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ABSTRACT: The human pathogen Streptococcus pneumoniae (pneu-
mococcus) is a bacterium that owes its success to complex gene
expression regulation patterns on both the cellular and the population
level. Expression of virulence factors enables a mostly hazard-free
presence of the commensal, in balance with the host and niche
competitors. Under specific circumstances, changes in this expression
can result in a more aggressive behavior and the reversion to the
invasive form as pathogen. These triggering conditions are very
difficult to study due to the fact that environmental cues are often
unknown or barely possible to simulate outside the host (in vitro). An
alternative way of investigating expression patterns is found in
synthetic biology approaches of reconstructing regulatory networks
that mimic an observed behavior with orthogonal components. Here,
we created a genetic platform suitable for synthetic biology approaches in S. pneumoniae and characterized a set of standardized
promoters and reporters. We show that our system allows for fast and easy cloning with the BglBrick system and that reliable and
robust gene expression after integration into the S. pneumoniae genome is achieved. In addition, the cloning system was extended
to allow for direct linker-based assembly of ribosome binding sites, peptide tags, and fusion proteins, and we called this new
generally applicable standard “BglFusion”. The gene expression platform and the methods described in this study pave the way
for employing synthetic biology approaches in S. pneumoniae.
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The Gram-positive bacterium Streptococcus pneumoniae (pneu-
mococcus) is a colonizer of the human nasopharynx that can be
found in up to 50% of children1 and 10% of adults.2 In the case
of an intact and alert immune system, S. pneumoniae represents
no direct threat and is thus considered a commensal.3

Nevertheless, pneumococci needed to develop strategies to
hide or resist the immune system to be able to survive within
the human body. These adaptations can lead to pathogenic
behavior when encountering immune systems that are
inexperienced or weak, as in the case of young children or
old and immunocompromised adults. The diseases caused by S.
pneumoniae span from otitis media and sinusitis to the life-
threatening meningitis, sepsis, and pneumonia that cause more
than one million deaths per year.4

In the era of systems biology, one big question in
pneumococcal research focuses on virulence factors and their
regulation of activity. Virulence factors comprise all genes that
manipulate the host, particularly, immune system functions.
Gene expression regulatory networks that evolved in such
interactive environments are very difficult to study in vitro due
to the fact that culture media are optimized for robust growth
and lack the complexity and signaling cues that cells experience
in vivo. One alternative way of studying complex patterns can
be found in synthetic biology approaches, where regulatory
networks of interest are replaced by synthetic circuits of well-
characterized orthogonal components.5 This strategy allows for

the use of chemicals as inducer molecules driving for example
noisy switches that activate virulence factors such as an
increased capsule production. Regulation patterns that lead to
the establishment of two metabolically distinguishable pop-
ulations (in the mentioned example of increased capsule
production referred to as phase variation) are suspected to be
critical in impeding the success of one single specific immune
response.6 A comparative analysis of native and synthetic
circuits can also give information about the importance of
network architecture in contrast to parametrization of
individual components. For instance, Çag ̆atay et al. built a
synthetic gene regulatory pathway that drives competence
development in Bacillus subtilis that was more precise than the
natural network.7 Interestingly, cells having the natural, noisy
network had higher transformation efficiencies under variable
conditions demonstrating why noise in competence develop-
ment might have evolved.7 The global idea of using synthetic
biology to gain insights into biological processes such as
bacterial pathogenesis is nicely described by the famous quote
of Richard Feynman: What I cannot create I do not understand.
The study of the colonization success of a pneumococcal
population with differential capsule expression under control of
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a synthetic regulatory network would, for example, represent
such an approach. Comparisons to the wild type might shed
light on the mechanism and moreover on the relevance of the
native control system, whose mode of operation is still
unknown.
An introduction of engineering principles to molecular

biology promises to represent a critical step both toward a
deeper understanding of cellular mechanisms as well as toward
real applications by programming synthetic circuits with
designed characteristics.8 The pneumococcus is an organism
with good prospects in this field, since it has a relatively small
genome of approximately 2 Mb, it becomes naturally
competent for transformation, and there are well-established
assays for both in vitro and animal studies. The first step to
launch S. pneumoniae as a chassis for synthetic biology studies
relies in the creation of a standard gene expression platform in
the form of an integration plasmid that allows for rapid and
robust assembly of genetic components. In a second step,
individual components need to be characterized to enable free
shuffling of predictable biological functions.
A major bottleneck of studying microorganisms remains

efficient DNA assembly. The most common task in this process
is the combination of two sequences in a single reaction, while
leaving the possibility of adding more constructs in an iteration
of the very same process. BglBrick cloning,9 a variant of the
more commonly known BioBrick cloning,10 solves this problem
by using restriction enzymes with compatible ends flanking
individual genetic elements - BglII at the 5′ and BamHI at the
3′ end. When combining two elements, a scar sequence is
created that is no longer recognized by these two enzymes
while the pattern of the composite part with 5′ BglII and 3′
BamHI becomes re-established. The BglBrick scar codes for a
glycine and a serine residue while the original BioBrick standard
scar results in a tyrosine followed by a stop codon. For this
reason, we chose BglBrick cloning as our preferred standard.
Multiple genetic elements, as in case of entire vectors, can also
be assembled in a single reaction with strategies such as Golden
Gate Shuffling.11 With this study, we aim to introduce these
techniques into the Streptococcus pneumoniae field.
The plasmid pPEP1 (Pneumococcal Engineering Platform)

was created that allows for chromosomal integration in the
pathogenic serotype 2 encapsulated S. pneumoniae strain D3912

and its commonly used nonpathogenic unencapsulated
derivatives such as strains R6, R800, and Rx1. Vector
components that lack restriction sites for BglBrick cloning
were PCR amplified from genome, plasmids, and synthetic
sequences and assembled via Golden Gate Shuffling.
Subcloning was carried out in Escherichia coli strain MC1061.
Constitutive synthetic promoters of different strengths, and the
fucose, maltose, and Zn2+-inducible promoters, were charac-
terized using bioluminescence assays employing firefly lucifer-
ase and fluorescence reporters. In addition, a new trehalose-
inducible promoter is reported. Finally, we improved the
BglBrick standard and introduced specific sequences that allow
for direct linker-based assembly of ribosome binding sites,
peptide tags, and fusion proteins; we call this new standard
BglFusion. We show that this novel genetic platform offers
robust and easy cloning and confers reliable expression within
the pneumococcal genome paving the way for synthetic biology
approaches in this important human pathogen.

■ RESULTS AND DISCUSSION
Vector Construction and Assembly. We designed and

build up a vector by combining PCR amplified genomic parts,
plasmid parts, and synthetic sequences. The main idea behind
the choice for individual vector components relied in creating a
chromosomal integration platform in S. pneumoniae while at the
same time allowing for plasmid propagation in both Gram-
positive and Gram-negative backgrounds. To meet the
requirements of combinatorial cloning, the presence of
recognition sites for BglBrick restriction enzymes (EcoRI,
BglII, BamHI and XhoI) were eliminated in the individual parts.
The modular vector consists of 7 individual components
(Figure 1A): two embracing homology regions for double

crossover integration in the pneumococcal chromosome
located at opposite sides of the plasmid named integration
site up (ISU) and integration site down (ISD); the multiple
cloning site (MCS) and an antibiotic resistance cassette (in this
case conferring spectinomycin resistance; SpR) present within
the integration sequences; two different origins of replication
for plasmid propagation (15A and Ori) and an additional

Figure 1. Plasmid and integration map of pPEP1. (A) Construction
map of pPEP1 including all relevant single cutting and a selection of
noncutting restriction sites. The BglBrick enzymes are depicted in
bold. Terminators (black circles) in both reading directions insulate
the MCS. Furthermore, the MCS is intersected by terminators (TER)
to allow the simultaneous activity of two expression units with minimal
reciprocal interference. (B) pPEP1 integration through double
crossover into the S. pneumoniae D39 chromosome. The base pair
positions of the two homology sequences are indicated and correct
double crossover recombination can be verified with the primer pair
IF/IR, which both bind the genome outside the homology sequences
present on pPEP1.
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selection marker (in this case conferring chloramphenicol
resistance; CmR) outside the integration sequence. Arrows in
Figure 1A indicate reading directions for resistance cassettes
and annotation directions of homology sequences and origin of
replications.
For integration, the region between amiF and treR (Figure

1B) was selected because of its characteristics of a stable site
without phenotypic consequences that allows for reliable gene
expression.13 AmiF is part of a membrane transport system for
oligopeptides, and TreR is a transcriptional regulator of the
trehalose operon. The intermediate T1 and T2 are residues of
transposable elements. Upon integration, T1 becomes
truncated whereas all other genes remain intact. Homology
loci span from base pair 1678030 to 1678505 for ISU and from
base pair 1678908 to 1679400 for ISD according to the
annotation in the S. pneumoniae D39 GenBank genome
NC_008533.14 These sequences are also perfect matches for
D39 derivative strains such as R6. The positions of homology
sequences differ slightly from the ones previously used in this
locus13 because of the requirement of an absence of BglBrick
restriction sites. The distant position at 200° relative to the
origin of replication (oriC) on the circular chromosome (20°
removed from ter and 160° removed from oriC) is assumed to
result in more stable expression when it comes to copy number
effects due to DNA replication at exponential growth in
contrast to ectopic integration close to the origin of
replication.15 Both upper and downer regions of homology
were chosen at a length of approximately 500 bps. This length

is a good compromise between integration efficiency16 while
maintaining a small vector backbone size.
The MCS was synthesized, and it includes recognition

sequences for the BglBrick restriction sites EcoRI and BglII as
prefix followed by BamHI and XhoI as suffix. Furthermore, the
BglBrick system was extended for direct assembly of transla-
tional units by adding AseI and BpmI to the system (described
later). Additional restriction sites are present in the upstream
part of the MCS that allow for the transfer of assembled
constructs and that in general offer more cloning flexibility.
Terminators were built in to ensure efficient termination of
transcription and sufficient insulation of gene expression and to
increase plasmid stability. Three synthetic terminators were
obtained for this purpose from the iGEM parts registry17 with
BBa_B1002 and BBa_B0015 inside the MCS (notated as TER
in Figure 1A) and a modified version of BBa_B1006 for the
termination of BglBrick transcripts downstream of the MCS
(right black circle in Figure 1A). For insulation of upstream
transcription (left black circle in Figure 1A), two terminators of
the D39 genome were chosen that originate from sequences
following the genes for the ribosomal protein RpsI and the
elongation factor Tuf.
Two origins of replication were added to the vector. The

theta p15A origin of replication18 was chosen for subcloning in
E. coli with a narrow copy number distribution of 10−12
plasmids per cell; the template used was pSB3K3 from the parts
registry. A standard kit-based plasmid prep of 4 mL of an
overnight culture yields approximately 1500 ng of plasmid
DNA which is sufficient for creation of backbone digests. The

Table 1. Primers/Oligonucleotidesa

aCAPITAL, restriction recognition sequence; bold, sticky ends after digestion or oligo annealing; italic, homology sequence for annealing or PCR.
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low to medium copy number has the advantage over high copy
number plasmids that it reduces the chance of overexpression
of potentially harmful gene products. Note that this origin does
not allow for replication in S. pneumoniae. The second, broad
host range, origin of replication is the low copy Ori+ derived
from the Lactococcal pWV01 rolling circle plasmid (template
used: pORI28). However, the essential repA gene is omitted,
and the origin of replication by itself is not functional.19 This
second origin of replication only becomes active when RepA is
added in trans as is the case of S. pneumoniae D39repA20 or E.
coli EC1000.21 With both origins of replication being
functional, the absolute amount of plasmid DNA isolates
increases from 380 ± 30 to 490 ± 40 ng/mL/OD when
comparing MC1061 to the EC1000 host. This result indicates
that there is no disruptive interference in the activity of the two
origins of replication concerning plasmid stability.
The spectinomycin cassette of vector pAE0322 was chosen

for its characteristic as a reliable selection tool that works
equally well in Gram-positive and Gram-negative backgrounds.
The PstI site was removed from the coding sequence through
single base pair exchanges via assembly PCR (see Methods).
Initial transformation assays gave rise to colonies in E. coli but
not in S. pneumoniae. Since the spectinomycin resistance
marker is placed directly downstream of the MCS and thus in
proximity to strong terminators, we speculated that, in the
absence of read-through transcription, the native promoter

might not be strong enough to confer resistance after
integration into S. pneumoniae at a single copy. Indeed, adding
a synthetic constitutive promoter upstream of the spec marker
solved the problem and integration into the pneumococcal
genome worked successfully with transformation yields of
approximately 5 × 105 CFU/OD per 30 ng of pPEP1 plasmid
DNA.
Chloramphenicol acetyltransferase (CAT) of pNZ804823

was chosen as a marker outside the flanking homology regions.
The MfeI and AseI sites were removed, as described. The main
reason for adding the cat marker relies in easy screening for
chloramphenicol sensitivity, which indicates successful double
crossover (and loss of the cat marker) after initial selection on
spectinomycin. Additionally, the presence of this marker makes
it possible to select for single crossover integrants or even for
plasmid propagation in S. pneumoniae carrying repA in trans.
Vector components ISU, SpR, ISD, CmR, and 15A were

PCR amplified with BsaI restriction sites creating non-
palindromic sticky ends that were designed to be comple-
mentary to the following part in line (Table 1). Fragments were
assembled using the protocols for Golden Gate Shuffling,11 and
products of this assembly reaction were PCR amplified to
obtain higher DNA amounts. The PCR product of the
subassembly ISU-SpR-ISD, representing the integration
fraction, was successfully tested for transformation in S.
pneumoniae and integration was verified by colony PCR with

Figure 2. Functional unit assembly in pPEP1. BglBrick assembly was chosen as standard with its four restriction sites EcoRI, BglII, BamHI, and XhoI.
Furthermore, the system was extended by the restriction sites AseI and BpmI to allow for an easy oligonucleotide-linker based exchange of RBSs,
addition of peptide tags, or assembly of fusion proteins−the BglFusion format. Capital letters symbolize restriction recognition sites and bold
restriction enzymes indicate positions where the backbone and inserts need to be cut and religated. Templates for the construction of
oligonucleotide linkers are given in Table 1. Note that these are examples that suggest one way of how to assemble individual functional units and
that alternatives are possible, offering maximal flexibility.
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the primer pair IF/IR (data not shown). The PCR amplified
assembly of all five parts was subsequently digested with SphI
and BsrGI and ligated to the MCS fragment that was cut out
from its vector backbone coming from synthesis. In a second
cloning step, the rolling circle origin of replication (Ori) was
added by KpnI and SacI digestion and the final resulting vector
(pPEP1) was transformed into E. coli strain MC1061 and
sequence verified (GenBank accession number KF861544).
Functional Component Assembly. A fundamental

principle of synthetic biology is the use of standardized parts
to build up reliable gene regulatory functions. The standard
chosen for the pPEP1 integration vector is BglBricks in form of
translational and expression units. Figure 2A shows the general
principle of this system with the example of assembling two
genes into one translational unit. A more graphical
representation of the BglBrick assembly principle can be
found elsewhere.9 In our system, we wanted to enable the
transfer of BglBrick assembled expression units without
simultaneously transferring any of the BglBrick restriction
sites. This can be achieved by replacing the BglII site in
promoter constructs with SpeI (or a compatible end creator like
XbaI; Figure 2B). Expression units can now be cut with SpeI
and BamHI and ligated into the upstream part of the MCS of a
different vector derived from pPEP1. We included terminator
insulated transfer sites that create the required sticky ends with
BsaI + SpeI, XbaI + BclI or BclI + NheI (note that BsaI creates
BamHI compatibility in the pPEP1 context). None of the
BglBrick restriction sites re-establish in this process and the
newly created vector can thus be used for further BglBrick
cloning.
Arranging functional units in the form of ready-made

translational units comes along with the limitation of
predetermined RBSs and no flexibility for adding peptide tags
or building up fusion proteins. These limitations can always be
overcome by designing new primers amplifying the protein
coding sequence (CDS) exclusively, with the scar of BglBrick
assembly encoding for the linker residues glycine and serine.
However, for our platform, we aim to incorporate the
possibility of exchanging the mentioned components without
the need of specific primers by introducing two more restriction
enzymes to the system. AseI was placed at the start of each
CDS, with the last two bases of its recognition sequence
(ATTAAT) overlapping with the first two bases of the start
codon ATG. BpmI, an offset cutter that cuts at a distance of 14
bps away from its recognition sequence, was positioned in
between the suffix (BamHI and XhoI) in such a way that it
bridges the 3 stop codons that follow each CDS and in this

process creates a sticky end out of the third base of the last
amino acid codon and the first base of the first stop codon
TAA. The two enzymes thus provide direct access to 5′ and 3′
ends of the CDS by simple restriction enzyme digestions. In
both cases, two base pair overhangs are created, AseI in 5′ and
BpmI in 3′, which lead to only one predetermination for amino
acid linkers with valine and serine, respectively. In case that the
two recognitions sequences cannot be eliminated in the CDS,
one can sidestep to NdeI instead of AseI and AcuI instead of
BpmI that give rise to similar patterns. This system extension of
BglBrick cloning, we call it BglFusion, furthermore enables an
easy parallelization of assembling multiple RBSs, peptide tags or
linker-peptides in fusion proteins by ligating DNA constructs
with linkers in form of annealed oligonucleotides (Figure 2C;
Table 1).
To test our platform on its pledge of rapid cloning and

robust and reliable gene expression inside the S. pneumoniae
chromosome, we inserted the firefly luciferase gene luc,24

sfGFP(Bs)25 (from here on called GFP), and mKate226 into
pPEP1 (Table 2). The BglFusion cloning site already carries an
optimized RBS in the right position relative to AseI for direct
assembly of translational units. We nevertheless added a slightly
different synthetic RBS, created with RBS7 oligonucleotides
(Table 1), to demonstrate the feasibility of linker assisted
cloning in our system. These synthetic RBSs were created with
an optimized Shine−Dalgarno consensus sequence AGGAGG
at a distance of 7 bps from the start codon and AT-rich
sequences to reduce secondary structure formation.27 Coding
sequences were PCR amplified with AseI restriction sites at the
start codon and BamHI restriction sites directly downstream of
three stop codons TAA at the 3′ end of the genes. The pPEP1
vector backbone was cut with EcoRI and BamHI, the coding
sequences were cut with AseI and BamHI and the synthetic
RBS was obtained by annealing oligonucleotides RBS7-F and
RBS7-R that give rise to sticky ends compatibility for EcoRI and
AseI. Ligation mixtures of this cloning method resulted in
efficient cloning yields in E. coli.

Construction and Characterization of a Standard
Promoter Set. Bioluminescence as a result of luciferase
activity from luc expression was chosen as the major reporter
system for gene expression activity. The advantage of this
technology above, for example, GFP measurements is the
absence of background levels and distinguishable expression
signals within 5 orders of magnitude. Furthermore, the half-life
of the Luc protein is very short in S. pneumoniae;28 thus, signals
can directly be linked to promoter activity at a given time point
and the system allows for easier evaluations of fast changing

Table 2. BglBricks in pPEP (BglFusion Format)

brick description plasmid formatting action reference

MCS BglFusion cloning and transfer sites pPEP1 synthesis this study
Luca luciferase pPEP2 PCR on p5.00; EcoRI site removed Prudhomme et al., 200728

GFP sfGFP(Bs) pPEP3 PCR on pKB01_sfgfp(Bs); BclI site removed Overkamp et al., 201325

mK2 mKate2 pPEP4 synthesis after codon optimization Shcherbo et al., 200926

P1 intermediate constitutive promoter pPEP21 oligo extension PCR this study
P2 strong constitutive promoter pPEP22 oligo annealing Jensen et al., 199829

P3 very strong constitutive promoter pPEP23 oligo annealing Jensen et al., 199829

PZ1 Zn2+-inducible promoter pPEP24 PCR on D39 genomic DNA Eberhardt et al., 200922

PfcsK fucose-inducible promoter pPEP25 PCR on D39 genomic DNA Chan et al., 2003
PM maltose-inducible promoter pPEP26 PCR on D39 genomic DNA Guiral et al., 2006
Ptre trehalose-inducible promoter pPEP27 PCR on D39 genomic DNA Manzoor and Kuipers, unpublished

aLuc still contains two BpmI sites.
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expression states. The biggest disadvantage compared to the
widely used reporter GFP relies in the inability to collect single
cell information with standard microscopy.
To construct gene regulatory networks with reliable gene

expression strengths of the individual parts, well-characterized
constitutive and controllable promoters are required. Six
promoters of the Jensen et al. synthetic promoter library29

for E. coli and Lactococcus lactis (in order of strength: CP4, CP1,
CP26, CP46, CP7, CP6) were selected that represent a
complete ladder of the spectrum of expression strength in their
reported backgrounds. The main criteria of choice were similar
expression behaviors in both E. coli and L. lactis, hence
increasing the likelihood of conserved promoter sequence that
work in multiple bacterial backgrounds. Surprisingly, four out of
the six selected promoters gave no expression at all in S.
pneumoniae. The results of Jensen et al. indicate that L. lactis is
more constrained in promoter sequence recognition than E.
coli. This trend might be carried forward in case of the
pneumococcus that exhibits an even more reduced genome
size. Of the two identified active promoters, CP1 gave rise to
very weak signals close to the noise range (data not shown) and
only CP26 resulted in high levels of bioluminescence from luc
expression. The downstream border of this promoter was
chosen tightly at position +8 relative to the transcriptional start.
Interestingly, we observed different expression strengths
depending on the sequence that directly followed this border,
and this also influenced the choice of the restriction site

connecting the promoter. Choosing the standard suffix BamHI
directly downstream of position +8 gives rise to the scar
sequence GGATCT when ligated to a BglII digested reporter
construct and we called this promoter P2. When eliminating
the first G of BamHI (+9 relative to transcriptional start) in
contrast, then the last promoter base A from position +8 in
combination with the remaining GATCT gives rise to BglII as
promoter suffix instead. The re-established BglII recognition
site AGATCT after ligation to a reporter construct results in a
more than 10-fold higher gene expression activity of luciferase,
and we sequentially called this promoter P3. To complete our
library of constitutive promoters, we rationally designed and
constructed another synthetic promoter: P1 consists of the
prokaryotic consensus −35 (TTGACA) and −10 (TATAAT)
sequences, the UP element 4171 from the Estrem et al.
library30 and the core sequence of P1−6Mt5 from the Liu et al.
library31 (Table 3).
Characterization of this standard set of constitutive

promoters driving luc expression results in OD-normalized
luciferase activities (RLU/OD) in the range from 105 to 107

arbitrary units. Each promoter is separated by 1 order of
magnitude with promoter P1 being the weakest and P3 the
strongest. Our constitutive promoter library displays a wide
range of different expression strengths with similar promoter
dynamics making them well suitable for synthetic biology
approaches (Figure 3A−D). The promoter-less control of luc
(D-PEP2) was also analyzed and gives rise to signals

Figure 3. Characterization of a set of standard constitutive promoters for S. pneumoniae. (A) Plate reader assays measuring normalized luminescence
(RLU/OD; au; closed symbols) and OD (symbols without outline) are plotted over time. (B) The same data set with RLU/OD (closed symbols)
and doubling time (symbols without outline) plotted over OD. All assays are in duplicates including the control (circles, D-PEP1) and three
constitutive promoters driving luciferase (triangles, P1/D-PEP21; squares, P2/D-PEP22; diamonds, P3/D-PEP23). (C) The same promoter set
driving GFP and mKate2 in an overlay of phase contrast and fluorescence microscopy (scale bar = 2 μm). (D) Normalized luminescence (left axis)
and normalized fluorescence (right axis) including population and cell-to-cell variations, respectively (standard deviations).
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indistinguishable from cultures without luciferase or wells
containing a medium blank; this demonstrates a very effective
insulation of our expression locus. As shown in Figure 3D, the
classical way of displaying gene expression levels as bar charts,
although intuitive, only provides limited information on the
behavior of promoters. Plotting bioluminescence as a function
of time (Figure 3A) can also be misleading because time in
contrast to cell density is only indirectly responsible for changes
in promoter activity during batch cultivation. We therefore
introduce a different kind of graph in which we plot the RLU/
OD on a log scale on the Y-axis and the OD also in a log scale
on the X-axis (Figure 3B). This illustration allows easy
distinction of gene expression at different growth phases and
thus in different environmental conditions. To demonstrate the
functionality of our promoter set with different reporters, we
also analyzed expression of GFP and the red fluorescent protein
mKate2 (Figure 3C). This single cell analysis was carried out by
fluorescence microscopy and computer aided evaluation of
signal intensity with MicrobeTracker32 (Figure 3D; Table 3).
Our constitutive promoter library gives rise to a clear hierarchy
in promoter strength for GFP and mKate2 (Figure 3D). The
approximately 1 order of magnitude difference of the promoters
in bioluminescence assays could be confirmed for fluorescent
proteins in between P1 and P2 (factor 11 for GFP and factor 15
for mKate2). The difference between P2 and P3 with

fluorescence reporters, however, is in the linear range resulting
in approximately 2-fold higher mean signals (Figure 3D).
The above-mentioned results prompted us to conduct an

analysis of the mRNA abundance to get a more detailed insight
of transcription versus translation efficiencies in these
constructs (Table 3). Transcript levels of the GFP expressing
strains showed a 4-fold difference between P1 and P2 and a 2-
fold difference between P2 and P3. We conclude that
transcription is indeed higher in P3 compared to P2 (which
is very similar in sequence) and that this increase in
transcription is most probably responsible for the observed
expression difference of fluorescence proteins. Possible
explanations for the 10-fold increase of luciferase signals
might include differences in translation efficiency, protein
folding and maturation, fluorescent protein aggregation, or the
fact that luciferase has a higher turnover rate.
Besides constitutive promoters, finely tunable inducible

promoters are also indispensable for synthetic biology
approaches. At this point there are only few examples for S.
pneumoniae available such as the nisin-inducible Pnis,

20 the
ComS peptide-regulated system,33 the carbon source promoters
PM

13 for maltose and PfcsK
34 for fucose induction and the zinc-

inducible PczcD.
22 Here, we compared the two carbon source

promoters to the unpublished Ptre that is activated by
extracellular trehalose (Manzoor and Kuipers, unpublished

Figure 4. Comparison of four inducible promoters in S. pneumoniae. (A−D) Plate reader assay data sets in duplicates of the activity of the inducible
promoters PfcsK (A), PM (B), Ptre (C), and PZ1 (D) driving luciferase in pPEP integration constructs in response to fucose, maltose, trehalose, and
Zn2+, respectively. Inducer concentrations were used that were shown previously to generate optimal expression.13,34 Closed symbols represent
luminescence (RLU; au) and symbols without outlines represent OD readings. Two different media were tested with C+Yg containing 0.4% glucose
(triangles up and down) and C+Ys containing 0.2% sucrose (squares and diamonds) as main carbon source. Closed gray symbols (triangles down
and squares) represent uninduced while closed white symbols (triangles up and diamonds) represent induced conditions (induction start is shortly
before time point 0).
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data) and additionally to a new version of PczcD that was
obtained by PCR amplification from D39 genomic DNA with
more constraint borders than previously reported. Figure 4
shows growth curves of four strains with the mentioned
inducible promoters driving luciferase in PEP integration
constructs. Precultures were grown without inducer and time
point 0 thus also represents the induction starting point. Plots
are shown for concentrations of inducer that resulted in
maximal reported expression levels.13,34 Two different media
were tested with C+Y containing 0.4% glucose (C+Yg) and
containing 0.2% sucrose (C+Ys) as a main carbon source.
Catabolite repression is presumably responsible for the
observation that luciferase is not expressed from the fucose-
inducible promoter in glucose medium but solely in stationary
phase sucrose assays (Figure 4A). Furthermore, this phenom-
enon might also play a role in the differences in response timing
and development in the case of the trehalose-inducible
promoter (Figure 4C). Signals obtained with the maltose-
inducible promoter in the pPEP background are generally very
low (Figure 4B) and only the Zn2+-inducible system shows
consistently strong signals that develop in parallel to the OD
(Figure 4D). A more in depth analysis of this promoter,
renamed PZ1, showed a clear concentration dependent
behavior in the range from 0 to 150 μM Zn2+ using ZnSO4
as inducing chemical (Figure 5). However, ZnSO4 concen-
trations of 80 μM and higher need to be treated with care since
there is a negative effect on cell growth (Figure 5A). Single cell
analysis with both GFP and mKate2 showed that this promoter

gives rise to much more noise in gene expression compared to
our constitutive promoters, with an up to factor two increase of
the standard deviation at comparable mean values. Expression
from these two fluorescence reporters displays a high degree of
consistency in terms of trend when comparing expression
strength within one promoter set. This was also confirmed by
an analysis of the mRNA abundance in the GFP expressing
strain (Table 3). Note that a detectable resolution of
fluorescence signals for Zn2+ concentrations below 40 μM
was not achieved. This might be explained by high background
and noise levels dominating over low signals. In the case of
luminescence, the signal-to-noise ratio is approximately 2
orders of magnitude higher and therefore enables the detection
of significant results for the low Zn2+ concentration range.
Cross-comparing between our sets from constitutive to the
inducible promoter do not always show the expected expression
values. This observation can be explained by the fact that the
assembling of these promoters to a specific reporter always
gives rise to individual connecting sequences. These sequences
can act as proximal promoters fractions and thus influence
transcription efficiency, or as 5′UTRs and thus influence
mRNA stability and translation efficiency, a phenomenon well
described recently.35 In particular, while PZ1 induced with 80
μM of Zn2+ gives rise to significantly more transcript than for
instance P3, the total amount of reporter protein produced is
much higher from P3 indicating better translation signals for
the latter (Table 3).

Figure 5. Characterization of the pneumococcal Zn2+-inducible promoter. (A and B) Plate reader assays measuring normalized luminescence (RLU/
OD; au; closed symbols) and OD (A) or doubling time (B) (symbols without outline) are plotted over time and OD, respectively. The data set
shows duplicates of each of the six Zn2+ concentrations inducing luciferase expression from PZ1 in D-PEP24 (circles, 0; triangles up, 15; squares, 20;
diamonds, 40; triangles down, 80; hexagons, 150 μM ZnSO4). (C) Induction subset of the mentioned Zn2+ concentrations driving GFP and mKate2
in an overlay of phase contrast and fluorescence microscopy. (D) Summary of results, including population and cell-to-cell variations, respectively
(standard deviations).
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In total, we have generated a set of standardized
characterized constitutive promoters and an inducible promoter
with a high dynamic range (Figures 3 and 5), which can serve
as excellent starting point for synthetic biology approaches in S.
pneumoniae.
Concluding Remarks. In this study, we initially con-

structed a vector backbone including all desired features in silico
and ordered it from DNA synthesis. However, for reasons
unknown, the delivered plasmid worked fine in E. coli but did
not transform efficiently to S. pneumoniae. One possible
explanation might be found in the mentioned insufficiency of
resistance gene expression. The experience gained in this
project shows that de novo synthesis of an entire plasmid (or a
complete bacterial genome for that matter36) is a risky business
since it does not guarantee a working system. Current methods
of multipart assembly such as USER assembly,37 Gibson
assembly38 or the here applied Golden Gate Shuffling11 offer an
alternative strategy to build up new vectors and facilitate easy
reshuffling with alternative components and rapid trouble-
shooting.
The here developed gene expression platform for S.

pneumoniae by multipart assembly has several key features:

• standardization of genetic units with the BglFusion
format,

• fast and easy assembly of coding sequences and
promoters,

• free shuffling of RBSs, peptide tags and linkers in fusion
proteins,

• robust plasmid propagation at stable copy numbers of
10−12 in E. coli,

• efficient and reliably integration into the S. pneumoniae
genome,

• plasmid propagation in prokaryotic backgrounds ectopi-
cally expressing RepA.

In addition to the generation of pPEP1 and derivatives, we
present a method for visualizing the dynamic environment that
cells experience during a typical growth experiment by plotting
gene expression profiles as RLU/OD against OD in a double
logarithmic graph. Constitutive gene expression from our
promoters in general did shutdown significantly before one

could observe a decrease in cell doubling time. Growth limiting
environments thus seem to impact gene expression earlier than
cell growth, displaying a surplus of factors that allow for
continued growth before limitations become visible and
transition to stationary phase occurs.
It was surprising to find that several promoters leading to

high gene expression in E. coli and L. lactis gave no signals in S.
pneumoniae. This phenomenon is another striking demon-
stration of the individuality of gene expression in different
organisms, while relying on similar fundamental core
components. It also displays the limit of synthetic biology
applicability with the idea of units that can be freely transferred
from one organism to another while maintaining the same
functionality. In reality, there appears to be the need of
redesigning the standards for each new genetic background,
whereupon the strategies and techniques of doing so can be
transferred. This is exactly what we wanted to achieve with this
study. We have successfully constructed a new genetic
integration platform for S. pneumoniae that allows for rapid
and robust BglBrick assembly and have made a first start at
developing and characterizing a set of standard promoters and
reporters for synthetic biology purposes in this organism. The
here described genetic platform, methods, and promoters will
enable the design and construction of more complex gene
regulatory circuitries, such as feedback systems or toggle
switches, which might eventually contribute to our under-
standing of the gene regulatory networks underlying virulence
development in this important human pathogen.

■ METHODS
Strains, Transformations, and Growth Conditions. All

strains are derived from MC1061 in E. coli and D39 in S.
pneumoniae. All constructs were subcloned in E. coli; competent
cells were obtained by CaCl2 treatment according to Sambrook
and Russell.39 E. coli was transformed via heat-shock at 42 °C
for 2 min and S. pneumoniae with 1 ng/mL CSP (competence
stimulating peptide) at OD 0.1 according to standard
protocols.40 Cells were plated in the presence of 100 μg/mL
spectinomycin on LB-agar and Columbia agar (supplemented
with 3% (v/v) sheep blood) respectively and incubated at 37
°C for selection of positive transformants. E. coli colonies were

Table 3. Promoter Characterization Data

aOD normalized luminescence ± population standard deviation. bRelative mRNA abundance ± standard deviation of qPCR replicates.
cFluorescence: mean pixel saturation of cell area (%) ± cell to cell variation. dPromoter sequences: −35, −10, +1, RBS, and ATG in bold.
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picked and grown overnight in LB medium containing 100 μg/
mL spectinomycin. S. pneumoniae colonies were restreaked by
plating inside Columbia agar; colonies were subsequently
picked and grown in C+Y41 (pH 6.8) until OD 0.4 to obtain
−80 °C glycerol stocks.
Vector and Functional Unit Assembly; Restriction Site

Removal. Individual vector components were PCR-amplified
using high fidelity Phusion polymerase (Thermo Fisher
Scientific, Waltham, MA, U.S.A.) as described in the main
text and assembled according to the Golden Gate Shuffling
protocol.11 Unwanted restriction sites were eliminated through
single base pair silent mutations by PCR assembly of upstream
and downstream PCR products that overlap approximately 25
bps around the altered sites. The MCS was synthesized by
GenScript (Piscataway, NJ, U.S.A.) as part of a full plasmid
synthesis (see Concluding Remarks). The RBS7, P2, and P3
were obtained with oligonucleotides that were designed for
both homologous strands with the addition of the required
single stranded sticky ends. Annealing reactions were carried
out in FD-buffer (Thermo Fisher Scientific) containing 20 μM
of each oligonucleotide. Reaction tubes were heated to 98 °C
and slowly cooled to room temperature. P1 was created with
oligonucleotides that overlap 23 bps by polymerase driven
extension, and thus the creation of double stranded DNA. After
digestion with FD enzymes (Thermo Fisher Scientific),
individual components were column- or gel-purified, ligated,
and transformed into E. coli.
Microtiter Plate Reader Assays. Precultures were

inoculated from −80 °C stocks to OD 0.005 and grown until
OD 0.1 in 2 mL C+Y medium (pH 6.8) at 37 °C inside 5 mL
red cap tubes that allow for direct in tube OD measurement.
Note that S. pneumoniae induces autolysis when kept in
stationary phase at 37 °C for longer periods and dilution of late
logarithmic cultures will generate variable lag phases and
therefore should be omitted when possible. Costar 96-well
plates (white, clear bottom) with a total assay volume of 300 μL
C+Y per well supplemented with 0.5 μg/mL D-luciferine were
inoculated to the designated starting OD value. Microtiter plate
reader experiments were performed using a TECAN infinite
pro 200 plate reader (Tecan Group, Man̈nedorf, Switzerland)
by measuring every 10 min with the following protocol: 5 s
shaking; OD(595) measurement with 25 flashes; luminescence
measurement with an integration time of 1 s. Doubling times
were obtained by calculating an average of OD developments of
1, 2, and 3 measurement points preceding and following the
current value with a weighting of 1, 1/2, and

1/4, respectively.
Specific RLU/OD values for the bar graph were obtained by
the average and the standard deviation of measurement values
in the OD range from 0.01 to 0.03 coming from both
duplicates.
Microscopy and MicrobeTracker Analysis. Precultures

for microscopy were obtained as described above for plate
reader assays. Strains containing PZ1 were induced for 75 min
by diluting the initial preculture factor 8 and regrowing them to
OD 0.1 in the presence of Zn2+. Cell metabolism was stopped
by placing the tubes on ice, and medium was exchanged by
spinning down 1 mL of growth culture and resuspension in 200
μL PBS. After thorough vortexing, 1 μL of the cell preparation
was spotted on a PBS-polyacrylamide (10%) slide inside a
Gene Frame (Thermo Fisher Scientific) and sealed with the
cover glass to guaranty stable conditions during microscopy. A
Nikon Ti-E microscope equipped with a CoolsnapHQ2 camera
and an Intensilight light source was used. Images with GFP

fluorescing cells were taken with the following protocol and
filter set: 200 ms exposure time for phase contrast; 1 and 0.5 s
exposures (two measurements in case of pixel oversaturation)
for fluorescence at 450−490 nm excitation via a dichroic mirror
of 495 nm and an emission filter at 500−550 nm. Images of
mKate2 fluorescing cells were obtained by the same protocol
with the difference of 500 ms exposure time for phase contrast
and a filter set of 560−600 nm for excitation, dichroic mirror of
605 nm, and emission of >615 nm (long-pass filter). More than
200 cells in average were computationally analyzed per
condition with the MATLAB based software MicrobeTracker.32

In brief, cells are identified based on phase contrast pictures,
and the selected areas are analyzed in the respective
fluorescence picture. Fluorescence signals coming from the
0.5 s exposure time were cell area normalized and averages and
standard deviations were calculated. Figure 3C shows cells from
0.5 s exposure time while the 1 s exposure time was chosen for
Figure 5C due to weaker signals.

mRNA Extraction, Reverse Transcription, and qPCR.
Cultures for RNA isolation were inoculated and grown as
described above and volumes of 8 mL were harvested at OD
0.1. RNA was isolated using the High Pure RNA Isolation Kit
(Roche Applied Science, Penzberg, Germany) according to
protocol with the addition of a 45 min DNase I treatment at 37
°C in the presence of the RNase inhibitor RiboLock (Thermo
Fisher Scientific). Reverse transcription was performed using
random nonamer primers and SuperScript III Reverse Tran-
scriptase (Invitrogen, Carlsbad, CA, U.S.A.). Quantitative PCR
(qPCR) experiments were carried out with iQ SYBR Green
Supermix and a iQ5Multicolor Real-Time PCR machine (Bio-
Rad Laboratories, Hercules, CA, U.S.A.). Primer sequences
were obtained with the Primer3Plus software;42 they exhibited
identical calculated annealing temperatures and resulted in
product sizes of approximately 100 bps. Samples were analyzed
in quadruplicate with three primer sets including the house-
keeping gene gyrA, the constitutively expressed spectinomycin
resistance gene SpR from the pPEP platform and the gene of
interest gfp. For each sample, the result for gfp was normalized
to the average of the results for the internal controls gyrA and
SpR. Finally, the quantities of all samples were normalized to
sample D-PEP34 at 0 μM Zn2+.
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