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Abstract 

reen fluorescent protein (GFP) offers efficient ways of visualizing promoter 
activity and protein localization in vivo, and many different variants are 

currently available to study bacterial cell biology. Which of these variants is best 
suited for a certain bacterial strain, goal, or experimental condition is not clear. 
Here, we have designed and constructed two “superfolder” GFPs with codon 
adaptation specifically for Bacillus subtilis and Streptococcus pneumoniae and 
have benchmarked them against five other previously available variants of GFP 
in B. subtilis, S. pneumoniae, and Lactococcus lactis, using promoter-gfp fusions. 
Surprisingly, the best-performing GFP under our experimental conditions in B. 
subtilis was the one codon optimized for S. pneumoniae and vice versa. 
Moreover, we examined the fluorescence intensity of 48 Obelia sp. GFP gene 
variants to determine an optimal codon-usage scheme for Lactococcus lactis. The 
data and tools described in this study will be useful for cell biology studies in low-
GC-rich Gram-positive bacteria. 
 

Introduction 

The GFP from Aequorea victoria was cloned in 1992 and since then became an 
indispensable research tool which can be used as genetically encoded fluorescent 
label, molecular tag or intracellular environment sensor (Prasher, 1992; Chalfie, 
1994; Southward and Surette, 2002; Valvidia and Cormack, 2005). Besides A. 
victoria, fluorescent proteins (FPs) can be found in many other marine organisms 
(Fig. S1-S2). With increasing water depth the range of available wavelengths of 
light decreases. The predominant light in the deep ocean is what we perceive as 
blue. In this monochromatic habitat fluorescent pigments provide a way to 
produce other colors than blue by converting the energy of blue photons into 
longer wavelengths – green, orange, yellow, red. The excitation of these pigments 
comes from either ambient or bioluminescent light. Since FPs are so efficient and 
stable, the metabolic cost of their possession remains low (Haddock and Dunn, 
2015). Fluorescent proteins have different functions in organisms: modification of 
bioluminescence emission, modulation of light environment for photosynthesis 
of symbiotic algae (photoprotection or photoenhancement), prey attraction. A 
hypothetical function of FPs includes biochemical reactions, such as deactivation 
of reactive oxygen species or photo-reduction of various substrates, such as 
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luciferin-like molecules following their oxidation during bioluminescence 
(Aglyamova, 2011; Haddock and Dunn, 2015). To date, the phylum Cnidaria 
includes the most well-characterized organisms in terms of fluorescent proteins. 
They are reef Anthozoa including anemones, button polyps, soft and hard corals. 
Class Hydrozoa, from which the first fluorescent protein was cloned, has yielded 
11 proteins: green, yellow and non-fluorescent purple chromoprotein. Relatively 
recently GFP, YFP and CFP from hydrozoan Obelia were cloned in E. coli 
(Aglyamova, 2011). Sequence analysis showed that these obeFPs are very similar 
to each other and also cluster together with GFP from A. victoria.  
Here, we clone the novel obeGFP in Lactococcus lactis and we benchmark a set 
of commonly used A. victoria GFP variants to analyze gene expression in the low-
GC-rich Gram-positive model organisms B. subtilis, S. pneumoniae, and L. lactis.  
B. subtilis is one of the best-studied microorganisms that is able to differentiate 
into distinct cell types. It can form highly resistant spores, develop natural 
competence and motility, and secrete exoproteases (Dubnau, 1991; Errington, 
2003; Kearns and Losick, 2005; Msadek, 1999; Veening, 2008). Additionally, it can 
form biofilms (Branda, 2001) for which, due to poor aeration, not all GFP 
variants might be suitable, since maturation of GFP requires posttranslational 
oxidation. S. pneumoniae is a major pathogen causing pneumonia, meningitis, 
and other diseases in young children, elderly, and immunocompromised adults 
(Kardioglu, 2008; Scott, 2008). More recently, S. pneumoniae turned out to be an 
excellent model to study cell biology in oval-shaped bacteria (Beilharz, 2012; 
Eberhardt, 2009; de Jong, 2011; Sham, 2011). L. lactis is an industrially important 
lactic acid bacterium. Because of its ability to acidify milk products, L. lactis is 
extensively used in cheese starter cultures. Both S. pneumoniae and L. lactis are 
microaerophiles, and it is not clear which GFP variants are most suitable under 
such low-oxygen conditions. 
GFP offers efficient ways of visualizing gene expression and protein targeting. It 
exhibits intrinsic fluorescence and is commonly used as a reporter gene in intact 
cells and organisms (Southward and Surette, 2002; Campelo, 2010; Chalfie, 1994; 
Geoffroy, 2000). For in vivo studies of weakly expressed genes, a strong GFP 
fluorescence signal is crucial. Since the initial publication of A. victoria GFP and 
its application for molecular biology (Chalfie, 1994), many mutants of the protein 
with either modified spectral properties, increased fluorescence intensity, or 
improved folding properties have been reported (Cormack, 1996; Pédelacq, 2006; 
Scholz, 2000; Shaner, 2005). The number of possible applications for GFP has 
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increased, but the most suitable candidate remains to be selected carefully for the 
particular research question at hand. The suitability of a certain GFP variant for a 
specific experiment strongly depends on factors such as availability of oxygen, 
cultivation temperature, pH of the environment, photostability, spectral overlap, 
toxicity, and multimerization (Shaner, 2005). 
Methods to achieve the most optimal fluorescence signal are not limited to 
modifications on the protein level. Important factors influencing protein 
expression levels besides transcription rate are mRNA stability, translation 
signals, and codon usage in the gene (Lithwick and Margalit, 2003). For instance, 
highly expressed prokaryotic genes have a pronounced codon usage bias, 
significantly different from genes expressed at low levels (Moszer, 1999). 
Adaptation of the gfp gene to the typical codon usage of the host could have a 
major impact on its translation, resulting in more efficient protein production 
and folding, resulting in higher net GFP expression and thus fluorescence signal 
(Gustafsson, 2004). The three low-GC model organisms described above vary 
slightly in codon usage, and therefore a different gfp variant might be optimal in 
each of the species (see Table S1 in the supplemental material). The GFP variants 
characterized in this paper have all proven to be successful in molecular biology. 
However, knowing which GFP variant gives the most optimal fluorescence signal 
in each of the three model organisms would be very helpful in optimizing 
experimental setups. 
In this work, we focused on benchmarking GFP for studying gene expression at 
the single-cell level. Previously characterized promoters and ribosome binding 
sites were used to drive GFP expression. To assess gene activation accurately, it is 
important that the fluorescent signal appears immediately after induction. 
Therefore, we have also employed fast folding variants such as GFP+ (Scholz, 
2000) and superfolder GFP (Pedelacq, 2006) and designed and generated vectors 
containing superfolder GFPs with codon usage adapted specifically for B. 
subtilis or S. pneumoniae. Interestingly, superfolder GFP did not give the highest 
fluorescence signals in B. subtilis liquid cultures and biofilms, but gave the 
highest fluorescence signals in both S. pneumoniae and L. lactis. More 
surprisingly was the finding that gfp codon optimized for S. pneumoniae worked 
best in B. subtilis and vice versa. Moreover, to learn more about L. lactis codon 
preference, we tested the expression of 48 GFPs from Obelia sp. that only 
differed in their codon usage. Together we provide a new GFP toolbox and 

http://aem.asm.org/content/79/20/6481.full#ref-22


CHAPTER EIGHT 

264 

knowledge as to which GFP variant to use for single-cell gene expression analysis 
in B. subtilis, S. pneumoniae, and L. lactis. 

 
Fig. S1. Fluorescence of Hydrozoans. Photos of Olindias formosus in (A-C) white 
light and (D,E) under blue light, showing the fluorescence. Adapted from 
Haddock and Dunn, 2015. 

 
 

Fig. S2. Fluorescence for prey attraction. (A-C) The siphonophore Rhizophysa 
eysenhardti. (D) Bioluminescence emission of the siphonophore Rosacea plicata, 
with no illumination. (E,F) Light and fluorescence of the fish Enneapterygius sp. 
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(G) White illuminated photo of Rosacea showing the fluorescence near the top of 
the stem and in the gastrozoids. (H,I) White light and fluorescence of the non-
symbiotic strawberry anemone Corynactis californica, showing the multi-colored 
fluorescence of its polyps. (J,K) White light and fluorescence of the mantis 
shrimp Gonodactylaceus randalli. (L) Cerianthid tube anemone under mixed 
lighting showing prominent fluorescence in central tentacles. (M-O) The 
siphonophore Diphyes dispar under three lighting schemes to show morphology 
and fluorescence associated gastrozooids (feeding polyps). Even in white light 
without special excitation (M) the fluorescence is visible, and it is enhanced by 
blue illumination (N,O). (P) Amphipod Cyphocaris showing several types of 
fluorescence: yellow from bioluminescent structure, blue from chitin, and orange 
likely from chlorophyll-containing gut contents. (Q) Hydromedusa Sarsia 
tubulosa has fluorescent structures that are not associated with sites of 
bioluminescence. Taken from Haddock and Dunn, 2015.  

Results and discussion 

I. Selection and design of codon-optimized A. victoria gfp genes 

Green fluorescent proteins generally used in molecular biology are mutant 
variants of the A. victoria GFP protein with improved characteristics. 
Optimizations include codon adaptation of the gfp gene to the organism of 
interest, amino acid modifications or alterations to the folding properties of the 
protein, or changes to the chromophore (Table 1). For this study, we selected or 
generated the following GFPs: GFPmut1, GFP+, GFP+(htrA), GFP(Sp), 
sfGFP(Bs), sfGFP(Sp), and sfGFP(iGEM). A widely used GFP variant for use in 
bacteria is GFPmut1 (Cormack, 1996). Mutations in the chromophore of this 
protein result in a redshift of the excitation maximum to 488 nm and a 35-fold-
higher fluorescence signal compared to the original GFP excited at 488 nm. 
Folding and maturation of the chromophore are also improved compared to the 
original GFP, and fluorescence can be detected earlier after induction. 
The gfp+gene (Scholz, 2000) has an E. coli codon usage, while the encoded 
protein carries chromophore and folding mutations, yielding 130-fold-higher 
fluorescence compared to A. victoria GFP. In gfp+(htrA), an additional region 
upstream of gfp+ encodes the first three amino acid residues of the S. 
pneumoniae HtrA protein which probably improves ribosome accessibility; GFP+ 
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(htrA) was shown to work as a robust reporter for protein fusions and to 
significantly improve heterologous protein production in  S. pneumoniae 

(Eberhardt, 2009; Halfmann, 2007). The S. pneumoniae codon-optimized gfp(Sp) 
variant specifies a protein with chromophore and folding mutations similar to 
those in GFPmut2 (Martin, 2010). Dimerization of this GFP at higher 
concentrations is prevented by the dimer interface-breaking A206K (A at 
position 206 changed to K) mutation (Zacharias, 2002), making it very suitable 
for protein fusions meant to assess intracellular localization. Superfolder GFP 
(sfGFP) is especially useful for translational fusions, since it rapidly folds and 
matures even when fused to poorly folding peptides (Pédelacq, 2006; Milde, 
2008). Furthermore, sfGFP might be particularly suitable for gene expression 
studies, since the emergence of fluorescence closely matches induction of 
transcription. We employ three sfGFP variants: sfGFP(iGEM), sfGFP(Bs), and 
sfGFP(Sp), originating from the sfGFP sequences created by Pédelacq et al. 
(Pedelacq, 2006). sfGFP(iGEM) is a previously characterized variant; the gene 
was designed for the International Genetically Engineered Machine competition 
(iGEM) by the University of Cambridge team in 2008, and its codon usage is a 
compromise for optimum expression in E. coli and B. subtilis (Milde, 2008). In 
addition, sfGFP(iGEM) carries the mutations S2R and S72A from GFPmut3* 
(Andersen, 1998). No phenotypic effects have been reported for S2R, while the 
S72A folding mutation close to the chromophore enhances fluorescence 
(Andersen, 1998). To be able to optimally use sfGFP in B. subtilis and S. 
pneumoniae, we designed and synthesized codon-optimized genes for sfGFP 
variants, sfgfp(Bs) and sfgfp(Sp), respectively (see Materials and Methods). With 
the design of two new sfgfp genes, the total number of GFP variants 
benchmarked in this study is seven. 
GFP Changes to A. 

victoria GFP 
Properties Gene codon 

optimization 
method 

Reference 

GFPmut1 F64L, S65T, 
L195S 

35-fold brighter 
than wild-type 
GFP 

Original codon 
adaptation from A. 
victoria 

Cormack, 
1996 

GFP+ F64L, S65T, 
Q80R, F99S, 
M153T, V163A 

130-fold brighter 
than wild-type 
GFP 

E. coli Scholz, 
2000 

GFP+(htrA) M1MKHL, F64L, 
S65T, Q80R, 
F99S, M153T, 

Improved 
translation 
efficiency in S. 

E. coli Eberhardt, 
2009 
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V163A pneumoniae 
GFP(Sp) M1MV, S65A, 

V68L, S72A, 
A206K 

Based on 
GFPmut2, 
monomer 

S.pneumoniae using 
OptimumGene 

Martin, 
2010 

sfGFP(Bs) S30R, Y39N, 
F64L, S65T, 
Q80R, F99S, 
N105T, Y145F, 
M153T, V163A, 
I171V, A206V 

Superfolder GFP B. subtilis using dual 
codon method 

This study 

sfGFP(Sp) S30R, Y39N, 
F64L, S65T, 
Q80R, F99S, 
N105T, Y145F, 
M153T, V163A, 
I171V, A206V 

Superfolder GFP S.pneumoniae using 
OPTIMIZER 
(Puigbo, 2007) 

This study 

sfGFP 
(iGEM) 

S2R, S30R, Y39N, 
F64L, S65T, 
S72A, F99S, 
N105T, Y145F, 
M153T, V163A, 
I171V, A206V 

Superfolder 
GFP, additional 
mut3* mutations 

E. coli and B. subtilis Milde, 
2008 

 

Table 1. GFP variants benchmarked in this study. 

Construction of new GFP vectors for B. subtilis, S. pneumoniae, and L. lactis 

To evaluate the seven GFPs for their production and fluorescence properties, we 
constructed new GFP vectors for integration into the chromosome of each of the 
three model organisms. It is important to note that for each organism the GFP 
variants are expressed using the same promoter and ribosome binding site (RBS), 
allowing direct comparisons. For B. subtilis, plasmid pDR111 (a kind gift from 
David Rudner) was used as the replicon. This vector is a derivative of the Pspac-
hy plasmid pJQ43 (Quisel, 2001), which achieves better repression in the absence 
of the IPTG inducer due to an extra lacO operator site (Britton, 2002). PCR 
fragments carrying gfp constructs were cloned downstream of the Phyperspank 

promoter region. The PCR fragments included three stop codons in the 3 
different reading frames and a RBS upstream of the gfp gene and three 
terminators downstream of the gfp gene to terminate transcription and prevent 
read-through transcription from downstream genes (Fig. 1A). The regions of 
the amyE gene flanking the gfp genes facilitate integration at the amyE locus in 
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the B. subtilis chromosome. Ampicillin and spectinomycin resistance cassettes are 
present to allow selection in E. coli and B. subtilis, respectively. The setup chosen 
guarantees that each of the seven gfp genes is located in exactly the same genetic 
surrounding. 

 
Figure 1. GFP expression vectors for B. subtilis, S. pneumoniae, and L. lactis. (A) 
Plasmid pDR111_gfp(Sp) integrates in the B. subtilis genome at the amyE gene 
locus by double crossover and allows IPTG-inducible expression of gfp(Sp). (B) 
Plasmid pKB01_sfgfp(Bs) integrates in the S. pneumoniae genome at 
the bgaA gene locus and allows Zn2+-inducible expression of sfgfp(Bs). (C) 
Plasmid pSEUDO::Pusp45-sfgfp(Bs) integrates in the L. lactis genome at the 
pseudo 10 gene locus by single or double crossover, and sfgfp(Bs) expression is 
driven by the strong constitutive Pusp45 promoter. 

S. pneumoniae plasmid pKB01_sfgfp(Bs) (Fig. 1B) was constructed by 
introducing the Zn2+-inducible promoter PZn and sfgfp(Bs) into plasmid 
pJWV100 which is flanked by transcriptional terminators as described in 
Materials and Methods. The Zn2+-inducible promoter PZn allows tight regulation 
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of gfp expression (Eberhardt, 2009). The flanking regions of the nonessential 
bgaA gene facilitate integration at this locus in the S. pneumoniae chromosome. 
A tetracycline resistance cassette allows for selection in S. pneumoniae. All 
other gfp-carrying pKB01 vectors were constructed in the same way. L. 
lactis plasmid pSEUDO::Pusp45-sfgfp(Bs) (Fig. 1C) was constructed by 
introducing Pusp45 and sfgfp(Bs) into pSEUDO-GFP. The strong constitutive 

usp45 promoter of L. lactis MG1363 (van Asseldonk, 1990) drives expression 
of gfp. Three terminators downstream of the gfp gene terminate transcription 
and prevent read-through transcription from downstream genes. The regions of 
the pseudo 10 gene flanking the gfp gene facilitate integration at the pseudo 10 
locus in the L. lactis chromosome (Pinto, 2011). An erythromycin resistance 
cassette allows for selection in L. lactis. All other gfp-carrying pSEUDO::Pusp45 
derivatives were constructed in the same way. 
 

Characterization of GFP expression at the population level 

Strains of B. subtilis, S. pneumoniae, and L. lactis were cultured in 96-well 
microtiter plates and examined for GFP fluorescence. Additionally, fluorescence 
was determined in B. subtilis complex colonies. Results are shown in Fig. 2 and 3. 
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Figure 2. Fluorescence quantification of GFP variants in B. subtilis (A and B), S. 
pneumoniae (C and D), and L. lactis (E and F). The left panels show population-
level GFP signals recorded using microtiter plate readings. Fluorescence 
intensities are corrected for background fluorescence, OD600, and wild-type 
strain (no GFP) values. Error bars indicate the standard errors of the means (n ≥ 
3). Simultaneously, single-cell fluorescence was measured in the same cultures 
with fluorescence microscopy (right panels). Fluorescence intensities are 
normalized for background fluorescence, cell area, and wild-type strain values. 
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Error bars indicate the standard errors of the means (n ≥ 200). Note that 
fluorescence values from both methods are in arbitrary units (A.U.) and are not 
directly comparable. 

 

 
Figure 3. Detection of architecturally complex colony development (left) and 
GFP levels (right) in various B. subtilis strains grown on 2× SG medium. The 
strain name or GFP variant is indicated to the left of the images, while the mean 
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fluorescence (in arbitrary units [AU]) of various strains detected with CellP 
software (Olympus) is indicated to the right of the images. Bars, 10 mm. 

Bacillus subtilis 

Strikingly, in B. subtilis, gfp(Sp) carrying codon optimizations for S. pneumoniae 

exhibited the strongest fluorescence signal; the average signals were 
approximately 5-fold higher than when the widely used GFPmut1 was expressed 
(Cormack, 1996; Lewis and Marston, 1999) (Fig. 2A). The fluorescent proteins 
sfGFP(Sp), GFP+(htrA), and GFP+ also exhibited a signal stronger than that of 
GFPmut1. Unlike what was expected, sfGFP(Bs) performed worst in the host for 
which the gene was codon optimized, B. subtilis. While the protein sequences of 
sfGFP(Bs) and sfGFP(Sp) are identical, the fluorescence level of the latter in B. 
subtilis is 6- to 7-fold higher. At the DNA level, sfGFP(Bs) and sfGFP(Sp) show 
20% dissimilarity, illustrating the impact of codon usage on heterologous protein 
production. Fluorescence data of complex B. subtilis colonies show that the 
relative GFP signals under these circumstances are comparable to those of 
planktonic conditions (Fig. 3). GFP(Sp) gave the highest signals, followed by 
sfGFP(Sp) and GFP+(htrA). Thus, even in biofilms, in which cells are less well 
aerated than in shaken planktonic cultures, the non-superfolder GFP(Sp) 
outperforms the other variants. 
 

Streptococcus pneumoniae 

In S. pneumoniae, sfGFP(Bs) exhibited the highest fluorescence signal of all 
GFPs tested (Fig. 2C). The gene of this superfolder GFP variant is codon 
optimized for B. subtilis. It performed remarkably better than the same gene 
codon optimized for S. pneumoniae. Note that different codon optimization 
strategies were used for sfGFP(Bs) and sfGFP(Sp) (see Materials and Methods), 
so we cannot formally conclude which codon optimization strategy is superior 
for which organism. Nevertheless, the signal of sfGFP(Bs) was roughly two times 
stronger than that of sfGFP(Sp), GFP(Sp), and GFPmut1 when expressed in S. 
pneumoniae. GFP+(htrA) exhibited a stronger fluorescence signal than GFP+. 
The GFP signal increased by a factor of two by the sole introduction of the 3 htrA 
codons to the 5′ end of gfp+, as has been described previously in the case of 
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expression of LacZ (Halfmann, 2007). The weakest fluorescence was exhibited by 
sfGFP(iGEM) with a signal that was barely detectable above autofluorescence. 
 

Lactococcus lactis 

The relative fluorescence levels of the seven GFPs in L. lactis (Fig. 2E) are 
comparable to those in S. pneumoniae. With GFP+ and GFP+(htrA) as the 
exceptions, a similar ranking based on fluorescence intensities can be made. The 
fluorescence signals of both GFP+ and GFP+(htrA) are hardly above 
autofluorescence, which makes them unsuitable for use in L. lactis. The best-
performing GFP in this organism is sfGFP(Bs), with a signal approximately 3.5-
fold higher than those of GFPmut1 and sfGFP(iGEM). Runners-up are the two 
GFPs for which the genes were codon optimized for S. pneumoniae, with the 
superfolder variant producing slightly more fluorescence signal. 
Altogether these results demonstrate that for the conditions tested, a GFP with a 
strong fluorescence at the population level can be selected for each organism: 
GFP(Sp) for planktonic and biofilm cells of B. subtilis and sfGFP(Bs) for both S. 
pneumoniae and L. lactis. 
 

Characterization of GFP expression at the single-cell level 

Fluorescence microscopy was performed to examine the signal of each GFP 
reporter at the single-cell level. Single-cell GFP signals were quantified using 
Microbetracker (Sliusarenko, 2011). Simultaneously, population-level GFP signals 
were recorded on the same cultures using microtiter plate readings. Results are 
shown in Fig. 2. In general, the average fluorescence observed in the single-cell 
assays correlated well with the data of the population-wide microtiter plate 
assays. In B. subtilis, the only GFP that deviates from the trend found in the 
microtiter plate assays is sfGFP(iGEM) (Fig. 2B). Its fluorescence signal is 
twofold lower than that of GFPmut1, making it, together with sfGFP(Bs), the 
GFP with the least fluorescence. The GFP variant generating the highest 
fluorescence signals is, again, GFP(Sp) with an average fluorescence almost 2-fold 
higher than that of sfGFP(Sp), the second best GFP. 
As with the microtiter plate assay, sfGFP(Bs) gives the highest fluorescence signal 
in single cells from S. pneumoniae (Fig. 2D), namely, approximately two times 
higher than that of sfGFP(Sp) and six times higher than that of GFPmut1. 
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The single-cell results obtained with L. lactis are nearly identical to those on the 
population level: in both cases, sfGFP(Bs) is the best GFP under the experimental 
conditions employed here (Fig. 2F). Its signal is roughly twice higher than that of 
GFPmut1. GFP+ and GFP+(htrA) are barely detectable, even with the sensitive 
method of fluorescence microscopy. 
The data obtained from bulk cultures do not reflect the situation at the single-cell 
level in every case. When the data are plotted as a histogram, it becomes evident 
that the fluorescence signal is not equal in all cells and that the amount of signal 
variation among cells differs per GFP variant. From the histograms of B. 
subtilis GFP(Sp) and sfGFP(Sp) for example, it is clear that the GFP(Sp) signal is 
much broader than that of sfGFP(Sp) (Fig. 4). See Fig. S1 for all GFP signal 
distributions. 
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Figure 4. GFP fluorescence signal distribution. (A) The fluorescence intensity 
frequencies of GFP(Sp) and sfGFP(Sp) in B. subtilis are plotted. While the mean 
signal of sfGFP(Sp) is higher, it is distributed over a wider range of intensities 
than sfGFP(Sp). Micrograph examples of the two strains are shown on the right. 
Bar, 5 μm. (B) Fluorescence microscopy pictures of L. lactis strains expressing 
sfGFP(Bs), GFP(Sp) and sfGFP(Sp) with phenotypic noise values of 59.8, 46 and 
86.5, respectively (see Table 2 for details). The signal intensity values are adjusted 
for each picture individually and are not directly comparable among pictures. 

Phenotypic noise 

As observed above in the single-cell analyses, GFP signals may vary among 
individual cells. In some experimental setups, it is crucial that the GFP 
fluorescence signal is homogeneous, for example when studying phenotypic 
heterogeneity using promoter-GFP fusions as reporters for gene expression. In 
those cases, one needs to be confident that variation in fluorescence signal 
originates from promoter activity, not from an intrinsic property of the GFP 
employed. 
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Thus, we quantified the spread in a population of expression levels of the various 
GFPs studied here. The distribution of gene expression of a single gene can be 
described by a mean value of expression (as measured by GFP signal) indicated 
by <p> with a standard deviation, σp. The Fano factor (σp2/<p>), or phenotypic 
noise strength, is a commonly used measure of noise (Ozbudak, 2002; Kaern, 
2003; Thattai and van Oudenaarden, 2001). This measure is used because the 
relative standard deviation changes as the mean value changes, whereas the 
phenotypic noise strength is less sensitive to changes in the mean value. The Fano 
factor is thus a measure of noise that allows relative comparison of gene 
expression distributions among populations (Ozbudak, 2002; Kaern, 2003; 
Thattai and van Oudenaarden, 2001). 
The general trend for the GFPs benchmarked in this study is that phenotypic 
noise strength is proportional to fluorescence signal (Table 2). The GFP 
generating the highest fluorescence signals in B. subtilis, GFP(Sp), shows the 
most heterogeneous fluorescence at the single-cell level. Also in S. pneumoniae, 
the GFP with the highest fluorescence signal, sfGFP(Bs), exhibits the highest 
phenotypic noise. In L. lactis, however, the GFP with the highest fluorescence 
signal, sfGFP(Bs), does not have the strongest phenotypic noise: sfGFP(Bs) 
exhibits the strongest fluorescence signal, but its phenotypic noise levels are 
below that of the weaker fluorescing sfGFP(Sp). This makes sfGFP(Bs) a very 
suitable marker to study gene expression at the single-cell level in L. lactis. 

 

Table 2. Phenotypic noise strength. Calculations done according to Ozbudak et al. 
(2002). All values are multiplied by 105. 

GFP B. subtilis S. pneumoniae L. lactis

GFPmut1 0.33 3.66 37.66

GFP+ 0.87 8.11 12.28

GFP+(htrA ) 1.26 24.70 10.68

GFP(Sp ) 7.24 27.77 46.06

sfGFP(Bs ) 0.16 75.90 59.83

sfGFP(Sp ) 2.24 51.90 86.50

sfGFP(iGEM) 0.38 1.25 35.27
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The sources for the observed differences in phenotypic noise are unclear but 
might involve cell-to-cell variability in protein synthesis (transcription and 
translation), mRNA stability, GFP maturation and/or folding and are thus of 
crucial importance to take into account when examining single-cell gene 
expression patterns. 
 

II. Expression and characterization of 48 variants of Obelia GFP in L. lactis 

In contrast to the popularity of GFP from A. victoria, a related GFP from another 
cnidarian genus Obelia, obeGFP, is not widely used. The reason for this was 
unsuccessful expression of the protein since its discovery in the 1970s. Only 
recently three types of FPs were expressed in E. coli using cDNA obtained from 
Obelia medusae (Aglyamova, 2011). A library of 48 DNA sequences (around 80% 
similar to each other) coding for the same obeGFP in 48 different codon 
combinations (optimized for expression in B. subtilis by DNA2.0), but possessing 
an identical RBS was integrated into the chromosome of L. lactis MG1363 under 
the control of the constitutive Pusp45 promoter. Expression of each construct 
was evaluated by measuring the green fluorescence level of the cell culture. 

  
Figure 5. Fluorescence intensity (in arbitrary units) of obeGFP variants (strains 1-
48) and sfGFP(Bs) (49) expressed in L. lactis. Measurements performed as 
described in the legend of Fig. 2. Average values of 3 measurements are plotted.   
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A great variation in fluorescence intensity among obeGFP variants was observed 
(Fig. 5) confirming a strong codon usage bias in L. lactis. Seven genes, namely, 21, 
22, 26, 28, 33, 46 and 47, were expressed very well and were responsible for 
extremely fluorescent L. lactis cells. Another seven variants showed intermediate 
expression: 15, 24, 25, 27, 29, 42 and 44 while four variants were barely expressed 
(11, 14, 19, 37). The remaining majority of obeGFP variants (30 in total) were 
expressed only moderately. The fluorescence level of sfGFP(Bs) was comparable 
to the latter group. In order to find general patterns in codon usage differences 
between GFPs that were highly or lowly expressed, we calculated the Codon 
Adaptation Index (CAI) values for 11 obeGFP variants using OPTIMIZER 
(Puigbo, 2007) and compared them (Table 3). CAI describes the similarity 
between the codon usage of the gene of interest and the codon usage of the 
reference gene set. The chosen reference set in our study is the group of highly 
expressed L. lactis genes (such as ribosomal proteins). When the CAI of a gene is 
equal to 0, it means that the codon usage of the gene and that of the reference 
gene set differ a lot; a value of 1 indicates that the codon usage is the same. 
According to Puigbo at al., (2007) this index is the best guide to predict gene 
expression levels. The second value we used in our analyses was the Effective 
Number of codons, ENc. 20 is the minimal ENc value and shows that only one 
codon per amino acid is used, 61 is the maximum meaning that all synonymous 
codons are used equally. Highly expressed genes are expected to have low ENc 
values since they are encoded by a specific set of codons that are recognized only 
by the most abundant tRNAs (Puigbo, 2007). 
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Table 3. Comparison of gfp codon usage. CAI, Codon Adaptation Index; ENc, 
Effective Number of codons; %GC – percentage of nucleotides G and C; %AT – 
percentage of nucleotides A and T. Values were calculated using OPTIMIZER 
(Puigbo, 2007).  

Even for the best obeGFPs the CAI values were not higher than 0.424 showing 
that these sequences were not optimized for expression in L. lactis. In contrast, 
GFP(Sp) and sfGFP(Sp) which were optimized for expression in S. pneumoniae, 
had the CAI of 0.864 and 0.862, respectively. Codon usage properties of 
Streptococcus and Lactococcus are quite similar because of the relativeness of 
these two genera. Additionally, the GC-content was the lowest in the latter two 
GFP variants (around 32.5-35.4%). The average GC-content of L. lactis MG1363 
chromosome is 35.8% (Wegmann, 2007). Apparently, 39-48% AT in obeGFP 
genes was still an acceptable feature in L. lactis. 
The ENc index seems to be an important characteristic of a gene: the badly 
expressed obeGFPs 37 and 11 have the highest ENc values. The lowest (and 
supposedly the best) ENc values were again determined for GFP(Sp) and 
sfGFP(Sp). Experimentally the best GFP variant sfGFP(Bs) shows an 
intermediate ENc of 44, and the top four obeGFPs have ENcs not higher than 53.  

Group Name CAI ENc %GC %AT

obeGFP- high obeGFP46 0.424 52 41.5 58.5

obeGFP26 0.353 53 42.8 57.2

obeGFP21 0.391 46 39.0 61.0

obeGFP28 0.410 52 41.5 58.5

obeGFP22 0.424 56 43.2 56.8

obeGFP33 0.366 55 44.0 56.0

obeGFP47 0.389 54 41.9 58.1

obeGFP-low obeGFP37 0.404 61 41.8 58.2

obeGFP19 0.385 51 41.6 58.4

obeGFP14 0.464 48 40.6 59.4

obeGFP11 0.334 58 43.7 56.3

GFP sfGFP(Bs) 0.308 44 48.1 51.9

GFP(Sp) 0.864 23 32.5 67.5

sfGFP(Sp) 0.862 31 35.4 64.6



CHAPTER EIGHT 

280 

Next, we analyzed the individual codon usage frequencies of highly (obeGFP-
high) and badly (obeGFP-low) expressed obeGFPs and compared them to the 
frequency of these codons in the genome of L. lactis MG1363 (Table 4). Most of 
the codons in obeGFPs had similar usage frequency to that of L. lactis MG1363 
genome, with the exception of cysteine and glutamic acid (again showing that 
this set of obeGFPs was not optimized for expression in L. lactis). Proline was 
more often encoded by CCA (the most frequent codon for proline in L. lactis 
MG1363) in obeGFP-high genes, while obeGFP-low contained more of the less 
frequent CCG. The same tendency was observed for leucine: TTA was the most 
popular codon in obeGFP-high while obeGFP-low contained more CTT which is 
rarely used in MG1363 chromosome. The less preferred codon for glycine GGC 
was also more common in obeGFP-low than in obeGFP-high genes. The contrary 
was observed for alanine: the usage of its synonymous codons in obeGFP-low was 
closer to that of MG1363 genes than their usage in obeGFP-high (Table 4). 
ObeGFP consists of 238 amino acids and includes 8 molecules of proline, 15 
molecules of leucine, 18 molecules of glycine and 14 molecules of alanine. Thus, 
the observed differences in codon usage for these abundant amino acids could be 
very important for the expression of the obeGFP. 
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Table 4. Frequency of each codon in the group of highly expressed obeGFPs 
(obeGFP–high) consisting of 46, 26, 21, 28, 22, 33, 47, lowly expressed obeGFPs 
(obeGFP–low) consisting of 11, 14, 19, 37 and L. lactis MG1363 as determined by 
Genome2D (Baerends, 2004). The amino acid codons that are used differentially 
in either group are shaded. 

Concluding remarks 

Amino acid Codon obeGFP-low obeGFP-high MG1363 Amino acid Codon obeGFP-low obeGFP-high MG1363

Ala GCA (A) 0.21 0.44 0.297 Gly GGA (G) 0.38 0.44 0.357

GCC (A) 0.18 0.13 0.169 GGC (G) 0.28 0.16 0.174

GCG (A) 0.27 0.18 0.153 GGG (G) 0.14 0.19 0.186

GCT (A) 0.34 0.25 0.381 GGT (G) 0.21 0.22 0.282

Cys TGC (C) 0.40 0.40 0.514 His CAC (H) 0.29 0.19 0.414

TGT (C) 0.60 0.60 0.486 CAT (H) 0.71 0.81 0.586

Asp GAC (D) 0.23 0.31 0.348 Phe TTC (F) 0.39 0.37 0.328

GAT (D) 0.77 0.69 0.652 TTT (F) 0.61 0.63 0.672

Glu GAA (E) 0.71 0.70 0.26 Lys AAA (K) 0.63 0.74 0.658

GAG (E) 0.29 0.30 0.74 AAG (K) 0.38 0.26 0.342

Pro CCA (P) 0.20 0.57 0.39 Thr ACA (T) 0.44 0.38 0.329

CCC (P) 0.10 0.02 0.137 ACC (T) 0.05 0.10 0.177

CCG (P) 0.38 0.23 0.174 ACG (T) 0.26 0.31 0.169

CCT (P) 0.33 0.18 0.299 ACT (T) 0.25 0.22 0.324

Ser AGC (S) 0.23 0.21 0.151 Leu TTA (L) 0.28 0.34 0.243

AGT (S) 0.25 0.27 0.171 TTG (L) 0.18 0.16 0.276

TCA (S) 0.23 0.20 0.275 CTA (L) 0.07 0.09 0.097

TCC (S) 0.09 0.11 0.098 CTC (L) 0.07 0.08 0.078

TCG (S) 0.09 0.06 0.114 CTG (L) 0.08 0.18 0.125

TCT (S) 0.11 0.15 0.192 CTT (L) 0.32 0.16 0.18

Arg AGA (R) 0.20 0.26 0.32 Val GTA (V) 0.40 0.36 0.201

AGG (R) 0.05 0.09 0.175 GTC (V) 0.19 0.24 0.199

CGA (R) 0.16 0.14 0.157 GTG (V) 0.21 0.21 0.23

CGC (R) 0.14 0.14 0.094 GTT (V) 0.21 0.20 0.37

CGG (R) 0.09 0.09 0.112

CGT (R) 0.36 0.29 0.142 Tyr TAC (Y) 0.31 0.32 0.328

TAT (Y) 0.69 0.68 0.672

Ile ATA (I) 0.22 0.17 0.28 Gln CAA (Q) 0.67 0.61 0.648

ATC (I) 0.19 0.29 0.229 CAG (Q) 0.33 0.39 0.352

ATT (I) 0.59 0.54 0.49

Asn AAC (N) 0.50 0.52 0.346

Trp TGG (W) 1.00 1.00 1.00 AAT (N) 0.50 0.48 0.654

Met ATG (M) 1.00 1.00 1.00
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Seven A. victoria GFP variants were benchmarked with respect to fluorescence 
signal strength in B. subtilis, S. pneumoniae and L. lactis on both the level of the 
population and the single cell. To this end, new gfp vectors for genomic 
integration were constructed. Our results allow a clear ranking of the GFPs based 
on their fluorescence signals. The GFPs generating the highest fluorescence 
signals for B. subtilis, S. pneumoniae, and L. lactis are GFP(Sp), sfGFP(Bs), and 
sfGFP(Bs), respectively. It is important to note that this ranking is likely 
influenced by the choice of the RBS and that each gene might be expressed 
differently with a different RBS (de Smit and van Duin, 1990, Salis, 2009). The 
importance of the 5′ end of the transcript for total protein production is well-
known. For instance, without the need to completely codon optimize the entire 
gene, expression of fluorescent protein production could be tremendously 
improved by adding a few codons of a gene of a well-expressed protein to the 5′ 
end of the gene encoding the fluorescent protein in both B. subtilis and S. 
pneumoniae, which likely improves ribosome accessibility to the RBS, thus 
improving translation (Henriques, 2013; Veening, 2004). 
In order to study the codon usage bias in L. lactis MG1363, we expressed 48 genes 
coding for the same Obelia GFP. All variants possessed an identical RBS and 
STOP codons and were cloned under the same Pusp45 as one gene copy in the 
chromosome of L. lactis MG1363. All gene sequences were around 80% similar. It 
has been established that L. lactis genome is under translational selection 
meaning that strongly expressed genes (such as ribosomal protein genes) have a 
different pattern of codon usage than other genes. An extremely wide range of 
expression levels among GFP variants – both, derived from A. victoria and Obelia 
sp. in L. lactis confirms this observation. Although we could not pinpoint the 
most important reasons for such great variability in signal strength driven from 
different GFP sequences, the produced dataset can be useful for further studies of 
protein expression in L. lactis MG1363. It seems that during the optimization 
process a balance is important: sequences that are “too optimal” might be 
translated too fast and misfolded. Slow codons at specific positions could mediate 
proper polypeptide folding. In our hands the best working GFP variants were 
those with a modest codon optimization. It could be that the presence of specific 
codons at very precise unidentified positions were the most crucial. A 
combination of the most used codons in the best expressed obeGFPs and GFPs 
could be used in order to obtain the most optimal fluorescent protein for L. lactis. 
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In contrast to engineered monomeric GFP variants, obeGFP molecules tend to 
assemble into soluble complexes of 128 polypeptides. It could be related to the 
molecular function of the FP. It was speculated that obeFPs form photoprotein 
enveloping granules in bioluminescent complexes (Aglyamova, 2011). Despite 
this, fluorescence microscopy analysis showed quite homogeneous expression of 
obeGFP in individual L. lactis cells. However, monomeric GFP forms are more 
suitable for protein-GFP fusions. 
In general, the underlying molecular mechanisms for the large differences in GFP 
signals between the GFP variants in the different organisms are unclear at this 
moment and lie outside the scope of this work. Besides the specific mutations in 
the various GFPs, the large differences might be related to mRNA stability, 
translation efficiency, GFP-folding efficiency, chromophore maturation, and 
protein stability. Nevertheless, this work provides a good basis for selecting a 
proper GFP variant for each of these widely used low-GC Gram-positive model 
species. 
 

Materials and Methods 

Bacterial strains, plasmids, media, and growth conditions. 

Bacterial strains and plasmids used in this study are listed in Table 5. B. 
subtilis was grown at 37°C on LB (Sambrook, 1989) solidified with 1.5% (wt/vol) 
agar or in liquid LB or Spizizen minimal medium (Anagnostopoulos and 
Spizizen, 1961) with shaking at 200 rpm (see below). For induction of the 
Phyperspank promoter, 0.1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) 
was used. For architecturally complex colonies, B. subtilis strains were grown on 
2× SG medium [16 g/liter of nutrient broth (Difco), 2 g/liter KCl, 0.5 g/liter 
MgSO4 · 7H2O, 1 mM Ca(NO3)2, 0.1 mM MnCl2 · 4H2O, 1 μM FeSO4, and 0.1% 
glucose] solidified by 1.5% agar (Kovacs and Kuipers, 2011). 
 
Bacterial strain or plasmid Relevant characteristic(s) Source or 

reference 
E. coli DH5α F- ф80lacZΔM15 Δ(lacZYA-argF) U169 

recA1 endA1 hsdR17 gyrA96 supE4 4thi-1 
relA1 

Laboratory 
stock 

B. subtilis strains     

    168 trpC2 (Kunst, 1997) 
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    168_gfpmut1 168 amyE::Phyperspank-gfpmut1; Spr This study 

    168_gfp+ 168 amyE::Phyperspank-gfp+; Spr This study 

    168_gfp+htrA 168 amyE::Phyperspank-gfp+(htrA); Spr This study 

    168_gfp(Sp) 168 amyE::Phyperspank-gfp(Sp); Spr This study 

    168_sfgfp(Bs) 168 amyE::Phyperspank-sfgfp(Bs); Spr This study 

    168_sfgfp(Sp) 168 amyE::Phyperspank-sfgfp(Sp); Spr This study 

    168_sfgfp(iGEM) 168 amyE::Phyperspank-sfgfp(iGEM); Spr This study 

S. pneumoniae strains     

    R6 D39 (Δcps2 [nt 2538-9862 deleted]); 
nonencapsulated 

(Hoskins, 2001) 

    KB1-7 R6 tet bga::PZn-gfpmut1 This study 

    KB1-5 R6 tet bga::PZn-gfp+ This study 

    KB1-6 R6 tet bga::PZn-gfp+(htrA) This study 

    KB1-8 R6 tet bga::PZn-gfp(Sp) This study 

    KB1-9 R6 tet bga::PZn-sfgfp(Bs) This study 

    KB1-3 R6 tet bga::PZn-sfgfp(Sp) This study 

    KB1-4 R6 tet bga::PZn-sfgfp(iGEM) This study 

L. lactis strains     

    MG1363 Plasmid-free derivative of NCDO712 
(Prt−Lac−) 

(Gasson, 1983) 

    MG_gfpmut1 MG1363 pseudo 10::Pusp45-gfpmut1; Eryr This study 

    MG_gfp+ MG1363 pseudo 10::Pusp45-gfp+; Eryr This study 

    MG_gfp+htrA MG1363 pseudo 10::Pusp45-gfp+(htrA); 
Eryr 

This study 

    MG_gfp(Sp) MG1363 pseudo 10::Pusp45-gfp(Sp); Eryr This study 

    MG_sfgfp(Bs) MG1363 pseudo 10::Pusp45-sfgfp(Bs); Eryr This study 

    MG_sfgfp(Sp) MG1363 pseudo 10::Pusp45-sfgfp(Sp); Eryr This study 

    MG_sfgfp(iGEM) MG1363 pseudo 10::Pusp45-sfgfp(iGEM); 
Eryr 

This study 

Plasmids     

    pDR111 bla amyE′ Phyperspank spec lacI ′amyE Gift of D. 
Rudner 

    pDR111_gfpmut1 bla amyE′ Phyperspank-gfpmut1 spec 
lacI ′amyE 

This study 

    pDR111_gfp+ bla amyE′ Phyperspank-gfp+ spec lacI ′amyE This study 
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    pDR111_gfp+htrA bla amyE′ Phyperspank-gfp+(htrA) spec 
lacI ′amyE 

This study 

    pDR111_gfp(Sp) bla amyE′ Phyperspank-gfp(Sp) spec 
lacI ′amyE 

This study 

    pDR111_sfgfp(Bs) bla amyE′ Phyperspank-sfgfp(Bs) spec 
lacI ′amyE 

This study 

    pDR111_sfgfp(Sp) bla amyE′ Phyperspank-sfgfp(Sp) spec 
lacI ′amyE 

This study 

    
pDR111_sfgfp(iGEM) 

bla amyE′ Phyperspank-sfgfp(iGEM) spec 
lacI ′amyE 

This study 

    pJWV100 bla tet bgaA sfgfp(Sp) This study 

    pKB01_gfpmut1 bla tet bgaA PZn-gfpmut1 This study 

    pKB01_gfp+ bla tet bgaA PZn-gfp+ This study 

    pKB01_gfp+htrA bla tet bgaA PZn-gfp+(htrA) This study 

    pKB01_gfp(Sp) bla tet bgaA PZn-gfp(Sp) This study 

    pKB01_sfgfp(Bs) bla tet bgaA PZn-sfgfp(Bs) This study 

    pKB01_sfgfp(Sp) bla tet bgaA PZn-sfgfp(Sp) This study 

    
pKB01_sfgfp(iGEM) 

bla tet bgaA PZn-sfgfp(iGEM) This study 

    pSEUDO-gfp eryR
 pseudo10′ gfp-sf ′pseudo10 (Pinto, 2011) 

    pSEUDO::Pusp45-
gfpmut1 

eryR
 pseudo10′ Pusp45-gfpmut1′pseudo10 This study 

    pSEUDO::Pusp45-
gfp+ 

eryR
 pseudo10′ Pusp45-gfp+ ′pseudo10 This study 

    pSEUDO::Pusp45-
gfp+htrA 

eryR
 pseudo10′ Pusp45-gfp+(htrA) 

′pseudo10 
This study 

    pSEUDO::Pusp45-
gfp(Sp) 

eryR
 pseudo10′ Pusp45-gfp(Sp) ′pseudo10 This study 

    pSEUDO::Pusp45-
sfgfp(Bs) 

eryR
 pseudo10′ Pusp45-sfgfp(Bs) ′pseudo10 This study 

    pSEUDO::Pusp45-
sfgfp(Sp) 

eryR
 pseudo10′ Pusp45-sfgfp(Sp) 

′pseudo10 
This study 

    pSEUDO::Pusp45-
sfgfp(iGEM) 

eryR
 pseudo10′ Pusp45-sfgfp(iGEM) 

′pseudo10 
This study 

Table 5. Bacterial strains and plasmids used in this study 

S. pneumoniae was grown as standing cultures at 37°C in C+Y medium (Martin, 
1995). Blood agar plates were made from Columbia agar containing 3% 
defibrinated sheep blood (Johnny Rottier, Kloosterzade, The Netherlands). For 
induction of the PZn promoter, 0.1 mM ZnCl2 was added to liquid medium. 
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L. lactis was grown as standing cultures at 30°C in M17 broth (Difco, Sparks, MD) 
containing 0.5% (wt/vol) glucose. 
E. coli DH5α or EC1000 was used as the host for cloning and grown in LB 
medium at 37°C with shaking or on LB medium solidified with 1.5% (wt/vol) agar. 
When required, the growth media were supplemented with the following 
antibiotics: 100 μg ml−1

 ampicillin (Amp) or 150 μg ml−1
 erythromycin (Em) for E. 

coli, 100 μg ml−1
 spectinomycin (Spec) for B. subtilis, 1 μg ml−1

 tetracycline (Tet) 
for S. pneumoniae, and 3 μg ml−1

 erythromycin for L. lactis. 
 

Recombinant DNA techniques and oligonucleotides 

Procedures for DNA isolation, restriction, ligation, agarose gel electrophoresis, 
and transformation of E. coli were performed as described by Sambrook et al. 
(Sambrook, 1989). Plasmid DNA and PCR products were isolated and purified 
using the high pure plasmid isolation kit (Roche Applied Science, Mannheim, 
Germany) according to the manufacturer's instructions. Enzymes were purchased 
from New England BioLabs (Ipswich, MA, USA) and Fermentas (Vilnius, 
Lithuania) and used as described by the manufacturer. For PCR amplification, 
Phusion and Taq DNA polymerase (Fermentas) were used. B. subtilis was 
transformed as described by Harwood and Cutting (Harwood and Cutting, 
1990). S. pneumoniae was transformed as described by Martin et al. (Martin, 
1995). L. lactis was transformed as described by Holo and Nes (Holo and Nes, 
1995). Oligonucleotides used in this study are listed in Table S2 in the 
supplemental material and were purchased from Biolegio (Nijmegen, The 
Netherlands). 
 

Codon optimization 

To design a gene encoding superfolder GFP (Pedelacq, 1996) that is codon 
optimized for S. pneumoniae, we employed OPTIMIZER (Puigbo, 2007) using 
the genome of S. pneumoniae R6 as the reference and ensured that rare codons 
would never be used. Next, we ran simulations to generate more than 1,000 
solutions of superfolder gfp with the desired codon usage (codon usage similar to 
that of highly expressed genes) and selected the variant with the lowest free 
energy (ΔG°) value in mRNA secondary structure around the ribosome binding 
site (RBS) that potentially improves translation (de Smit and van Duin, 1990), 
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and this gene was synthesized (Genscript USA Inc., Piscataway, NJ, USA) and 
called sfgfp(Sp) [named sfgfp(Sp) for superfolder GFP that is codon optimized 
for S. pneumoniae]. The sequence for a codon-harmonized variant for Bacillus 
subtilis codon usage was obtained from DSM Biotechnology Center (Delft, The 
Netherlands) and is called sfgfp(Bs) in this work. 
 

Construction of plasmids 

To construct derivatives of plasmid pDR111 (Britton, 2002) for B. subtilis, each 
carrying a variant of the gfp gene, a PCR with the primers GFP_NheI_fw (fw 
stands for forward) and GFP_SphI_rv (rv stands for reverse) was performed 
using plasmids pKB01_gfpmut1, pKB01_gfp+, pKB01_gfp+htrA, pKB01_gfp(Sp), 
pKB01_sfgfp(Bs), pKB01_sfgfp(Sp), and pKB01_sfgfp(iGEM) as the templates. 
The amplified fragments were subsequently cleaved with NheI and SphI and 
ligated separately in pDR111 digested with the same enzymes to generate 
plasmids pDR111_gfpmut1, pDR111_gfp+, pDR111_gfp+htrA, pDR111_gfp(Sp), 
pDR111_sfgfp(Bs), pDR111_sfgfp(Sp), and pDR111_sfgfp(iGEM). 
To construct plasmid pJWV100 for S. pneumoniae, a sequence containing S. 
pneumoniae-codon-optimized superfolder gfp gene [sfgfp(Sp)], flanked by 
transcription terminators (one before gfp preventing incoming read-through 
transcription and three after gfp to stop gfp transcription and prevent incoming, 
antisense transcription), was designed and synthesized (Genscript USA Inc., 
Piscataway, NJ, USA) resulting in plasmid pUC57-gfp_sf. The included 
transcription terminator upstream of the gfp gene originates from S. pneumoniae 
rpsD (AAGCACTTTGGGACGTTCTCCCTTAGTGCTTTTTTGATTTCTC),  
and the ones downstream are from B. subtilis rrnB  
(TAGGACGCCGCCAAGCCAGCTTAAACCCAGCTCAATGAGCTGGGTTTT
TTGTTAAAAATGAAGAAGAAACTGTGAAGCGTATTTA), 
 S. pneumoniae rpsI  
(AAAGCACTCAAAAGTTTACCTTATGGGTGCTTTTTTCGTGCTTTTTTGA
AAA), and S. pneumoniae tufA (AAAAAAAGAACCTTGCCAAGCAAGATTC). 
This construct was liberated using the restriction enzymes SphI and BlpI and 
inserted in similarly digested pPP2 (Halfmann, 2007), thereby 
replacing lacZ with sfgfp(Sp) resulting in plasmid pJWV100. To construct 
plasmid pKB01_sfgfp(Sp) for S. pneumoniae, the zinc-inducible promoter 
PZn was amplified from chromosomal DNA of S. pneumoniae D39 using the 
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primers PczcD-F+FseI (F stands for forward) and PczcD-R+EcoRI (R stands for 
reverse). The amplicon was digested with restriction enzymes FseI and EcoRI and 
ligated into similarly cut pJWV100. To construct derivatives of plasmid 
pKB01_sfgfp(Sp) carrying different gfp variants, the corresponding gfp genes 
were amplified by PCR using the appropriate plasmid as the template. 
The gfpmut1 gene was amplified from pSG1151 (Lewis and Marston, 1999) using 
the primers gfp-mut1-F+XbaI and gfp-mut1-R+SpeI. To obtain gfp+ and htrA′-
gfp+, the plasmid pJWV25 (Eberhardt, 2009) was used as the template with the 
primer pairs gfp+-F+XbaI/gfp+-R+SpeI and gfp+-F-htrA+XbaI/gfp+-R+SpeI, 
respectively. The gfp(Sp) gene was amplified from pUC57-gfp(opt) (Martin, 
2010) using the primers gfp-nath-F+XbaI and gfp-nath-R+SpeI. The gene 
encoding sfGFP(iGEM) (superfolder GFP designed for the International 
Genetically Engineered Machine competition [iGEM] in 2008) was amplified 
from pSB1A2-BBa_I746909 (Milde, 2008) using gfp_sf-ori-F+XbaI and gfp_sf-ori-
R+SpeI as primers. The PCR fragments were digested using restriction enzymes 
XbaI and SpeI. The sfgfp(Bs) gene was liberated from pMA-gfpDSM (synthesized 
by GeneArt [Regensburg, Germany]) using the restriction enzymes XbaI and 
SpeI. The DNA fragments obtained were ligated into the corresponding sites of 
similarly digested pKB01_sfgfp(Sp), thereby replacing the sfgfp(Sp) gene, 
yielding plasmids pKB01_gfpmut1,pKB01_gfp+,pKB01_gfp+htrA, pKB01_gfp(Sp), 
pKB01_sfgfp(iGEM), and pKB01_sfgfp(Bs). 
Plasmids for L. lactis were constructed as follows. The gfpmut1 gene was 
amplified by PCR with primer pair gfp_F/gfp_R using pKB01_gfpmut1 as the 
template. The amplicon was inserted in L. lactis integration vector pSEUDO-GFP 
(Pinto, 2011) as an XhoI/BamHI restriction fragment replacing the resident gfp-
sf gene. This yielded the pSEUDO-gfpmut1. Pusp45 was amplified using primers 
Pusp45XhoIR and Pusp45SmaIF using L. lactis MG1363 chromosomal DNA as 
the template; the PCR fragment was cloned in pSEUDO-GFPmut1 using 
XhoI/SmaI. This yielded plasmid pSEUDO::Pusp45-gfpmut1. Genes encoding 
different GFP variants were obtained by PCR with primer pair gfp_F/gfp_R using 
vectors pKB01_gfp+, pKB01_gfp+ htrA, pKB01_gfp(Sp), pKB01_sfgfp(Bs), 
pKB01_sfgfp(Sp), and pKB01_sfgfp(iGEM) as the templates. The PCR fragments 
were subsequently cloned into pSEUDO::Pusp45-gfpmut1 as XhoI/BamHI 
restriction fragments replacing the resident gfpmut1 gene. This yielded vectors 
pSEUDO::Pusp45-gfp+, pSEUDO::Pusp45-gfp+htrA, pSEUDO::Pusp45-gfp(Sp), 
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pSEUDO::Pusp45-sfgfp(Bs), pSEUDO::Pusp45-sfgfp(Sp), and pSEUDO::Pusp45-
sfgfp(iGEM). 
A library of  48 obeGFP genes coding for the same green fluorescent protein in 
48 different codon combinations was received from DNA 2.0 (Newark, CA) in a 
pJ221 - based E. coli vector. These genes were cloned into a pCS1966 – based L. 
lactis integration vector (Pinto, 2011) under the control of the constitutive 
Pusp45 promoter. One copy of a obeGFP encoding gene was integrated into the 
chromosome of L. lactis MG1363 (in a similar way to other GFP variants as 
described above). 
 

Construction of strains 

B. subtilis strains 168_gfpmut1, 168_gfp+, 168_gfp+htrA, 168_gfp(Sp), 
168_sfgfp(Bs), 168_sfgfp(Sp), and 168_sfgfp(iGEM) were obtained by double-
crossover recombination events between the chromosomal amyE gene of B. 
subtilis 168 (Kunst, 1997) and the amyE regions on the plasmids 
pDR111_gfpmut1,pDR111_gfp+,pDR111_gfp+htrA,pDR111_gfp(Sp),pDR111_sfgfp 
(Bs), pDR111_sfgfp(Sp), and pDR111_sfgfp(iGEM), respectively. Transformants 
were selected on LB agar plates containing spectinomycin after overnight 
incubation at 37°C. Correct integration in the amyE gene was confirmed by lack 
of amylase activity upon growth of the strains on LB plates with 1% starch. 
S. pneumoniae strains expressing different gfp variants under the zinc-inducible 
promoter (PZn) were obtained by transformation of strain R6 (Hoskins, 2001) 
with pKB01 derivatives as described previously (Martin, 1995). Correct 
integration by double crossover was tested by colony PCR using primer pairs 
integration 1/integration 2 and integration 5/integration 6. 
L. lactis strains MG_gfpmut1, MG_gfp+, MG_gfp+htrA, MG_gfp(Sp), 
MG_sfgfp(Bs), MG_sfgfp(Sp), and MG_sfgfp(iGEM) were obtained by a single-
crossover integration of plasmids pSEUDO::Pusp45-gfpmut1, pSEUDO::Pusp45-
gfp+, pSEUDO::Pusp45-gfp+htrA, pSEUDO::Pusp45-gfp(Sp), pSEUDO::Pusp45-
sfgfp(Bs), pSEUDO::Pusp45-GFP_sfgfp(Sp), and pSEUDO::Pusp45-sfgfp(iGEM), 
respectively, into the pseudo 10 locus on the chromosome of L. lactis MG1363. 
Integration was performed as described by Defoor et al. and Solem et al. (Defoor, 
2007; Solem, 2008). 
 

B. subtilis growth and GFP expression 
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GFP expression in B. subtilis was monitored as follows. LB medium with 100 μg 
ml−1

 spectinomycin was inoculated with the B. subtilis amyE::gfp strains directly 
from the −80°C glycerol stock and grown overnight at 37°C with shaking at 200 
rpm. The overnight cultures were diluted 1:50 to an approximate optical density 
at 600 nm (OD600) of 0.06 in 10 ml fresh Spizizen minimal medium without 
antibiotics. After growth for 2 h at 37°C, GFP was induced by adding 0.1 mM 
isopropyl-β-D-1-thiogalactopyranoside (IPTG). After another 2 h of growth, the 
culture was washed with phosphate-buffered saline (PBS), and fluorescence was 
measured in a microtiter plate reader and by fluorescence microscopy (see 
description below). For the latter, cells were concentrated 10 times by 
centrifugation after which 0.5 μl of cells was spotted onto a microscope slide for 
the analysis. The slide carried a thin layer of 1% agarose (wt/vol) in PBS covered 
by a coverslip. 
B. subtilis was grown in complex colonies as previously described (Kovacs and 
Kuipers, 2011). Briefly, strains were spotted on 2× SG agar plates with 0.1 mM 
IPTG and incubated at 30°C for 2 days. 
 

S. pneumoniae growth and GFP expression 

S. pneumoniae gfp-carrying strains and the wild-type R6 strain were grown to an 
OD600 of 0.05 at 37°C in liquid C+Y medium without antibiotics. For induction of 
expression from PZn, 0.1 mM ZnCl2was added to the cells, which were 
subsequently grown for another 70 min at 37°C. The cells were then harvested 
and washed with PBS. Fluorescence was determined by using a microtiter plate 
reader and microscope (see description below). For microscopy, 0.4 μl of the cell 
suspension was spotted onto a microscope slide carrying a thin layer of 1.2% 
agarose in PBS covered by a coverslip. 
 

L. lactis growth and GFP expression 

GFP-expressing L. lactis strains were grown overnight at 30°C in GM17 medium 
with 1 μg ml−1

 erythromycin. Overnight cultures were diluted 1:20 in 10 ml of 
fresh GM17 medium with 1 μg ml−1erythromycin and grown at 30°C until the 
mid-exponential growth phase. The cells were then harvested and washed with 
PBS. Fluorescence was determined by using a microtiter plate reader and 
microscope (see description below). For microscopy, 0.4 μl of the cell suspension 
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was spotted onto a microscope slide carrying a thin layer of 1.2% agarose in PBS 
covered by a coverslip. 
 

Microtiter plate assays 

Cultures of B. subtilis, S. pneumoniae, and L. lactis were grown and prepared as 
described above. Growth and fluorescence were monitored in microtiter plates at 
37°C (B. subtilis and S. pneumoniae) or 30°C (L. lactis) with the following 
equipment and settings: Infinite 200 plate reader (Tecan Group Ltd.) with I-
control 1.7.1.12 software (Tecan Group Ltd.) and GFP filter set (Chroma; 
excitation at 485 nm [20-nm width] and emission at 535 nm [25-nm width]). 
GFP signals were collected as top readings with a gain setting of 70. GFP values 
were corrected for background fluorescence, OD600, and negative controls (values 
of the wild-type strains). The OD600 levels used were corrected for the 
background value of the corresponding medium used for growth. The calculation 
used for resolving the relative GFP levels of the cultures is depicted by the 
following equation: 
 

(
𝐺𝐹𝑃𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑟 − 𝐺𝐹𝑃𝑚𝑒𝑑𝑖𝑢𝑚

𝑂𝐷𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑟 − 𝑂𝐷𝑚𝑒𝑑𝑖𝑢𝑚
) −  (

𝐺𝐹𝑃𝑤𝑡 − 𝐺𝐹𝑃𝑚𝑒𝑑𝑖𝑢𝑚

𝑂𝐷𝑤𝑡 − 𝑂𝐷𝑚𝑒𝑑𝑖𝑢𝑚
) 

 

where GFPreporter is the level of GFP of the reporter gene, GFPmedium is the 
level of GFP in the medium, ODreporter is the optical density of the reporter 
gene, and GFPwt is the level of GFP in the wild type. 
 

Microscopy 

Cultures of B. subtilis, S. pneumoniae, and L. lactis were grown and prepared as 
described above for each organism. Images were taken with an Olympus IX71 
microscope (Personal DV, Applied Precision; assembled by Imsol, Preston, 
United Kingdom) using CoolSNAP HQ2 camera (Princeton Instruments, 
Trenton, NJ, USA) with a 100× phase-contrast objective. Fluorescence filter sets 
(excitation, 450 to 490 nm; emission, 500 to 550 nm) used to visualize GFP were 
from Chroma Technology Corporation (Bellows Falls, VT, USA). The exposure 
times were 0.2 s with 32% excitation xenon light (300 W) for B. subtilis, 1 s with 
100% excitation for S. pneumoniae, and 0.8 s with 100% excitation for L. lactis. 
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Softworx 3.6.0 (Applied Precision, Issaquah, WA, USA) software was used for 
image capturing. Phase-contrast images were segmented automatically and 
analyzed using Microbetracker (Sliusarenko, 2011), and cell length distributions 
and signal intensities were plotted using MATLAB R2011a. Fluorescence levels 
were corrected for background fluorescence of the medium. Calculation of 
phenotypic noise strength was done as described in reference 44. 
Fluorescence in B. subtilis complex colonies was detected using an Olympus 
MVX10 macro zoom fluorescence microscope equipped with a PreciseExcite 
light-emitting diode (LED) fluorescence illumination (470 nm), GFP filter set 
(excitation at 460/480 nm and emission at 495/540 nm), and an Olympus XM10 
monochrome camera (Olympus Corporation, Tokyo, Japan). 
 

Nucleotide sequence accession numbers 

The DNA sequences of sfgfp(Bs) and sfgfp(Sp), as well as the other, previously 
described gfp genes, are deposited at NCBI (KF410612 to KF410618). 
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Supplemental material 

 

 

 
Figure S1. GFP fluorescence signal distributions. Cell-to-cell variation of 
fluorescence intensity as determined by single-cell analysis. A broad distribution 
indicates a large cell-to-cell variation in fluorescence, whereas a narrow 
distribution indicates a small variation. 
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Type %GC CAI B. subtilis 168 CAI S. pneumoniae D39 CAI L. lactis 
MG1363 

gfpmut1 39.2 0.661 0.483 0.511 

gfp+ 41.4 0.636 0.463 0.491 

gfp+(htrA) 41.2 0.64 0.465 0.495 

gfp(Sp) 32.5 0.772 0.756 0.864 

sfgfp(Sp) 35.4 0.858 0.799 0.862 

sfgfp(Bs) 43.8 0.778 0.516 0.502 

sfgfp(iGEM) 48.1 0.654 0.311 0.308 

Table S1. Codon Adaptation Indexes (CAI) of the GFP genes. The online tool 
OPTIMIZER (Puigbo, 2007) was used to compare codon usage in the DNA 
sequences of the GFP variants with the codon usage in predicted highly 
expressed genes of each organism. 
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