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Summary

In the current study, we describe a novel biophotonic imaging-based reporter system that is 

particularly useful for the study of virulence in polymicrobial infections and interspecies 

interactions within animal models. A suite of luciferase enzymes was compared using three early 

colonizing species of the human oral flora (Streptococcus mutans, Streptococcus gordonii, and 

Streptococcus sanguinis) to determine the utility of the different reporters for multiplexed imaging 

studies in vivo. Using the multiplex approach, we were able to track individual species within a 

dual species oral infection model in mice with both temporal and spatial resolution. We also 

demonstrate how biophotonic imaging of multiplexed luciferase reporters could be adapted for 

real-time quantification of bacterial gene expression in situ. By creating an inducible dual-

luciferase expressing reporter strain of S. mutans, we were able to exogenously control and 

measure expression of nlmAB (encoding the bacteriocin mutacin IV) within mice to assess its 

importance for the persistence ability of S. mutans in the oral cavity. The imaging system 

described in the current study circumvents many of the inherent limitations of current animal 

model systems, which should now make it feasible to test hypotheses that were previously 

impractical to model.
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Introduction

Recent improvements in next generation sequencing technologies have revealed 

unprecedented insights into the ecology of the human oral microbial flora and have also 

dramatically impacted upon our understanding of the etiologies of oral diseases (Takahashi 

and Nyvad, 2011; Zarco et al., 2012; Wade, 2013; Struzycka, 2014; Duran-Pinedo and Frias-

Lopez, 2015; Simon-Soro and Mira, 2015). The latest concept of polymicrobial synergy and 

dysbiosis describes the role of the disease provoking microbiota in the destabilization of oral 

ecological homeostasis (Hajishengallis and Lamont, 2012; Lamont and Hajishengallis, 

2015). For example, while Streptococcus mutans has long been considered the predominant 

etiological agent of dental caries (Hamada and Slade, 1980), it is now evident that the source 

of cariogenic dysbiosis is largely determined by the myriad of cooperative and antagonistic 

interactions among the flora that ultimately favor the overgrowth of cariogenic species like 

S. mutans (Gross et al., 2012).

Given the polymicrobial nature of complex diseases, such as caries and periodontitis (Peters 

et al., 2012; Costalonga and Herzberg, 2014; Murray et al., 2014), it still remains a 

considerable challenge to adequately characterize relevant bacterial virulence mechanisms 

using animal model systems. Nevertheless, in vivo model systems are still the preferred 

approach to simulate the variety of forces that shape human oral ecology, such as 

competitive pressures from the oral flora, similar attachment surfaces, saliva flow, nutrient 

diversity, physical removal forces, host innate immunity, etc. Rodent model systems have 

been instrumental for demonstrating the infectious and cariogenic potential of S. mutans in 

the presence of a high sucrose diet (Hamada et al., 1978; Tanzer, 1979; Loyola and Leyva, 

1990). Similarly, recent mouse studies have implicated Porphyromonas gingivalis as a 

keystone species in periodontitis (Hajishengallis et al., 2011). In both cases, the animal 

model systems used to study these diseases rely upon end point measurements of the 

inoculated bacteria to verify their presence at the conclusion of the experiments. Generally, 

such measurements are made via CFU counts from extracted teeth or simply via PCR 

(Tanzer, 1979; Daep et al., 2011; Hajishengallis et al., 2011). In our experience, these 

approaches have been both cumbersome and subject to a high degree of variability. In 

addition, it is especially challenging to resolve these data spatially, while little, if anything 

can be concluded about the temporal aspects of the infection, since the animals need to be 

sacrificed to quantify the bacteria. These factors pose inherent limitations on the types of 

hypotheses that can be effectively tested using in vivo model systems.

In the present study, our aim was to develop a rodent model system that could circumvent 

many of these limitations to facilitate studies of oral microbial ecology and bacterial gene 

expression in vivo. Since we previously demonstrated the utility of firefly luciferase reporter 

strains for noninvasive in vitro studies of biofilm development and gene expression in oral 

streptococci (Merritt et al., 2005b; Zheng et al., 2011a; Zheng et al., 2011b), we were 

interested to further examine the potential utility of luciferase fusions for in vivo studies. 

Luciferase enzymes allow for genetically encoded bioluminescence (Greer and Szalay, 

2002). Similar to the fluorescence emitted by proteins like GFP (Cubitt et al., 1995), the 

emitted light from luciferase reactions can be quantified (Greer and Szalay, 2002). This has 

made both fluorescent proteins and luciferases increasingly popular tools for use in 
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biophotonic imaging applications involving live cell cultures and animal model systems 

(Sato et al., 2004; Kadurugamuwa et al., 2005; Steinhuber et al., 2008; Andreu et al., 2011). 

Biophotonic imaging has the great advantage of yielding spatially and temporally resolved 

data, which has revolutionized many animal model systems over the last decade, particularly 

those used for studies of cancer metastasis and chemotherapeutic delivery (O’Neill et al., 

2010; Kocher and Piwnica-Worms, 2013). Bioluminescence reactions are currently among 

the best options for a variety of biophotonic imaging applications due to their unrivaled 

signal to noise ratios (Choy et al., 2003). This exceptional sensitivity provided by luciferase 

reactions has also recently made it feasible to adapt biophotonic imaging for in situ studies 

of bacterial infections within animal models (Andreu et al., 2011). Here we report the 

development of a luciferase-based biophotonic imaging platform for animal model studies of 

the human oral flora. Using three key oral streptococcal species, we created and tested a 

variety of synthetic codon optimized luciferase enzymes that have never been used in 

bacteria and demonstrated their utility for noninvasive, multiplexed quantification of 

multispecies infections and inducible gene expression in vivo.

Results

Construction of Streptococcus mutans, Streptococcus gordonii, and Streptococcus 
sanguinis firefly and renilla luciferase reporter strains

The excellent signal to noise ratio of luciferases (Choy et al., 2003) motivated us to further 

explore their performance for biophotonic imaging of oral bacteria. Based upon our previous 

data (Merritt et al., 2005b), we selected the constitutively expressed lactate dehydrogenase 

(ldh) gene for fusions with the firefly and renilla luciferases. Lactate dehydrogenase is 

critical for the metabolic fitness of lactic acid bacteria and its expression in S. mutans is 

intimately associated with cariogenesis (Johnson and Hillman, 1982). To prevent disruption 

of normal ldh expression, the firefly and renilla luciferase open reading frames (ORFs) were 

each inserted immediately downstream of the S. mutans, S. gordonii, and S. sanguinis ldh 
stop codons to create artificial two-gene operons with ldh. Copies of the ldh Shine-Dalgarno 

sequences were also added to the luciferase ORFs to ensure their efficient translation. For S. 
mutans, the luciferase ORFs were inserted using a markerless mutagenesis strategy (Xie et 

al., 2011), whereas an erythromycin resistance cassette was used in S. gordonii and S. 
sanguinis (Fig. 1) due to the lack of a markerless mutagenesis system for both species at the 

time of construction. Since both luciferase enzymes utilize distinct substrates for 

bioluminescence (D-luciferin for firefly luciferase and coelenterazine for renilla luciferase), 

we were further interested to test the utility of this combination of reporters for multiplexed 

dual species experiments.

In vitro assessment of bioluminescent S. mutans, S. gordonii, and S. sanguinis reporters

To determine the potential utility of the firefly and renilla luciferase reporters for 

biophotonic imaging applications, we first assayed the signal stability of planktonic and 

biofilm cells over a 15 min. time course after luciferase substrate addition (Fig. 2A to D). In 

planktonic cultures of all three species, the firefly and renilla bioluminescent signal 

intensities were highly stable for 5 min. However, by 15 min., only the firefly reporters 

retained all of their original signal intensities (Fig. 2A); the signal intensities of the renilla 
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reporters dropped by approximately 5-fold (Fig. 2B). Despite the faster degradation of the 

renilla signals, these reporters were >10-fold brighter than their corresponding firefly 

luciferase reporters. The overall signal intensities varied <2-fold for all of the renilla reporter 

strains, whereas the firefly luciferase values were similar for S. mutans and S. gordonii, but 

several fold weaker in S. sanguinis (Fig. 2A and B). In biofilms of all three species, the 

signal stabilities and intensities of the renilla reporters mirrored the results observed in 

planktonic cells. However, this was not the case for the firefly luciferase reporters, which 

exhibited similar signal stabilities among the three species, but also yielded approximately a 

log reduction in specific activity for S. gordonii and S. sanguinis (Fig. 2C). Overall, the 

firefly luciferase reporters exhibited superior signal stabilities, while the renilla reporters 

yielded superior signal intensities (Fig. 2 D). For S. mutans, growth in a planktonic culture 

or in a biofilm had no impact upon the performance of either the firefly or renilla luciferase 

reporters, whereas the firefly luciferase reporters exhibited reduced activity in biofilms of S. 
gordonii and S. sanguinis.

Dual species infection of mice with S. mutans and S. gordonii

Based upon the favorable signal characteristics of the firefly and renilla reporter strains, we 

were next interested to test their performance for multiplexed in situ imaging within mouse 

oral cavities. Our strain comparisons suggested that the optimal dual species combination 

would be to use the S. mutans firefly luciferase reporter together with the S. gordonii renilla 

reporter. Thus, both strains were inoculated into the oral cavities of three mice with S. 
mutans inoculated on the right and S. gordonii on the left of each mouse. This was done to 

avoid direct competition between both species (Kreth et al., 2005; Kreth et al., 2008) as well 

as to determine whether luciferase signals would actually localize to the expected sites of 

inoculation. After inoculation, the mice were fed a normal rodent diet to simulate the natural 

biofilm removal forces associated with mastication. In addition, the mouse drinking water 

was supplemented with 5% (wt/vol) sucrose + 5% (wt/vol) fructose to stimulate biofilm 

formation. On day 6 post-inoculation, the mice were imaged in bioluminescence and X-ray 

modes with a Carestream In vivo Xtreme imager to localize the bacteria in the oral cavity. 

The luciferin substrate for firefly luciferase was directly pipetted into the mouse oral cavities 

immediately prior to imaging. Since we had previously determined that both the firefly and 

renilla luciferase signals were stable for 5 min. after substrate addition, we performed a 5 

min. image acquisition to provide maximal signal sensitivity. Mice were initially imaged for 

firefly luciferase activity and then again an hour later to confirm that the residual firefly 

luciferase signal had dissipated. Subsequently, the mice were imaged for renilla luciferase 

activity following the same protocol. Distinct luciferase signals were detected for each 

reporter, which were also localized to the expected sides of the mouse oral cavities (i.e. S. 
mutans on the right and S. gordonii on the left) (Fig. 3B). The imaging procedure was 

repeated 14 days post-inoculation to confirm that a continuous colonization of our reporter 

strains was possible using a standard rodent diet together with drinking water supplemented 

with sugar. The imaging data also confirmed the previous localization results observed on 

day 6 (Fig 3B).
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Development of novel luciferases for use in prokaryotes

The dual colonization with the S. mutans and S. gordonii luciferase reporters served as a 

proof of principle for multiplexed in situ imaging of oral bacteria in mice. In an effort to 

further expand the utility of the system, we were interested to compare the performance of a 

variety of other luciferase enzymes that had never been tested in bacteria, but still use 

commercially available substrates. Viable candidates needed to be as bright or brighter than 

firefly luciferase and have emission spectra suitable for multiplex applications. To this end, 

we chose click beetle green, green renilla, luciola red, and cypridina luciferases for 

additional performance testing. Table 2 summarizes the main characteristics of each. Since 

these enzymes are all derived from eukaryotic organisms, we synthesized codon-optimized 

versions to ensure their efficient translation in streptococci. As cypridina luciferase is 

naturally a secreted enzyme (Thompson et al., 1989), the mature form of the enzyme was 

synthesized without its secretion signal sequence. The respective strains were constructed 

using the same strategies as the previous firefly and renilla luciferase reporters so their 

performance could be compared directly (Fig. 1). Similar to the previously tested 

luciferases, the signal intensities of the new reporters were largely stable for 5 min. in both 

planktonic and biofilm cells, although the cypridina signal degraded slightly faster. (Fig. 4 A 

to D and 5 A to D). We also discovered that the cypridina reporters required resuspension in 

DMSO prior to the addition of the vargulin substrate; otherwise, signal intensity values were 

extremely low (data not shown). In addition, we were able to increase the signal intensity of 

the S. mutans renilla and green renilla reporters with the synthetic substrate coelenterazine-

h. Curiously, this substrate did not alter the signal values for the S. gordonii and S. sanguinis 
reporters (data not shown). When comparing the reporter strains, differences in intensities 

were evident and paralleled those seen with the firefly and renilla luciferases. In biofilms, S. 
mutans yielded much higher values compared to S. sanguinis and S. gordonii with ~400-fold 

greater luciferase activity for the luciola red construct, 100-fold higher for green renilla, and 

>10-fold higher for cypridina (Fig 5A – C). Interestingly, the S. gordonii click beetle green 

reporter exhibited nearly identical luciferase activity to S. mutans, whereas it was ~10-fold 

lower in S. sanguinis (Fig. 5D). The specific signal intensities ranged between 1×106 to 

4×109 RLU/A600 for planktonic cultures and 6×104 to 7×109 RLU/A600 for biofilm cultures. 

Overall, the reporter strains all exhibited high signal intensities in planktonic cultures, while 

biofilm cultures were consistently bright with the green renilla and cypridina reporters 

demonstrating the versatility of the different reporter genes for in vitro assays. Similar to the 

previous firefly and renilla luciferase results, no obvious differences in performance were 

noted in any of the S. mutans reporters when comparing planktonic vs. biofilm cultures.

Evaluation of luciferase reporters for quantifying population size

We were next interested to evaluate the correlations between luminescence values and 

population size to determine whether the luciferase signals from the reporter strains could 

serve as reliable indices to quantify bacteria in situ. Signal linearity was evaluated using 

mid-logarithmic planktonic cells serially diluted 10-fold up to a 1×10−6 dilution (Fig. 6 A to 

F). As shown in Figure 6E, cypridina luciferase was the only reporter that did not exhibit a 

strong correlation over the dilution series. This was likely due to the fact that it was 

necessary to perform the serial dilutions and luminescence measurements using growth 

medium like the other reporters, rather than using DMSO. Unfortunately, DMSO caused the 
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cultures to severely clump together, which did not affect the luminescence measurements, 

but proved problematic for serial dilution. Both the renilla and green renilla reporters all 

yielded exceptional linearity over 6 logs of dilution, whereas the firefly, click beetle green, 

and luciola red reporters could accurately quantify the cell population up to 4 logs of 

dilution (Fig. 6 A to D and F). Since a mid-logarithmic culture of oral streptococci yields 

about 2×109 CFU/ml (unpublished results), the renilla and green renilla reporters could 

accurately quantify just 200 total CFU in our assays. Even with the lower sensitivities of the 

firefly, click beetle green, and luciola red reporters, we only required ~104 total CFU for an 

accurate measure of the population. Thus, the combined properties of high signal stability, 

exceptional sensitivity, and signal linearity over a wide range of cell densities suggested that 

the reporters would perform well for in vivo mouse colonization studies. Cypridina 

luciferase was the lone exception. Even though it was nearly as bright as the renilla reporters 

(Fig. 4A and 5A), the DMSO requirement for activity measurements precluded this enzyme 

from further consideration for in vivo use (Fig. 6 E).

Assessment of spatial resolution in situ

Our previous dual species colonization results indicated that luciferase signals could be 

localized to the respective sides of inoculation in the mouse. Given the clear signal 

resolvability in the left/right halves of the oral cavity, we were curious to further examine the 

spatial resolution of the luciferase signals. To test this, mice (n=3) were inoculated with an 

S. mutans green renilla luciferase reporter and fed a normal rodent diet together with 

drinking water supplemented with 5% sucrose and 5% fructose. On day 6 post-inoculation, 

the mice were imaged using both bioluminescence and X-ray modes to localize the bacteria 

(Fig. 7). Luciferase signals for all three mice localized to the central part of the alveolar 

bone, where the molars are located. Similar to our previous results, distinct signals were 

easily resolvable in the left/right halves of the oral cavities when imaging the mice from the 

top down. Next, we imaged the mice from the side and we could easily distinguish the 

molars in the X-ray images, which made it possible to discriminate signals derived from the 

maxillae and mandibles. By comparing both sets of images, it was possible to determine the 

particular quadrants where the bacteria were located (Fig. 7). Since mice only posses a 

single row of molars in each quadrant, signals are resolvable to the specific set of molars 

where the bacteria have colonized. In this particular experiment, we did not observe signals 

emanating from the incisors, but there were a couple instances throughout our studies where 

we observed weak signals on the incisors, such as in Figure 3B (lower left panel). Therefore, 

stable colonization of the incisors was quite rare overall, possibly due to the rodent habit of 

constantly gnawing with the incisors. Invariably, most or all of the reporter signals could be 

localized to one or more of the molars.

In vitro assessment of a dual luciferase xylose-inducible bacteriocin reporter

To the best of our knowledge, bacterial gene expression has not been previously quantified 

in situ within live animals. For quantitative measures of bacterial gene expression, RNA is 

typically extracted from the site of experimental infection and then further analyzed 

(Westermann et al., 2012). Such data offer minimal spatial resolution, while temporal 

measurements are difficult to obtain because sample collection generally requires sacrificing 

the animals. These limitations were partially circumvented in a recent mouse infection study 
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employing biophotonic imaging of enteropathogenic E. coli to qualitatively examine 

changes in bacterial gene expression over the course of infection (Nguyen et al., 2015). The 

principal hindrance for obtaining quantitative measurements of bacterial gene expression in 

live animals is the requirement for normalization to an internal control to determine the 

specific activity of the reporter. Since our previous results demonstrated a strong correlation 

between the signal intensity of the ldh reporters and cell number, we reasoned it should be 

feasible to create a dual luciferase reporter strain expressing an ldh reporter fusion as an 

internal control and a separate reporter fusion to a gene of interest. To this end, we opted to 

combine the constitutively expressed luciola red ldh reporter together with a green renilla 

luciferase fusion to the nlmAB operon encoding the bacteriocin mutacin IV. Furthermore, 

the green renilla-nlmAB reporter was placed under the control of the xylose-inducible Xyl-

S1 cassette (Xie et al., 2013) to allow for exogenous control of nlmAB expression (Fig. 8 

A). With this construct we aimed to address two central questions: i) what role does mutacin 

IV play in the colonization and persistence of S. mutans in our mouse model, and ii) can we 

exogenously modulate specific bacterial gene expression within an in vivo system? S. 
mutans is known to be a copious producer of primarily non-lantibiotic bacteriocins that 

inhibit the growth of closely related lactic acid bacteria and are hypothesized to play a 

central role in S. mutans colonization and persistence (Merritt and Qi, 2012). However, this 

hypothesis had yet to be tested in an animal model system. To first demonstrate the 

functionality of the inducible mutacin IV reporter strain, we assayed green renilla luciferase 

activity from mid-log cultures of the dual luciferase strain ± 1% (wt/vol) xylose and 

observed ~200-fold increase in reporter activity in the presence of xylose (Fig. 8B). In 

addition, we performed a deferred antagonism assay on BHI plates ± 1% (wt/vol) xylose to 

test for mutacin IV inhibition of S. gordonii and S. sanguinis, which are both mutacin IV-

sensitive competitors of S. mutans in the oral cavity. As expected, growth inhibition halos of 

both indicator species were present around the single luciferase luciola red ldh reporter 

strain irrespective of the presence of xylose. In contrast, xylose was essential for mutacin IV 

production in the dual luciferase strain harboring both the constitutive luciola red construct 

and the inducible green renilla-nlmAB fusion (Fig. 8C).

In situ measurements of S. mutans bacteriocin gene expression

Since the dual luciferase reporter strain yielded the expected mutacin IV phenotypes, this 

strain was used to colonize six mice to test its utility for temporal studies of gene expression. 

Mice were separated into two groups receiving drinking water with or without 10% (wt/vol) 

xylose and imaged on days 3, 6, and 7 post-inoculation. After imaging on day 6, xylose was 

removed from the drinking water of the mice in the xylose-induced group to further examine 

the transcriptional response resulting from removal of the inducer. The final imaging 

performed on day 7 was immediately followed by a CFU determination of S. mutans cells 

sonicated from the mouse molars. The initial imaging on day 3 revealed a successful 

colonization of all mice (Fig. 9A). Interestingly, the luciola red reporter values were about 

10-fold higher in the xylose group compared to the uninduced control group (Fig. 9B). 

However, by day 6, the luciola red signals from two of the control mice were too weak to 

use for normalization. Therefore, the difference in population sizes were likely even greater 

than on day 3 indicating a distinct survival advantage among the induced group. Similar to 

the previous in vitro results, the activity of the green renilla-nlmAB reporter was also 
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substantially higher with xylose induction (Fig. 9B). On day 3, the normalized specific 

activity of the green renilla reporter was 15-fold higher in the xylose group compared to the 

uninduced control group (calculated using the values presented in Fig. 9B). Due to the weak 

luciola red signals in the control mice on day 6, we could only calculate the specific activity 

of one of the mice, which was 60-fold lower than the xylose induced group. After imaging 

on day 6, xylose was removed from the induced group resulting in a substantial reduction in 

specific activity of the green renilla reporter on day 7 (Fig. 9C). This further confirmed the 

role of xylose supplementation for the exogenous control of bacteriocin gene expression. 

The major reduction in nlmAB expression observed after removal of the inducer also 

correlated with a ~15-fold reduction in luciola red activity (calculated based on the values in 

Fig. 10A), which indicated that the S. mutans population had declined rapidly in the absence 

of bacteriocin gene expression. As a final confirmation of the reporter results, bacteria were 

extracted from the molars of all mice to compare CFU values. As expected, the xylose-

induced group yielded much higher CFU values compared to the control (Fig. 10B). It 

should also be noted that the bacteria were enumerated on day 7, when xylose had already 

been withdrawn for 24 hours from the induced group. Presumably, the difference in CFU 

values between groups would have been even greater on day 6, when the nlmAB operon was 

still highly expressed in the xylose group (Fig. 9C and 10A).

Discussion

Biophotonic imaging is routinely employed in cancer studies to track tumor progression and 

metastasis as well as chemotherapeutic delivery (O’Neill et al., 2010; Kocher and Piwnica-

Worms, 2013). With the recent adaptation of this technology for infectious disease research 

(Andreu et al., 2011), it is now possible to non-invasively quantify both the temporal and 

spatial aspects of experimental infections by repeatedly imaging the same animals. Our aim 

was to apply this same technology to develop a model that would facilitate studies of oral 

bacterial ecology and gene expression in vivo. To this end, we engineered several species of 

oral streptococci using a variety of novel luciferases that are easily distinguishable by 

differences in substrate requirements and emission spectra (see Table 2). In this study we 

focused upon S. mutans as a species commonly isolated from caries lesions as well as the 

commensal species S. sanguinis and S. gordonii. A variety of clinical and in vitro studies 

have demonstrated an antagonistic relationship between S. mutans and S. sanguinis/S. 
gordonii and this antagonism is thought to play a central role in determining caries 

susceptibility (Caufield et al., 2000; Becker et al., 2002; Kreth et al., 2005; Kreth et al., 

2009). While many mechanisms have been proposed to explain the basis for their 

antagonism (Kreth et al., 2009; Jakubovics et al., 2014), few, if any, of these hypotheses 

have actually been tested in animal models, largely due to a lack of appropriate tools to 

easily address these questions in vivo. The current study illustrates how the combination of 

biophotonic imaging and multiplexed luciferases could be employed for such studies.

The exceptional signal to noise ratio of luciferases makes it possible to accurately quantify a 

wide range of bacterial cell numbers. The luciferases requiring D-luciferin as a substrate, 

(firefly, click beetle green, and luciola red luciferases) were capable of quantifying 104 CFU 

in vitro and yielded a stable signal for at least 15 min. after the addition of substrate. The 

renilla and green renilla luciferases use coelenterazine as a substrate and were considerably 
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brighter, especially when using the synthetic analog coelenterazine-h. With coelenterazine-h, 

it was possible to accurately quantify just 102 CFU in vitro. However, the renilla luciferases 

also yield a less stable signal that begins to diminish beyond 5 min. after substrate addition. 

Cypridina luciferase, which was the only enzyme using vargulin as substrate, was not 

suitable for in vivo imaging, since it required the suspension of bacterial cells in DMSO for 

reliable bioluminescence measurements. In the presence of DMSO, cypridina luciferase did 

prove to be exceptionally bright however, and may still be useful as a reporter for in vitro 
assays. Since there were apparently no issues with cypridina luciferase enzymatic activity in 

oral streptococci, DMSO presumably serves to enhance the diffusion of the vargulin 

substrate across the cell membrane. Unlike vargulin, both D-luciferin and coelenterazine 

apparently diffuse easily into the cells and can be directly added to the growth medium for 

bioluminescence measurements. In addition to the aforementioned luciferases, we also 

tested red and green shifted variants of firefly luciferase as well as click beetle red 

luciferase. Unfortunately, these three enzymes all yielded substantially weaker signals 

relative to native firefly luciferase and therefore they were not pursued further (data not 

shown). Similarly, bacterial luciferase has been reported to be substantially less sensitive 

than firefly luciferase for biophotonic imaging in mice (Close et al., 2011), so it was not 

included in our luciferase comparisons. Though, it should be noted that bacterial luciferase 

does not require the exogenous addition of luciferase substrate, which may be highly 

advantageous for certain applications, especially for studies of tissue invasive infections. 

Based upon our performance tests of the various luciferases, the preferred combination for 

two signal multiplex imaging is luciola red and green renilla luciferases, due to their distinct 

substrates and easily resolvable emission spectra. However, using the appropriate filter set, it 

should be feasible to measure up to four unique signals with the addition of click beetle 

green and renilla luciferases. Since firefly luciferase emits in the yellow-green range (Table 

2), it exhibits a much greater spectral overlap with luciola red compared to click beetle green 

and is therefore less useful for certain multiplexed applications. Conceivably, the system 

could be even further expanded to five unique signals if vargulin analogs were developed to 

circumvent the DMSO requirement for cypridina luciferase measurements.

While multiplex imaging provides a straightforward approach for the simultaneous 

quantification of multiple species or strains, we also demonstrated how this approach could 

be adapted for quantitative measurements of gene expression in situ. To the best of our 

knowledge, the nlmAB expression results are the first quantitative measures of bacterial 

gene expression in live animals. Using a dual luciferase-expressing strain of S. mutans, we 

were able to normalize reporter activity to a constitutively expressed internal control, which 

made it feasible to quantify temporal changes in nlmAB gene expression triggered by xylose 

induction. Since xylose is nontoxic to both mice and oral streptococci (Zimmer et al., 1993; 

Johnson et al., 1999; Xie et al., 2013), it serves as an ideal molecule to employ for gene 

induction studies in mice and can be easily administered simply by supplementing the 

mouse drinking water. As a test case, we chose to study the effects of exogenous control of 

mutacin IV production for the persistence ability of S. mutans in mice. Our previous in vitro 
studies have demonstrated the critical role of mutacin IV in dual species competition assays 

with commensal streptococci like S. sanguinis and S. gordonii (Kreth et al., 2005). Mutacin 

IV also has a relatively broad spectrum of activity compared to other nonlantibiotic 
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bacteriocins (Hossain and Biswas, 2011), but its role in promoting S. mutans persistence has 

never been tested in an animal model system. By placing the nlmAB operon under the 

control of the Xyl-S1 cassette, it was possible to employ biophotonic imaging to correlate 

the induction of nlmAB expression with substantial improvements in S. mutans persistence 

over time. We were also able to remove the inducer from the xylose group to repress nlmAB 
expression and reverse this effect, as there was a rapid and sharp decline in the S. mutans 
population just 24 hours. after xylose removal. This approach provided a more direct 

assessment of nlmAB gene function in vivo because nlmAB gene expression and S. mutans 
persistence were both monitored simultaneously. One potential limitation to this induction 

approach is that gene induction becomes dependent upon mouse behavior. Variability may 

be introduced if some mice drink larger volumes or more often than others. Since the 

drinking water was also supplemented with sucrose and fructose, it was quite palatable to all 

of the mice and consumed heavily overall (unpublished observations). This may have helped 

to mitigate some potential variability introduced by differences in individual mouse 

behavior. Furthermore, our success with the induction system serves as a proof principle for 

the dual luciferase approach as a reliable method to monitor in situ gene expression patterns 

of genes controlled by their native promoters. This could be an important tool to determine 

whether hypothesized virulence genes are actually expressed in the animals and if so, how 

their temporal expression patterns are influenced by growth in the oral cavity. Likewise, the 

spatial resolution afforded by biophotonic imaging could provide much greater insight into 

the pathologies triggered by experimental infections in the oral cavity. For example, in caries 

studies, the highest levels of tooth demineralization would be expected to occur on the teeth 

harboring the greatest abundance of reporter bacteria, whereas those teeth exhibiting little or 

no colonization would be expected to exhibit proportionally lower caries scores. Based upon 

our imaging results, colonization seems to be highly heterogeneous within the oral cavity. 

Thus, measures of pathology would be much more conclusive if one were able to use 

biophotonic imaging to correlate the site(s) of infection with the areas of tissue destruction.

Experimental procedures

Bacterial species and culture conditions

All bacterial strains used in this study are listed in Table 1 and were either grown in ambient 

air with 5% CO2 in a CO2 adjustable incubator (S. gordonii and S. sanguinis) or in an 

anaerobic chamber with 85% N2, 10% CO2, and 5% H2 (S. mutans) at 37°C in Brain Heart 

Infusion medium (BHI; Difco, Sparks, MD) unless otherwise stated. For antibiotic selection, 

cultures were supplemented with the following antibiotics: 5 μg ml−1 erythromycin (S. 
gordonii and S. sanguinis) and 800 μg ml−1 kanamycin (S. mutans). For counterselection of 

markerless mutants, BHI plates were supplemented 0.02 M p-chlorophenylalanine (p-Cl-

Phe).

DNA manipulations

PCR was performed with a G-Storm GS1 thermocycler (GeneTechnologies; Essex, UK) 

according to the manufacturer’s protocol. Phusion DNA polymerase was purchased from 

New England Biolabs (Ipswich, MA) and Accuprime DNA polymerase from Life 

Technologies (Grand Island, NY). Phusion and Accuprime DNA polymerases were used for 
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overlap extension PCR-ligation. Oligonucleotides (Table S1) were designed using sequence 

data obtained from the NCBI database (http://www.ncbi.nlm.nih.gov/genome/) and 

synthesized by Integrated DNA Technologies (Coralville, IA).

Bioluminescent reporter genes used in the study

The following reporter genes were used to construct the various bioluminescent reporter 

strains. The firefly luciferase gene optimized as described in (Bonin et al., 1994) was PCR-

amplified from pFW5-luc (Podbielski et al., 1999). The renilla luciferase gene was PCR-

amplified from plasmid pRL-TK (Promega, Madison, WI; kindly provided by Dr. Ralf 

Janknecht, University of Oklahoma Health Sciences Center). Synthetic codon optimized 

versions of click beetle green, green renilla, luciola red, and cypridina luciferases were all 

synthesized by Integrated DNA Technologies (Coralville, IA) and provided in the plasmid 

pIDTBlue. Codon optimization was performed using software provided by IDT and the 

genome sequence of S. mutans UA159 (Ajdic et al., 2002). The sequences for these genes 

can be found in the supplemental materials.

Construction of constitutive bioluminescent reporter strains

All primers used for strain construction are listed in Table S1. The bioluminescent reporter 

strains for S. sanguinis and S. gordonii were constructed via a four-piece overlap extension 

PCR ligation strategy (Fig. 1). The respective reporter gene was placed under the control of 

the constitutive ldh (lactate dehydrogenase) promoter from S. gordonii or S. sanguinis such 

that the luciferase open reading frame (ORF) was inserted downstream of the ldh stop codon 

to leave the ldh gene intact. Briefly, PCR was used to amplify about 1 kb immediately 

upstream and downstream of the S. gordonii/S. sanguinis ldh stop codons. The respective 

reporter genes were amplified from the sources mentioned above. Each luciferase forward 

primer introduced a copy of the ldh Shine-Dalgarno sequence onto the 5’ end of the ORF to 

promote efficient translation. Constructs also included the ermAM gene cassette (Martin et 

al., 1987) to facilitate the selection of mutants on erythromycin. All PCR amplicons 

contained complementary sequences that facilitated PCR ligation. PCR amplicons of each 

fragment were purified with the QIAGEN PCR purification kit and mixed in a 1:1:1:1 ratio. 

The mixture served as a template for a second round PCR reaction containing the 

appropriate flanking ldh upstream forward and downstream reverse oligonucleotides. The 

resulting PCR amplicons were directly transformed into S. gordonii or S. sanguinis using 

previously published protocols (Wang et al., 2002; Zhu et al., 2011). Successful 

transformation was confirmed by testing several transformants for reporter gene activity. The 

bioluminescent reporter strains for S. mutans were constructed using a previously described 

markerless mutagenesis strategy (Xie et al., 2011). A similar overlap extension PCR ligation 

strategy as described above was used to insert each luciferase ORF between two 1 kb 

fragments homologous to the upstream and downstream region surrounding the ldh stop 

codon. Each constitutive reporter construct used a similar assembly scheme. The ldh 
upstream homologous fragments were amplified with the primers ldh upF and each of the 

corresponding luciferase upR primers. The luciferase open reading frames were amplified 

with the corresponding luciferase F/R primers and the downstream ldh homologous 

fragments were all amplified with ldh dnF/R. Overlap extension PCR of the resulting PCR 

amplicons was performed with the primers ldh upF/ldh dnR. The assembled PCR amplicons 
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were transformed into the recipient strain ldhIFDC2 and selected on plates containing p-Cl-

Phe to obtain the following strains: ldhFlySm (firefly luciferase), ldhRenSm (renilla 

luciferase), ldhCBGSm (click beetle green luciferase), ldhRenGSm (green renilla 

luciferase), ldhLucRSm (luciola red luciferase), and ldhCypSm (cyridina luciferase). The 

ldhIFDC2 recipient strain was constructed as follows. The ldh upstream homologous 

fragment was amplified with the primers ldh upF/ldh-IFDC2 upR2, the counterselectable 

IFDC2 cassette was amplified with the primers IFDC2 F2/IFDC2-ldh R, and the 

downstream ldh homologous fragment was amplified with the primers ldh dnF/R. Overlap 

extension PCR of the resulting PCR amplicons was performed with the primers ldh upF/ldh 

dnR and transformed into the wild-type strain UA159. Transformants were selected on 

plates containing erythromycin.

Construction of a xylose-inducible mutacin IV (nlmAB)-green renilla luciferase fusion

A four piece overlap extension PCR reaction was used to assemble a xylose-inducible 

mutacin IV operon containing the green renilla luciferase ORF, a terminatorless kanamycin 

resistance ORF (Merritt et al., 2005a), and the nlmAB ORFs encoding mutacin IV (Fig. 1). 

The construct was integrated onto the chromosome at the native nlmAB locus to replace the 

endogenous nlmAB operon promoter. The primers used to amplify the upstream and 

downstream nlmAB homologous fragments (nlmA upF/R and nlmA dnF/R), the Xyl-S1 

cassette (XylR F/R), and the green renilla + kanamycin resistance cassette (RenG ORF 

F/Kan ORF R) are all listed in Table S1. The Xyl-S1 cassette was amplified from plasmid 

pZX9 (Xie et al., 2013), the green renilla + kanamycin resistance cassette was amplified 

from strain ldhRenGkan (unpublished strain), and the nlmAB upstream and downstream 

homologous fragments were amplified from the wild-type strain UA159. Complementary 

sequences in the primers facilitated the final construct assembly in a second round PCR 

reaction containing all four PCR amplicons as templates and the primers nlmA upF/nlmA 

dnR (Table S1). The resulting PCR amplicon was directly transformed into the constitutive 

luciola red luciferase expression strain ldhLucRSm and selected on plates containing 1% 

(wt/vol) xylose and 800 μg ml−1 kanamycin to produce the final strain iRenGIV.

Deferred antagonism assay

To confirm the expected mutacin IV production phenotype from strain iRenGIV, the parent 

strain ldhLucRSm and the inducible mutacin IV strain iRenGIV were spotted onto both BHI 

plates and BHI plates supplemented with 1% (wt/vol) xylose. After 24 hours of growth, the 

plates were overlaid with a soft agar suspension of either S. gordonii DL1 or S. sanguinis 
SK36. The presence of growth inhibition halos is indicative of mutacin IV production.

In vitro bioluminescent reporter assays of planktonic and biofilm cells

To assay for firefly, click beetle green, and luciola red luciferases, D-luciferin (2 mM 

suspended in 0.1 M citrate buffer; pH 6.0) was added similarly as previously described 

(Merritt et al., 2005b). To assay for native renilla and green renilla luciferases, 100 μl of 

culture was mixed with 1.5 μl of coelenterazine or the synthetic version coelenterazine-h 

(0.75 mg ml−1 diluted in ethanol). Coelenterazine substrates were purchased from 

NanoLight Technologies. To assay for cypridina luciferase activity, 100 μl of culture was 

centrifuged, resuspended in 100% DMSO, and then mixed with 10 μL cypridina luciferin 
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(vargulin) substrate solution (1.4 mg ml−1 diluted in ethanol). Cypridina luciferin (vargulin) 

was purchased from NanoLight Technologies. Bioluminescence was determined with a 

Modulus Luminometer (Turner BioSystems). Planktonic cells were grown as described 

above. To assay the luciferase activity of S. sanguinis and S. gordonii biofilms, cells were 

inoculated in 2 ml BHI plus 1% (wt/vol) sucrose in a 24-well plate and grown as static 

cultures in 5% CO2 at 37°C. After overnight incubation, the medium was removed and 

replaced with 1 ml pre-warmed BHI plus 1% (wt/vol) sucrose and further incubated for 1 

hour to reenergize cells depleted of ATP. Subsequently, the cells were resuspended by 

vigorous pipetting and luciferase activity determined. To assay luciferase activity from S. 
mutans biofilms cells, biofilms were grown statically in microfuge tubes and measured 

directly as previously described (Merritt et al., 2005b). Microfuge tubes containing 100 μl 

medium supplemented with 1% (wt/vol) sucrose were inoculated with a 500× dilution of a 

stationary phase culture and incubated anaerobically overnight. The following day, the spent 

medium was aspirated and replaced with an equal volume of fresh medium and further 

incubated for an additional hour at 37 °C to reenergize cells depleted of ATP. After the 

incubation period, luciferin substrate solutions were added directly into the microfuge tubes 

for luciferase measurements.

In vivo bioluminescent imaging

All animal care and procedures were previously reviewed and approved by the University of 

Oklahoma Health Sciences Center Institutional Animal Care and Use Committee (IACUC 

approval # 11-059).

i) Preparation of mice—Three-week-old female weanling BALB/CyJ mice were 

purchased from The Jackson Laboratory (Bar Harbor, Maine). Mice were fed pellets of a 

standard Laboratory Rodent Diet 5001 throughout the assay period for all experiments. 24 

hours after arrival, the mouse drinking water was supplemented with ampicillin (100 μg 

ml−1) for 24 hours. The next day, mice were anesthetized with 3% (vol/vol) isoflurane 

before cleaning their teeth with cotton swabs (Puritan, head width 2mm) soaked in 4% (vol/

vol) H2O2. The cleaning procedure was performed twice with a brief recovery period given 

between cleanings. After the second round of cleaning, the mice were left in the cage for 1 

hour prior to inoculation with bacteria.

ii) Preparation of bacteria—Overnight cultures were grown in semi-defined medium 

(SDM) (Merritt et al., 2009) and then diluted 1:40 in 10 ml SDM supplemented with 0.5% 

fructose. Cultures were grown to early log phase (A600nm ≈ 0.3) before adding 1% (wt/vol) 

sucrose and further incubated for another hour. Cells were concentrated by centrifugation 

and resuspended in 1 ml SDM medium.

iii) Mouse inoculation—Mice were first anesthetized with 3% (vol/vol) isoflurane for 

inoculation procedures. After anesthetization, mice were held horizontally with either the 

left or the right side facing down. 30 μl of concentrated bacterial solution was pipetted 

directly into the mice oral cavities and then they were immediately returned to the isoflurane 

anesthesia chamber and left for 2 min before finally returning the mice to their cages for 

recovery. After a brief recovery period, mice were inoculated on their opposite sides in the 
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same manner. After inoculation, mice were kept without food and water for 60 min. For the 

remainder of the experiments, mice were fed a standard Laboratory Rodent Diet 5001, 

except that the drinking water was supplemented with 5% sucrose and 5% fructose. For 

xylose inducible gene expression studies, 10% (wt/vol) xylose was added to the water for the 

indicated time frames.

iv) Imaging—All animals were initially anesthetized using 3% (vol/vol) isoflurane and 20 

μl 20% glucose was pipetted into the oral cavities to reenergize reporter bacteria before 

imaging. The mice were placed back into their cages for 15 min and subsequently 

anesthetized using 3% (vol/vol) isoflurane throughout the imaging procedure. For 

biophotonic imaging of mice carrying luciola red and firefly luciferase reporters, 25 μl of 2 

mM D-luciferin solution suspended in 0.1 M citrate buffer (pH 6.0) was directly pipetted 

into the oral cavities. For measurements of native renilla or green renilla luciferases, 1.5 μl 

of coelenterazine-h solution (0.75 mg ml−1 diluted in ethanol) was added to 25 ul of 

phosphate buffered saline (PBS) and pipetted directly into the oral cavities. After substrate 

addition, the mice were immediately placed into a Carestream In Vivo Xtreme Imaging 

System (Carestream Health, Inc., Rochester, NY, USA) for biophotonic data collection. 

Colocalization images of X-ray and bioluminescence data were analyzed and exported using 

Molecular Imaging (MI) Software (Bruker Corporation).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Genotype of luciferase reporter strains
A markerless mutagenesis approach was used to construct the respective luciferase fusions 

for S. mutans. S. sanguinis and S. gordonii reporters were constructed using an erythromycin 

resistance cassette (erm) for the selection of mutant clones. The luciferase open reading 

frames (ORF) were all cloned immediately downstream of the ldh stop codons to create 

artificial two-gene operons. Each luciferase cassette contained a copy of the ldh Shine-

Dalgarno sequence to ensure its efficient translation.
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Fig. 2. Temporal signal stabilities of firefly and renilla luciferase reporters in planktonic and 
biofilm cultures of S. mutans, S. gordonii, and S. sanguinis
Presented here are the average luminescence values (RLU) and standard deviations 

normalized to the cell density over a 15 min. time course after luciferase substrate addition 

(n=3). A) planktonic firefly luciferase activity; B) planktonic renilla luciferase activity; C) 

biofilm firefly luciferase activity; D) biofilm renilla luciferase activity.

Merritt et al. Page 19

Environ Microbiol. Author manuscript; available in PMC 2016 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Dual species infection of mice with S. mutans and S. gordonii firefly and renilla luciferase 
reporters
A) Flow chart illustrating the assay protocol. B) Composite overlay images of the X-ray and 

bioluminescent images of the dual infections 6 and 14 days post-inoculation. The presented 

images are representative of the results obtained from 3 mice.
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Fig. 4. Temporal signal stabilities of planktonic click beetle green, luciola red, green renilla, and 
cypridina luciferase reporter strains of S. mutans, S. gordonii, and S. sanguinis
Presented here are the average RLU values and standard deviations normalized to the cell 

density over a 15 min. time course after substrate addition (n=3). A) green renilla luciferase 

activity; B) luciola red luciferase activity; C) cypridina luciferase activity; D) click beetle 

green luciferase activity.
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Fig. 5. Temporal signal stabilities of click beetle green, luciola red, green renilla, and cypridina 
reporter strains of S. mutans, S. gordonii, and S. sanguinis grown in biofilms
Presented here are the average RLU values and standard deviations normalized to the cell 

density over a 15 min. time course after substrate addition (n=3). A) green renilla luciferase 

activity; B) luciola red luciferase activity; C) cypridina luciferase activity; D) click beetle 

green luciferase activity.
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Fig. 6. Correlation of luciferase signal intensity vs. cell number for S. mutans, S. gordonii, and S. 
sanguinis
Presented here are the average RLU values and standard deviations normalized to the cell 

density over a 10-fold dilution series of planktonic bacteria up to a 10−6 dilution (n=3). A) 

firefly luciferase activity; B) renilla luciferase activity; C) green renilla luciferase activity; 

D) luciola red luciferase activity; E) cypridina luciferase activity; F) click beetle green 

luciferase activity.
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Fig. 7. Spatial resolution of orally infected luciferase reporter strains in mice
Mice (n=3) infected with a green renilla luciferase reporter strain were imaged from the top 

and side to localize the quadrants of infection. The arrow in the X-ray image depicts the 

position of the mandibular molars. The presented images are of a single representative 

mouse in which the sites of colonization can be localized to both of the mandibular molars.

Merritt et al. Page 24

Environ Microbiol. Author manuscript; available in PMC 2016 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. Construction and phenotypic characterization of a xylose-inducible nlmAB reporter strain 
of S. mutans
A) Illustration of the reporter constructs for the ldh-luciola red luciferase fusion and the Xyl-

S1-green renilla fusion. B) In vitro xylose-dependent induction of renilla green luciferase 

activity. Presented here are the averages and standard deviations from two independent 

experiments performed in triplicate. C) Confirmation of the mutacin IV production 

phenotypes of the dual luciferase-expressing S. mutans. A deferred antagonism assay was 

performed using both S. sanguinis and S. gordonii as indicator strains for mutacin IV 

activity. The assay was performed three times with similar results. Shown here are the 

results from one representative experiment.
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Fig. 9. In situ quantification of nlmAB gene expression and S. mutans persistence in mice
A) Detection of luciola red and green renilla activity in situ. A total of 6 mice were infected 

with the xylose-inducible dual luciferase S. mutans and imaged on day 3 post-inoculation. 

The presented images are overlays of the individual bioluminescent and X-ray images. −xyl 

= uninduced control group; +xyl = xylose induced group. B) Day 3 RLU values for the 

luciola red and green renilla reporters ± xylose. Results are presented as the averages and 

standard deviations from 3 mice in each group. C) Specific activity of the green renilla 

reporter for the xylose induced group on days 3, 6, and 7. Results are presented as the 

averages and standard deviations from 3 mice.
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Fig. 10. Effects of xylose cessation on nlmAB expression and bacterial abundance
A) Effect of xylose cessation. Representative images of one mouse per group are shown on 

day 6 and again 24 hours. after the cessation of xylose induction in the induced group. B) 

CFU counts of dual luciferase S. mutans on day 7. The jaws from the mice in both groups 

were sonicated to remove adherent bacteria. Results are presented as the averages and 

standard deviations of 3 mice per group. −xyl/−xyl = uninduced control group; +xyl/−xyl = 

xylose induced group.
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Table 1

Strains used in this study

Strain Relevant characteristics Reference

DL1 wild type S. gordonii (Pakula and Walczak, 1963)

SK36 wild type S. sanguinis Genome reference strain
(Xu et al., 2007)

UA159 wild type S. mutans Genome reference strain
(Ajdic et al., 2002)

JK-G-1 DL1∷Φ(ldhrbs – firefly luc); ErmR This study

JK-G-2 DL1∷Φ(ldhrbs – click beetle green luc); ErmR This study

JK-G-3 DL1∷Φ(ldhrbs – renilla luc); ErmR This study

JK-G-4 DL1∷Φ(ldhrbs – click beetle green luc); ErmR This study

JK-G-5 DL1∷Φ(ldhrbs – green renilla luc); ErmR This study

JK-G-6 DL1∷Φ(ldhrbs – cypridina luc); ErmR This study

JK-G-7 DL1∷Φ(ldhrbs – luciola red luc); ErmR This study

JK-S-1 SK36∷Φ(ldhrbs – firefly luc); ErmR This study

JK-S-2 SK36∷Φ(ldhrbs – click beetle green luc); ErmR This study

JK-S-3 SK36∷Φ(ldhrbs – renilla luc); ErmR This study

JK-S-4 SK36∷Φ(ldhrbs – click beetle green luc); ErmR This study

JK-S-5 SK36∷Φ(ldhrbs – green renilla luc); ErmR This study

JK-S-6 SK36∷Φ(ldhrbs – cypridina luc); ErmR This study

JK-S-7 SK36∷Φ(ldhrbs – luciola red luc); ErmR This study

ldhIFDC2 UA159∷Φ(IFDC2 cassette); ErmR, p-Cl-PheS This study

IdhFlySm UA159∷Φ(ldhrbs – firefIy luc); p-CI-PheR This study

IdhRenSm UA159∷Φ(ldhrbs – renilla luc); p-CI-PheR This study

IdhCBGSm UA159∷Φ(ldhrbs – click beetle green luc); p-CI-
PheR

This study

IdhRenGSm UA159∷Φ(ldhrbs – green renilla luc); p-CI-PheR This study

IdhLucRSm UA159∷Φ(ldhrbs – luciola red luc); p-CI-PheR This study

IdhCypSm UA159∷Φ(ldhrbs – cypridina luc); p-CI-PheR This study

iRenGIV UA159∷Φ(ldhrbs – luciola red luc; Xyl-S1 –
green renilla upstream of nlmAB); p-CI-PheR,
KanR

This study
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Table 2

Luciferases used in this study and their characteristics

Luciferase Substrate ATP Secreted Emission
(nm)

ORF
(bp)

adapted
from

Source

Renilla Coelenterazine No No 420 936 Renilla reniformis pRL-TK
Promega
(Madison,
WI)

Cypridina Vargulin No Yes 460 1611 Vargula
hilgendorfii

This study

Green
renilla

Coelenterazine No No 527 945 Renilla reniformis This study

Click
beetle
green

D-luciferin Yes No 537 1629 Pyrophorus
plagiophthalamus

This study

Firefly D-luciferin Yes No 557 1653 Photinus pyralis (Podbielski et al., 1999)

Luciola
Red

D-luciferin Yes No 609 1647 Luciola italica This study
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