNAwas confirmed by aga-
rose gel electrophoresis.

Fluorescence measurement by fluorescence-activated cell
scanning

To quantify the fluorescence intensities, transformants of
P. riograndensis SBR5, P. polymyxa DSM-365, and
B. methanolicus MGA3 were analyzed by flow cytometry.
Routinely, the P. riograndensis SBR5 and P. polymyxa DSM-
365 cells were grown until reaching the exponential phase and
centrifuged for 10 min at 4000 rpm. The pellets were washed
two times in NaCl 0.89 % solution and the OD600 nm was
adjusted to 0.5. The B. methanolicus cells were prepared as
described before (Irla et al. 2016). The fluorescence of the cell
suspension was measured using flow cytometer (Beckman
Coulter, Brea, USA) and the data analyzed in the Beckman
Coulter Kaluza® Flow Analysis Software. The settings for
the emission signal and filters within the flow cytometer for
detection of GfpUV, Crimson, and mCherry fluorescence were
550/525 bandpass FL9 filter, 710/660 bandpass FL6 filter, and
655/620 bandpass FL3 filter, respectively.

Results

Transformation of Paenibacillus using physical
permeation by magnesium aminoclays

In order to be able to study the function of the genes with
respect to their physiological roles in P. riograndensis, a
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method for transformation of this bacterium using plasmid
DNA has to be developed. In addition to transformation
methods commonly used in bacteria such as heat shock or
electroporation, a simple and efficient procedure for plasmid
transformation by physical permeation using magnesium
aminoclays has been recently developed (Yoshida and Sato
2009; Choi et al. 2013). In this method, a plasmid DNA and
magnesium aminoclay supercomplex is formed and used to
physically permeate the bacterial cell wall using sonication
and/or spreading of the cell suspension on agar plates. Here,
it was assessed whether this method, originally developed for
E. coli and Streptococcus mutans (Choi et al. 2013), can be
adapted for transformation of Paenibacillus. Two different
plasmid backbones (pNW33Nmp and pTE) were tested.
Transformation efficiency using physical permeation by mag-
nesium aminoclays may depend on the concentration of plas-
mid DNA and physical parameters such as sonication, spread-
ing time and the agar concentration. To this end, these param-
eters were varied for transformation of P. riograndenesis
SBR5. The cell-forming units (CFU) in the selective agar
plates were counted. For both plasmids the highest transfor-
mation efficiencies (about 1.1 103 CFU/μg pNW33Nmp
DNA and about 1.8 103 CFU/μg pTE DNA) were observed
when 0.1 μg of plasmid DNA was added to the aminoclay
solution, vortexed for 1 min with the cell suspension and
spread for 1 min on a 1.5 % agar plate (Fig. S1). Extended
duration of vortexing or spreading did not improve transfor-
mation efficiency. The use of short ultrasonification treatment
to better mix the cell suspension with the plasmid-aminoclay
solution did not result in higher transformation efficiency
compared with the treatment using vortexing (Fig. S1).

To ver i fy t ransformat ion, plasmid DNA from
P. riograndensis transformed with pNW33Nmp was isolated
using a classical plasmid DNA isolation method and subse-
quently used to transform E. coli via heat shock. The plasmid
DNA isolated from the transformed E. coli cells was compared
with that of transformed P. riograndensis cells by restriction
enzyme digestion with the restriction enzyme AcuI. The aga-
rose gel electrophoresis of cut plasmid DNA revealed the

expected two identical DNA patterns (1530 and 3776 base
pairs), thus, indicating that intact DNA of plasmid
pNW33Nmp could be isolated from P. riograndensis
transformants and used for transformation into E. coli (Fig. S2).

Next, we tested if heterologous fluorescent reporter pro-
teins can be produced in P. riograndensis transformants. For
this reason, genes coding for fusion proteins were constructed
by removing the stop codon of the chloramphenicol resistance
cassette (CmR) from vector pRE and introduction of the genes
coding for fluorescent reporter proteins (GfpUV, mCherry, or
Crimson) downstream and in frame of this sequence. The
resulting vectors were named pRfc-gfpUV, pRfc-mCherry,
and pRfc-crimson and used to transform P. riograndensis
SBR5. The fluorescence of the transformants was quantified
by flow cytometry analysis of populations with 20,000 trans-
formed cells (Fig. 1). The chloramphenicol resistant
P. riograndensis transformants expressed the reporter gene
fusions since increased fluorescence was observed for
Crimson (8.5 times higher than the empty vector carrying
control), mCherry (5 times higher), and for GfpUV (5 times
higher; Fig. 1). Thus, P. riograndensis could successfully be
transformed by physical permeation using the magnesium
aminoclay method and genes for fusion proteins of the chlor-
amphenicol resistance marker protein with the fluorescent
proteins Crimson, GfpUV and mCherry, respectively, could
be functionally expressed.

A rolling circle-replicating plasmid for constitutive
expression at different levels

In order to develop plasmids for constitutive gene expression
of different promoter strengths, three different promoters were
cloned upstream of the promoterless gene gfpUVon the rolling
circle-replicating plasmid pRE: Ptuf, Pgap, and Ppyk. Since
the orthologous promoters were characterized as strong in
Corynebacterium glutamicum (Pátek and Nešvera 2011;
Becker et al. 2013), the respective open reading frames from
C. glutamicum were used as queries for nucleotide BLAST
search (Altschup et al. 1990) against the genome sequence of

Fig. 1 Fluorescence analysis of P. riograndensis SBR5 cells carrying
plasmids encoding protein fusions of the chloramphenicol resistance
protein and either Crimson (a), mCherry (b), or GfpUV (c). Mean
fluorescence intensities of populations of 20,000 cells analyzed by flow

cytometer are shown as means and standard deviation of biological
triplicates. Transformants carrying the empty vector pRE were analyzed
for comparison
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P. riograndensis SBR5. Thus, the identified P. riograndensis
SBR5 genes PRIO_0184, PRIO_2339, and PRIO_6140 are
annotated to encode glyceraldehyde-3-phosphate dehydroge-
nase, pyruvate kinase, and elongation factor G, respectively.
The Bacterial Promoter Prediction (BPROM) tool on the
SoftBerry platform (Solovyev and Salamov 2011) detected
−10 and −35 hexamer regions in the 300 base pairs sequence
upstream of the start codons of these genes (Table 2). The
plasmids containing Ptuf, Pgap, and Ppyk upstream of the
promoterless gene gfpUV were named pPgap-gfpUV, pPpyk-
gfpUV, and pPtuf-gfpUV (Table 1) and used to transform
P. riograndensis. GfpUV fluorescence was measured after
growth in Caso broth for 6 h. P. riograndensis transformed
with the empty vector showed a background median fluores-
cence intensity (MFI) of approximately 0.1, whereas GfpUV
fluorescence of P. riograndensis transformed with pPgap-
gfpUV, pPpyk-gfpUVor pPtuf-gfpUV was significantly higher
(Fig. 2). Promoter strengths differed, and the fluorescence
intensity of the analyzed strains increased in the following
pattern: pPgapA-gfpUV (11-fold higher than the empty vector
carrying control strain), pPtuf-gfpUV (6-fold), and pPpyk-

gfpUV (2.9-fold; Fig. 2). Thus, three different endogenous
promoters are available to drive expression of heterologous
genes with strengths at different levels.

Inducible and gradable expression system using
the heterologous XylR system from B. megaterium

In order to develop a gene expression system that is inducible
and gradable by an external trigger, the xylose-inducible XylR
system from B. megateriumwas tested in P. riograndensis. To
this end, the pRE-based vector pRX-gfpUV was used (Irla
et al. 2016). The transformants were cultivated in Caso broth
supplemented with 0, 24, 50, 100, or 200 mM of xylose.
GfpUV fluorescence of P. riograndensis SBR5(pRX-gfpUV)
cells increased with increasing concentrations of the inducer
xylose (Fig. 3a). Induction was about 6-fold higher when
24 mM xylose was added compared with the non-induced
control and reached close to maximal values (about 12-fold
higher in comparison with non-induced conditions) in the
presence of 50 mM xylose.

Table 2 Sequences and positions
of the −10 and −35 regions within
the 300 base pairs sequences
upstream of several
P. riograndensis SBR5 genes

Promoter name Gene ID Spacing −35 box Spacing −10 box Spacing Start
codon

PgapA PRIO_0184 N238 TTGACA N13 GTCTTGAAT N31 ATG

Ppyk PRIO_2339 N19 CTCAAT N12 CAGTATACT N254 ATG

Ptuf PRIO_6140 N166 TCTC CA N30 TAACTT N92 ATG

The promoters were predicted bioinformatically using the Bacterial Promoter Prediction (BPROM) tool on
SoftBerry platform (Solovyev and Salamov 2011)

Fig. 2 Reporter gene expression
analysis of vectors with different
constitutive promoters. GfpUV
fluorescence of P. riograndensis
SBR5 (blue) and P. polymyxa
DM36 (black) cells carrying
plasmids with gfpUV gene under
control of three different
constitutive promoters (Ppyk,
Pgap, and Ptuf) or the empty
vector plasmid pRE are given as
means and standard deviations of
biological triplicates measured by
flow cytometer of 20,000 cells
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To test the xylose-inducible expression system in a theta-
replicating vector, gfpUVwas cloned into the multiple cloning
site of the vector pTE, which also contains the xylose repres-
sor gene xylR and xylose-inducible promoter. The resulting
plasmid was named pTX-gfpUV and used to transform
P. riograndensis SBR5. The transformants were cultivated in
the presence of 0, 24, 50, 100, or 200 mM xylose. GfpUV
fluorescence increased with increasing xylose concentrations
(Fig. 3a). The GfpUV fluorescence levels were lower for the
theta-replicating vector pTX-gfpUV than for rolling circle-
replicating vector pRX-gfpUV (Fig. 3a). Taken together,
theta-replicating and rolling circle replication plasmids for
gradable, xylose-inducible gene expression were developed
and shown to function in P. riograndensis.

Mannitol-inducible and gradable expression based
on endogenous or heterologous promoter and activator
genes

Genes of mannitol catabolism are typically regulated by the
availability of the carbon source mannitol as for example
shown for B. methanolicus (Jakobsen et al. 2009) and
B. subtilis subsp. subtilis str. 168 (Heravi and Altenbuchner
2016). Based on microarray and RNAseq (Heggeset et al.
2012, Irla et al. 2015) analysis of mannitol-inducible genes
in this bacterium, a mannitol-inducible gene expression sys-
tem employing the promoter of the mtlR gene of
B. methanolicus was developed (Irla et al. 2016). To identify
potentially mannitol-inducible promoters, a BLAST analysis
of the genome of P. riograndensis SBR5 using the upstream
region of −35 sequence of mtlR gene of B. methanolicus as

query was performed and revealed similarity to the upstream
region of −35 sequences ofmtlA from P. riograndensis SBR5.
As a first test of this promoter, its expression was analyzed
heterologously in B. methanolicus using plasmid pRM1-
gfpUV and compared with the mannitol-inducible mtlR pro-
moter fromB. methanolicus (pRM2-gfpUV) and the mannitol-
inducible mtlA promoter from B. subtilis subsp. subtilis str.
168 (pRM3-gfpUV). GfpUV fluorescence under non-
inducing and inducing conditions was determined by flow
cytometry. As shown in Table 3, the promoters from
B. methanolicus and P. riograndensis were active and manni-
tol inducible in B. methanolicus, whereas the mtlA promoter
from B. subtilis was not (Table 3). Thus, the mtlA promoter
from P. riograndensis SBR5 allowed for mannitol-inducible
gene expression in the heterologous B. methanolicus.

Fig. 3 Reporter gene expression analysis of plasmids with xylose-
inducible (a) or mannitol-inducible (b) promoters. GfpUV fluorescence
of Paenibacillus riograndensis SBR5 cells carrying (a) rolling circle-
replicating, xylose-inducible plasmid pRX-gfpUV gene or theta-
replicating, xylose-inducible plasmid pTX or (b) carrying plasmids with
the gfpUV gene under control of mannitol-inducible promoter from

P. riograndensis SBR5 (pRM1-gfpUV) or B. methanolicus MGA3
(pRM2-gfpUV) was analyzed by flow cytometry of populations of
20.000 cells. Gene expression was induced by 0, 25, 50, 100, and
200 mM xylose or addition of 0, 10, 20, 40, 80, and 160 mM mannitol
added to the growth medium at inoculation. Means and standard
deviations of biological triplicates are depicted

Table 3. GfpUV fluorescence of B. methanolicus MGA3 strains
carrying plasmids with gfpUV gene under control of different mannitol-
inducible promoters

Construct Mean GfpUV fluorescence intensity

pRM1-gfpUV pRM2-gfpUV pRM3-gfpUV

0 mM mannitol 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0

50 mM mannitol 0.8 ± 0.1 1.1 ± 0.1 0.2 ± 0.0

The promoterless gfpUV gene was fused to putative mannitol-inducible
promoters from P. riograndensis (pRM1-gfpUV), B. methanolicus
(pRM2-gfpUV), or B. subtilis (pRM3-gfpUV). Gene expression was in-
duced by addition of 50 mM mannitol to the growth medium. The table
shows means and standard deviations of technical triplicates
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To test if the mtlA promoter from P. riograndensis SBR5 is
mannitol inducible in the native host, pRM1-gfpUV was used to
transform P. riograndensis SBR5. As control, P. riograndensis
SBR5(pRM2-gfpUV) with the mannitol-inducible promoter
from B. methanolicusMGA3was constructed. Both strains were
analyzed by flow cytometry analysis after cultivation in Caso
broth in the presence of 0, 20, 40, 80, or 160 mM of mannitol.
This dose-response analysis revealed increasing GfpUV fluores-
cence with increasing mannitol concentrations and comparable
maxima for both, SBR5(pRM1-gfpUV) and SBR5(pRM2-
gfpUV) (Fig. 3b). Thus, the mtlA promoter from
P. riograndensis SBR5 was shown to be mannitol inducible in
the native host. An almost linear correlation between the inducer
concentration and the mean GfpUV fluorescence intensity was
only found for SBR5(pRM2-gfpUV) in the concentration range
of 40 to 160 mM (Fig. 3b). Taken together, mannitol-inducible
expression vectors carrying either an endogenous promoter or a
heterologous promoter from B. methanolicus can be used for
controlled gene expression in P. riograndensis. Mannitol induc-
tion of these promoters in B. methanolicus as well as in
P. riograndensis relies on hitherto unknown trans-regulatory fac-
tors, likely activators, since these are not encoded on the gene
expression vectors used.

Inducible gene expression using a two vector system

In order to test if the compatible expression vectors pTX
(based on theta-replicating plasmid pTE, carrying xylose-
inducible gene expression system) and pRM2 (based on

rolling circle-replicating plasmid pRE, carrying mannitol-
inducible promoter) allow for independently controllable gene
expression in a single cell, P. riograndensis SBR5 was trans-
formed with the following pairs of expression vectors: pRE
and pTE, pRM2-gfpUV and pTE, pTX-crimson and pRE, or
pRM2-gfpUV and pTX-crimson. The double transformants
were cultivated under non-inducing conditions (in the absence
of inducers) and under inducing conditions (in the presence of
50 mM xylose and 50 mM mannitol). The double
transformants carrying the empty vectors showed background
GfpUVand Crimson fluorescence of about 0.2 to 0.4 irrespec-
tive of the presence or absence of the inducers (Fig. 4;
Table S2). Transformants carrying pTX-crimson showed in-
creased mean Crimson fluorescence intensities of 1.2 to 2.1
under inducing conditions and transformants carrying pRX-
gfpUV showed increased mean GfpUV fluorescence intensi-
ties of about 1.6 to 2.2 when induced (Fig. 4; Table S2).
Double fluorescent cells (increased mean Crimson and
GpfUV fluorescence intensities) were observed for
transformants carrying pTX-crimson and pRX-gfpUV
(Fig. 4; Table S2).

To test if mannitol- and xylose-inducible gene expression
can be controlled independently, P. riograndensis
SBR5(pRX-gfpUV)(pTX-crimson) was cultivated either with-
out inducers, with 50 mM xylose and 50 mannitol, with
50 mM xylose alone, as well as with 50 mM mannitol alone.
As expected, GfpUV fluorescence-positive, but Crimson
fluorescence-negative cells were observed with mannitol
alone, GfpUV-negative, but Crimson-positive cells with

Fig. 4 Reporter gene expression
analysis of cells carrying two
compatible expression vectors.
GfpUVand Crimson fluorescence
was anaylsed by flow cytometry
of populations of 20,000
P. riograndensis cells carrying the
two compatible plasmids pRE
and pTE (EE), pRM2-gfpUV and
pTE (RE), pTX-crimson and pRE
(ET), or pRM2-gfpUV and pTX-
crimson (RT), respectively. Cells
were cultivated in the absence of
inducers or in the presence of a
mixture of 50 mM xylose and
50 mM mannitol
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xylose alone, and GfpUV and Crimson double-positive cells
were only observed in the presence of both inducers (Fig. S3).

Controlled expression of heterologous bioWAFDBI genes
rendered P. riograndensis SBR5 biotin-prototrophic

P. riograndensis lacks genes coding for biotin biosynthesis
enzymes, thus, it requires biotin as supplement when grown
in minimal media (Brito et al. 2015). The plasmid pEKEx3-
bioWAFDBI (Peters-Wendisch et al. 2014) was used to
subclone the bioWAFDBI operon from B. subtilis 168 into
the expression vector pRM2. The resulting vector pRM2-
bioWAFDBI was used to transform P. riograndensis SBR5.
After pre-growth in the biotin-containing medium PbMM,
P. riograndensis strains SBR5(pRE) and SBR5(pRM2-
bioWAFDBI) were transferred repeatedly either to biotin-free
or to biotin-containing medium in the absence of mannitol as
inducer (Fig. 5). In addition, SBR5(pRM2-bioWAFDBI) was
tested in the presence of 160 mMmannitol as inducer (Fig. 5).
In biotin-containing minimal medium, both SBR5(pRE) and
SBR5(pRM2-bioWAFDBI) grew to comparable biomass con-
centrations (given as ΔOD600 nm) for seven serial transfers
(Fig. 5b). As expected, P. riograndensis SBR5(pRE) failed
to grow in biotin-free medium after the third transfer
(Fig. 5a). By contrast, SBR5(pRM2-bioWAFDBI) grew for
seven serial transfers to biotin-free medium when gene ex-
pression was induced by mannitol (Fig. 5a). Thus, induced
pRM2-based expression of bioWAFDBI was sufficient to ren-
der P. riograndensis biotin prototrophic. It has to be noted that
some growth of SBR5(pRM2-bioWAFDBI) was observed in
the absence of the inducer mannitol upon repeated transfer to
biotin-free medium (ΔOD600 nm of 0.3 without induction as

compared with ΔOD600 nm of 1.0 when induced), indicating
possible promoter leakage.

Transfer of the transformation protocol and gene
expression vector systems to P. polymyxa DSM-365

In order to test if the magnesium aminoclay-based transforma-
tion protocol and the constructed inducible expression vectors
can be applied to another species of the genus Paenibacillus,
P. polymyxa DSM-365 was transformed with the plasmids
pNW33mp and pTE, respectively, using the conditions opti-
mized for P. riograndensis. Transformation of both plasmids
was successful; however, the transformation efficiency of ap-
proximately 1.0 × 102 transformants/μg of DNA was about
10-fold lower than in P. riograndensis.

The constitutive expression plasmids pPpyk-gfpUV, pPtuf-
gfpUV, and pPgap-gfpUV were used to transform P. polymyxa
DSM-365 and GfpUV fluorescence was quantified by flow
cytometry (Fig. 2). The P. polymyxa transformants showed
higher than background GfpUV fluorescence intensities
(Fig. 2). The strengths of promoters Ppyk and Ptuf were com-
parable in P. polymyxa and in P. riograndensis while, the
promoter strength of Pgap was almost 2-fold lower in
P. polymyxa than in P. riograndensis (Fig. 2).

The theta-replicating expression vector pTX carrying a
xylose-inducible gene expression system was shown to allow
for xylose-inducible gene expression in P. polymyxa DSM-
365 using mCherry as reporter gene. After cultivation in
Caso broth without added xylose, a background mCherry
fluorescence of less than 0.2 was observed (Fig. 6a). With
50 mM and 100 mM xylose added as inducer, mCherry fluo-
rescence increased about 2-fold and about 4-fold, respectively.

Fig. 5 Growth of P. riograndensis SBR5(pRE) and SBR5(pRM2-
bioWAFDBI) in PbMM minimal medium lacking biotin (a) or
containing 0.1 mg L−1 biotin (b). SBR5(pRM2-bioWAFDBI) was
cultivated without (gray squares) or with induction with 160 mM

mannitol (black squares). The biomass formed (ΔOD600 nm) after
growth for at least 24 h is shown for repeated transfers to fresh, biotin-
free PbMM (a) or fresh biotin-containing PbMM (b). Means and standard
deviations of biological triplicates are shown
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In the next step,P. polymyxaDSM-365was transformedwith
the two compatible expression vectors pRM2-gfpUV and pTX-
mCherry or the respective empty vectors pRE and pTE.
P. polymyxa strains DSM-365(pRE)(pTE), DSM-365(pRM2-
gfpUV)(pTE), DSM-365(pRE)(pTX-mcherry), and DSM-
365(pRM2-gfpUV)(pTX-mcherry) were cultivated in Caso
broth and fluorescent reporter gene expression was inducedwith
amixture of 100mMxylose and 100mMmannitol. GfpUVand
mCherry fluorescence analysis revealed double fluorescence-
negative cells for DSM-365(pRE)(pTE) and double
fluorescence-positive cells for DSM-365(pRM2-gfpUV)(pTX-
mcherry; Fig. 6b). DSM-365(pRM2-gfpUV)(pTE) only showed
GfpUV fluorescence, whereas DSM-365(pRE)(pTX-mcherry)
only showed mCherry fluorescence (Fig. 6b). Taken together,
the transformation protocol and the gene expression tools devel-
oped forP. riogradensiswere shown to be transferable to at least
one other species of the genus Paenibacillus.

Discussion

Here, we optimized a simple and functional method using mag-
nesium aminoclays for transformation of two Paenibacillus
species. Moreover, efficient constitutive and inducible gene ex-
pression using compatible theta- and rolling circle-replicating
vectors developed here enlarged the genetic toolbox for
Paenibacillus. Besides characterization of these systems using
fluorescent reporter genes, biotin-auxotrophic P. riograndensis
was rendered prototophic for biotin by inducible heterologous
expression of the bioWAFDBI operon from B. subtilis.

Biotin is required as a co-factor for a diverse group of
enzymes called biotin-dependent family enzymes
(Jitrapakdee and Wallace 2003). Biotin is essential for
E. coli although it possesses only a single biotin-containing
enzyme, namely acetyl-CoA carboxylase catalyzing the for-
mation of malonyl-CoA as essential precursor for fatty acid
biosynthesis. The genome of the biotin-auxotrophic
P. riograndensis SBR5 contains genes putatively encoding
pyruvate carboxylase (PRIO_6030) and acetyl-CoA carbox-
ylase (PRIO_2337). Biotin has to be added to the growth
medium of auxotrophic P. riograndensis since it lacks genes
for biotin biosynthesis. Of the proteins encoded in the biotin
biosynthesis operon bioWAFDBI from B. subtilis, 6-
carboxyhexanoate CoA ligase BioW is not required for de
novo biotin synthesis but to activate pimelic acid to
pimeloyl-CoA. P. riograndensis may possess a homolog of
BioI since the PRIO_5347 encoded P450 enzyme shares sim-
ilarity with BioI of B. subtilis but does not possess homologs
of BioW, BioA, BioF, BioD, and BioB (Brito et al. 2015). As
shown for other biotin auxotrophs, e.g., C. glutamicumATCC
13032 (Peters-Wendisch et al. 2014; Ikeda et al. 2013), heter-
ologous expression of the complete bioWAFDBI operon from
B. subtilis led to biotin prototrophy of P. riograndensis.
However, it remains to be shown if expression of all bio genes
is required or if expression of a subset of these genes would be
sufficient: bioFI in the case of C. glutamicum and possibly
bioAFDB in the case of P. riograndensis. It is known that
many root-associated bacteria are dependent on a supply of
previously synthetized growth factors from plants. Indeed,
biotin is commonly present in the root exudates of higher

Fig. 6 GfpUV and mCherry fluorescence Paenibacillus polymyxa
transformed with two compatible expression vectors. a mCherry
fluorescence of DSM-365(pTE) and DSM-365(pTX.mCherry) induced
with 0, 50 and 100 mM xylose added to the growth medium at
inoculation. b Populations of 20,000 cells of P. polymyxa DSM-365

transformed with pRE and pTE (EE), pRM2-gfpUV and pTE (RE),
pTX-mcherry and pRE (ET), or pRM2-gfpUV and pTX-mcherry (RT)
cultivated in the presence of a mixture of 100 mM of xylose and mannitol
were analyzed for GfpUVand mCherry fluorescence by flow cytometry.
The figure shows means and standard deviation of biological triplicates
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plants (Jones et al. 1962). This may suggest that biotin syn-
thesis by P. riograndensis has been lost during evolution.

The major advantage of the magnesium aminoclay method is
its simplicity, whereas other methods may be superior with re-
spect to the transformation efficiency. The transformation effi-
ciencies obtained for P. riograndensis SBR5 (103/μg of DNA)
and P. polymyxa DSM-365 (102/μg of DNA) are comparable
with those obtained in E. coli and S. mutans by the magnesium
aminoclay method (Choi et al. 2013). These transformation ef-
ficiencies are sufficient for strain construction but are too low to
generate gene libraries in these species, e.g., when screening
libraries of gene knockdowns using CRISPR interference
(Cleto et al. 2016; Tong et al. 2015). Electroporation protocols
developed for P. polymyxa (Rosado et al. 1994) and P. larvae
(Murray and Aronstein 2008) are 100 to 1000 times more effi-
cient; however, even these transformation efficiencies of 105/μg
of DNA are too low to generate large gene libraries, which
require transformation efficiencies in the order of 108 to 109/μg
of DNA as obtained for E. coli (Hanahan and Jessee 1991).
Taken together, the low transformation efficiency by the magne-
sium aminoclay method is compensated for by its simplicity, the
fact that it does not involve the use of expensive material such as
electroporation cuvettes or electricity, and the fact that laborious
preparation of competent cells is not required since the use of an
exponentially growing Paenibacillus culture is sufficient.

Biotechnological processes involving recombinant bacteria
often face stability problems when using rolling circle-
replicating plasmids as is seen also for Bacilli (Leonhardt
1990; Leonhardt and Alonso 1991; Irla et al. 2016). Besides
their roles in plant growth promotion and bioremediation,
Paenibacilli may find biotechnological application in the pro-
duction of value-added compounds such as (R,R)-2,3-
butanediol (Yu et al. 2011; Adlakha and Shams 2015) or of
antimicrobials such as the lipodepsipeptide fusaricidin (Rim
et al. 2014). Thus, the more stable theta-replicating plasmids
may be valuable for applications using recombinant
Paenibacilli. However, it has to be noted that due to the lower
copy numbers of theta-replicating plasmids as compared with
most rolling circle-replicating plasmids, overexpression of the
endogenous or heterologous genes in theta-replicating plas-
mids requires stronger promoters and/or translation efficiency.

In this study, several constitutive promoters of various
strengths as well as graded inducible gene expression systems
were studied for gene expression in P. riograndensis. Based
on a bioinformatics analysis of promoter sequences, three pro-
moters expected to be strong and constitutive were chosen. As
shown in Fig. 2, the expression of gfpUV in P. riograndensis
was 3- (Ppyk), 6- (Ptuf), or about 10-fold (PgapA) higher than
the autofluorescence background, and a mean fluorescence
intensity of about 1.1 was obtained with expression vector
pPgap-gfpUV (Fig. 2). However, in P. polymyxa the gfpUV
expression from P. riograndensis promoter PgapA only led
to mean fluorescence intensity of about 0.5 (Fig. 2). This is

commensurate with the sequence differences between the
PgapA promoters from P. riograndensis and P. polymyxa, with
six mismatches in the −10 box and one mismatch in the −35
box (BLAST analysis not shown), thus, high constitutive gene
expression in P. polymyxa should be based on the endogenous
PgapA promoter rather than the one from P. riograndensis.

When fully induced, gene expression from the mannitol-
inducible promoter PmtlR and the xylose-inducible promoter
PxylA reached higher levels (mean fluorescence intensities of
about 2.5 for the mannitol-inducible gene expression vectors
pRM1-gfpUV and pRM2-gfpUV and of about 5 for pRX-
gfpUV; Fig. 3) than obtained with PgapA (mean fluorescence
intensity of about 1.1; Fig. 2). The very high expression levels
obtained with fully induced PmtlR and PxylA come at a cost,
namely the requirement to add ≥100 mM xylose or ≥150 mM
mannitol to the growth medium. Neither mannitol nor xylose
are gratuitous inducers in Paenibacillus since they serve as
carbon sources for growth (Beneduzi et al. 2010).

The induction patterns with respect to the inducer concen-
trations deviated from perfect linearity which may reflect that
inducers were catabolized and their concentrations diminished
during the growth of the recombinant strains, although they
were added to complex Caso broth rather than minimal media
and, thus, were not required as growth substrates. The ob-
served induction patterns may also reflect all-or-none induc-
tion and the presence of induced and non-induced sub-popu-
lations. In E. coli, this phenomenon is known for arabinose-
inducible gene expression from expression vectors and dele-
tion of the arabinose utilization genes was required for the
homogenous gene expression from the plasmid (Datsenko
and Wanner 2000), a strategy which may be followed in
Paenibacillus once gene deletion is possible in this bacterium.
Homogenous gene expression may require that genes impor-
tant for inducer uptake are expressed constitutively and inde-
pendently from the inducer itself. In E. coli, for example,
transcribing arabinose uptake gene araE from a constitutive
promoter from Lactococcus lactis instead of its own
arabinose-inducible promoter enabled homogenous graded
arabinose induction (Khlebnikov et al. 2016).

In general, promoters from different Bacillus or
Paenibacillus species are functional in other Bacillus or
Paenibacillus species, e.g., the promoters PxylA from
B. megaterium and PmtlA from B. methanolicus could be
used in Paenibacillus. On the other hand, B. subtilis PmtlA
hardly worked in B. methanolicus (Table 3). Likewise, PxylA
was xylose inducible in P. polymyxa DSM-365; however, in-
duced expression of the fluorescence reporter gene was about
10-fold lower than in P. riograndensis (Fig. 6a). Thus, trans-
ferability of the gene expression systems is achievable, how-
ever, to fully exploit the application potential these systems
need to be optimized in the respective hosts.

The genetic toolbox described here forecasts future devel-
opments in functional genomics of Paenibacilli. Gain-of-
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function and loss-of-function analyses are important elements
of functional genomics and they require genetic systems for
gene overexpression and gene deletion. For instance, con-
trolled gene expression is important in gene deletion using
CRISPR/Cas9 (Jiang and Marraffini 2015; Makarova 2011)
or for CRISPRi/dCas9-mediated gene knockdown (Cleto
et al. 2016; Tong et al. 2015). A prerequisite for the use of
CRISPR technology as well as for gain-of-function analyses
in Paenibacillus has been achieved in this study by the two
vector system for independent mannitol and/or xylose-
inducible gene expression.
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