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ABSTRACT Group B streptococcus (GBS) is a Gram-positive bacterium associated
with various diseases in humans and animals. Many studies have examined GBS
physiology, virulence, and microbe-host interactions using diverse imaging ap-
proaches, including fluorescence microscopy. Strategies to label and visualize GBS
using fluorescence biomarkers have been limited to antibody-based methods or
nonspecific stains that bind DNA or protein; an effective plasmid-based system to la-
bel GBS with a fluorescence biomarker would represent a useful visualization tool. In
this study, we developed and validated a green fluorescent protein (GFP)-variant-
expressing plasmid, pGU2664, which can be applied as a marker to visualize GBS in
experimental studies. The synthetic constitutively active CP25 promoter drives strong
and stable expression of the GFPmut3 biomarker in GBS strains carrying pGU2664.
GBS maintains GFPmut3 activity at different phases of growth. The application of flu-
orescence polarization enables easy discrimination of GBS GFPmut3 activity from the
autofluorescence of culture media commonly used to grow GBS. Differential interfer-
ence contrast microscopy, in combination with epifluorescence microscopy to detect
GFPmut3 in GBS, enabled visualization of bacterial attachment to live human epithe-
lial cells in real time. Plasmid pGU2664 was also used to visualize phenotypic differ-
ences in the adherence of wild-type GBS and an isogenic gene-deficient mutant
strain lacking CovR (the control of virulence regulator) in adhesion assays. The sys-
tem for GFPmut3 expression in GBS described in this study provides a new tool for
the visualization of this organism in diverse research applications. We discuss the ad-
vantages and consider the limitations of this fluorescent biomarker system devel-
oped for GBS.

IMPORTANCE Group B streptococcus (GBS) is a bacterium associated with various
diseases in humans and animals. This study describes the development of a strategy
to label and visualize GBS using a fluorescence biomarker, termed GFPmut3. We
show that this biomarker can be successfully applied to track the growth of bacteria
in liquid medium, and it enables the detailed visualization of GBS in the context of
live human cells in real-time microscopic analysis. The system for GFPmut3 expres-
sion in GBS described in this study provides a new tool for the visualization of this
organism in diverse research applications.

KEYWORDS group B streptococcus, Streptococcus agalactiae, green fluorescent
protein, fluorescence detection, bacterial adhesion, CovS/CovR, uroepithelium

Streptococcus agalactiae (also known as group B streptococcus [GBS]) is a Gram-
positive bacterium associated with various infections and diseases in humans and

animals (1). Historically, GBS was a prominent veterinary pathogen of bovine mastitis
(2); however, beginning in 1948, extensive use of tetracycline facilitated the transmis-
sion of distinct clones of GBS into humans (3), and now, GBS is a frequent colonizer of
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the gastrointestinal and urogenital tracts in healthy adults, with carriage rates of up to
30% (4–6). GBS is a major cause of neonatal disease related to vertical transmission of
the bacteria from colonized mothers to infants. GBS-associated morbidities in preg-
nancy include urinary tract infections (UTIs), endometritis, chorioamnionitis, and sepsis
(7). In neonates, GBS is commonly associated with sepsis and meningitis (1). Epidemi-
ologically, GBS is also associated with significant morbidity and mortality in nonpreg-
nant adults and elderly individuals, in whom GBS causes various skin and soft tissue
infections, UTIs, pneumonia, arthritis, and sepsis (8). Research to develop a vaccine to
prevent GBS infection is ongoing (9).

The development of various experimental models of GBS disease has enabled
studies of the mechanisms of host colonization by GBS and virulence. Visualization of
the bacteria by the application of microscopy approaches represents a key tool for
studying GBS. Diverse imaging approaches, including confocal and epifluorescence
(10–13), scanning electron, transmission electron, and immunoelectron (14–17), atomic
force (18–21), and bright-field (22, 23) microscopy have enabled detailed investigations
of host-microbe interactions, bacterial virulence strategies, and basic mechanisms of
GBS physiology, including cell segregation processes (24). For example, numerous
studies have used microscopic visualization techniques to study the effects of the GBS
global virulence regulatory system termed CovS/CovR (23, 25, 26). Despite significant
progress in understanding the mechanisms of host colonization by GBS, research
advances in applying strategies to label and visualize GBS using fluorescent biomarkers
have been principally focused on the development and application of DNA stains
(which are often used to assess bacterial viability), nonspecific protein stains, and
antibody-based immunostaining methods.

A common method used to label bacteria without the need for immunostaining
exploits the expression of fluorescent proteins, such as green fluorescent protein (GFP).
GFP in particular has been used extensively to successfully label a variety of low-GC-
content Gram-positive bacteria (27–31) and has increased our understanding of bac-
terial cell biology and physiology (32–34). GFP exhibits intrinsic fluorescence; however,
several studies have developed variants of GFP that offer several advantages, including
increased fluorescence intensity (35–38). The so-called GFPmut3 variant exhibits 20-fold
higher fluorescence intensity than wild-type (WT) GFP (39), and it is considered to be
optimal for the expression of GFP in bacteria. The benefits of using fluorescently labeled
bacteria include easy and rapid identification of bacteria in complex samples, the
potential for tracking bacteria in vivo in live animals, the ability to explore spatial
arrangements and subcellular locations of bacteria within eukaryotic host cells, and the
potential to isolate and analyze host cells that carry fluorescent bacteria (40). Individual
colonies of nonimmunostained fluorescent bacteria can easily be discerned from
nonfluorescent bacteria on agar (30), and GFP is particularly useful as a fluorescent
marker in fusion constructs to enable the monitoring of bacterial cellular processes (41).
Thus, GFP is a versatile and widely used fluorescent marker for the study of bacterial
physiology. Stable and high-level expression of a vector-borne fluorescent protein, such
as GFP, in GBS would offer a useful tool with which to visualize this organism in various
experimental systems.

Here, we developed a plasmid vector designed to express the fluorescent protein
reporter gene gfpmut3 under the control of the synthetic, constitutively active CP25
promoter (42). We established the expression of GFPmut3 in GBS using plasmid
pGU2664, which encodes spectinomycin resistance, and show its application as a
reporter in bacterial growth assays. Further, we demonstrate the utility of fluorescence
polarization methodology as a tool to discriminate between fluorescent signals from
GBS (pGU2664) and autofluorescence that is encountered in growth media commonly
used to culture GBS. Finally, we show that GFPmut3 fluorescence afforded by plasmid
pGU2664 in GBS offers a useful approach for visualizing the bacteria in conjunction with
host cells using a combination of differential interference and epifluorescence micros-
copy.
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RESULTS
Plasmid stability under nonselective conditions. Using electroporation, we intro-

duced GFPmut3 plasmid pGU2664 into GBS 874391 to create GBS strain GU2666
(GFP�), and we used the control non-GFPmut3 vector pDL278 to create GBS strain
GU2672 (GFP�). To assess the relative stability of plasmid pGU2664 in GBS grown
under nonselective conditions, we performed successive growth assays using liquid
culture media and analyzed serial subcultures of GBS GU2666 grown with or without
antibiotics for 100 generations (equivalent to 5 serial culture passages). We enumerated
the bacteria at each point of subculture by quantifying colonies on selective and
nonselective agar and compared the numbers of spectinomycin-resistant (Spr) cells to
the total number of cells present. There was no significant difference (P � 0.71)
between the total CFU and Spr CFU in serial cultures that were grown in the absence
of antibiotic selective pressure (i.e., that did not select for the plasmid). Indeed, we
observed that the majority of GBS GU2666 cells were Spr after at least 100 generations
of growth, regardless of the presence of selection pressure (Fig. 1). These data show
that in the absence of selection pressure, plasmid pGU2664 is stable in GBS under the
growth conditions tested.

GFP expression in GBS at the single-cell level. Overnight cultures of GBS GU2666
containing pGU2664 were analyzed using fluorescence microscopy to visualize GFP-
mut3 expression in GBS. We observed bright fluorescence in all GBS GU2666 cells
examined under low-power (�200) and high-power (�3,500) magnification (Fig. 2A
and B). GBS GU2672 containing the control vector pDL278 exhibited minimal fluores-
cence above background (Fig. 2A and B). Together, these data show that plasmid
pGU2664 provides bright fluorescence to GBS that is equivalent among individual cells.

GFP expression in GBS at the population level. To evaluate populations of GBS
grown as colonies on agar, we performed microscopy using an Olympus SZX16
stereomicroscope (Olympus Australia Pty Ltd.). Visualization of colonies showed that
plasmid pGU2664 afforded stable and high-level fluorescence in GBS GU2666 com-
pared to that in GBS GU2672 containing the empty vector control (Fig. 3). Interestingly,
Escherichia coli DH5� containing pGU2664 exhibited sparse and irregular patterns of
GFP expression (data not shown), consistent with low activity (at the population level)
of the CP25 promoter in E. coli, as previously reported (42).

To assess the burden of pGU2664 expressing GFPmut3 on the physiology of GBS in
more detail, we measured the growth of GBS 874391 by monitoring cell densities (using
optical density at 600 nm [OD600]) in liquid culture in vitro while simultaneously
monitoring GFPmut3 fluorescence intensity in a chemically defined medium (CDM)
(43). The growth rates of GBS with plasmid pGU2664 were identical to those of GBS
containing the empty vector pDL278 (Fig. 4A and B), suggesting that there is not a

FIG 1 Stability of plasmid pGU2664 in the absence of selection. (A and B) Numbers of Spr GBS (red) and
the total numbers of GBS (black) recovered from growth conditions with (A) and without (B) antibiotic
selection, respectively. Cells were diluted 1:1,000 into fresh THB medium (�Sp) and grown for 12 h in 5
successive culture passages, representing approximately 100 generations. The results presented are
averages of the results from three independent experiments compared using AUC Student’s t test, with
bars showing the standard error.
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significant metabolic burden to GBS carrying plasmid pGU2664. Furthermore, we
observed no differences in a comparison of either of the GBS strains carrying plasmid
pGU2664, or pDL278, with parental GBS 874391 containing no plasmid at all (data not
shown). In monitoring the fluorescence intensity of GFPmut3, we noted strong GFP-
mut3 emission that correlated with cell density, demonstrating the expression and
stability of GFPmut3 across the exponential- and stationary-growth phases.

To further examine the fluorescence of GFPmut3 under stationary-phase conditions,
GBS cells were pregrown overnight, washed in phosphate-buffered saline (PBS) to
remove nutrients, and resuspended in PBS. These cells were then monitored for
turbidity and fluorescence as described before. Consistent with the observations of
single cells (described above), we observed stable and high-level fluorescence over a
period of 12 h (Fig. 4C and D) from stationary-phase GBS populations during a period
in which turbidity remained stable. Taken together, these results show that the activity
of the GFPmut3-expressing vector is independent of active bacterial replication in a
nutrient-rich environment, and that pGU2664 is a useful tool for marking GBS even
where the bacteria are subjected to extended periods without fresh nutrients.

GFPmut3 expression in GBS in complex media. Todd-Hewitt broth (THB) is a
standard complete medium widely employed for the preparation of GBS for infection
experiments using animal or cell culture-based methods. Therefore, we examined the
expression of GFPmut3 fluorescence in GBS during growth in THB. Interestingly, we
noted that THB exhibits a higher degree of background autofluorescence emission at

FIG 2 Single-cell GFPmut3 fluorescence in GBS. Bright GFPmut3-borne fluorescence in GU2666 (GFP�)
containing plasmid pGU2664 is shown above background fluorescence of GU2672 (GFP�) carrying
control vector pDL278. The DNA stain Hoechst 33258, with excitation/emission maxima of 352/461 nm,
compared to 501/511 nm of GFPmut3, shows the presence of cells. (A and B) Low-power (�200) (A) and
high-power (�3,500) (B) magnifications, respectively.
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515 nm than either PBS or CDM used as described above (see Fig. S1A in the
supplemental material). This may be due to a component of the medium, since the
observed autofluorescence diminishes following incubation with non-GFPmut3 bacte-
ria in a manner that is inversely proportional to increments in optical density (Fig. S1B
and 5). To further elucidate this phenomenon, we monitored the growth of GBS in THB

FIG 3 Population-level GFPmut3 fluorescence in GBS colonies. Bright GFPmut3-borne fluorescence in
colonies of GBS strain GU2666 (GFP�) containing plasmid pGU2664 is shown, compared to background
fluorescence of strain GU2672 (GFP�), carrying control empty vector pDL278. GBS colonies were grown
on TH agar and imaged as described in Materials and Methods.

FIG 4 Measuring GBS growth in CDM using plasmid pGU2664. (A) Culture turbidity of GBS GU2666
(GFPmut3� plasmid pGU2664; green) and GU2672 (empty vector pDL278; black) grown in CDM medium.
(B) The fluorescence intensity of GFPmut3 was monitored simultaneously. (C and D) Turbidity (C) and
GFPmut3 fluorescence (D) of stationary-phase bacteria incubated in PBS. Mean and SEM data are
representative of at least three independent replicates. RFU, relative fluorescence units.
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for 12 h using OD600 readings (Fig. 5A) while also simultaneously monitoring the
fluorescence intensity for GFPmut3 and total polarized intensity (Fig. 5B and C) to
eliminate the background interference caused by the medium. Strikingly, we observed
that the use of total polarized intensity for fluorescence detection eliminated the
interference due to the use of THB medium. This interference could also be excluded,
in the absence of detection of polarized fluorescence emissions, by using negative-
control correction of the fluorescence intensity of strain GU2672 containing the empty
vector, which yielded a similar GFPmut3 emission profile (Fig. S1C).

Effect of antimicrobial compounds on GFPmut3 expression in GBS. Quantifica-
tion of fluorescence in GBS following exposure to antimicrobial compounds revealed
that 0.02% sodium hypochlorite rendered the bacteria nonviable, according to colony

FIG 5 Measuring GBS growth in THB using plasmid pGU2664. (A) Culture turbidity of GBS GU2666
(GFPmut3� plasmid pGU2664; green) and GU2672 (empty vector pDL278; black) grown in THB medium.
(B) The fluorescence intensity of GFPmut3 was monitored simultaneously. (C) Fluorescence polarization
(FP) intensity measurements were used to distinguish GFPmut3 intensity from background autofluores-
cence of THB medium. Mean and SEM data are representative of at least three independent replicates.
RFU, relative fluorescence units.
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count assays, but the cells continued to emit high levels of fluorescence (Fig. 6A and B).
Sodium hypochlorite at 0.1% abolished the fluorescence in GBS cells that nonetheless
remained intact. Sodium hypochlorite at �0.2% destroyed the bacteria; the cell mor-
phology of GBS in these assays was ascertained using high-magnification bright-field
and fluorescence microscopy (Fig. S2 for sodium hypochlorite assays; and data not
shown). The exposure of GBS to chloramphenicol or gentamicin at a 1 mg · ml�1

concentration revealed no statistically significant perturbation of the GFPmut3 fluores-
cence signal in the bacteria despite a loss of viability (Fig. 7A and B). The exposure of
GBS to dimethyl sulfoxide (DMSO; vehicle control for S-nitroso-N-acetyl-penicillamine
[SNAP]) showed no effect on bacterial viability or GFPmut3 fluorescence under condi-
tions containing up to 5.5% (vol/vol) DMSO (data not shown). In contrast, SNAP
exhibited a dose-dependent effect on both GBS viability and GFPmut3 fluorescence in
these assays (Fig. 7A and B). Together, these findings establish that high concentrations
of sodium hypochlorite and SNAP kill GBS, which abolishes GFPmut3 fluorescence in
the bacteria.

Adhesion of GFPmut3-expressing GBS to human epithelial cells. To evaluate
GFPmut3-GBS in the context of host colonization, we used in vitro adhesion assays with
human uroepithelial cells as a model of UTI and visualized the interaction in real time
using live cells. Assays performed to validate plasmid pGU2664 as a fluorescent marker
in GBS in the context of host cells showed uniform, stable, and high-level GFPmut3
expression in GBS GU2666 in association with human cells, compared to the control
vector pDL278 in GU2672 that exhibited minimal fluorescence above background (Fig.
8). Irregular adhesive patterns of GBS to the cultured human bladder uroepithelial cells
were observed following the 2-h incubation period. Video capture demonstrated many
adhered GBS cells on the bladder uroepithelial cells amid a background of media and

FIG 6 Effect of sodium hypochlorite on GBS viability and GFPmut3 fluorescence. GFPmut3� GU2666
cells expressing GFP were exposed to a range of sodium hypochlorite concentrations for a period of 1
h. Subsequently, the bacteria were monitored for GFPmut3 fluorescence (A) and viability (B). The dotted
line shows the detection limit for these assays. Bars show the SEM of the results from four independent
experiments.
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bacterial flowthrough (observed as free-floating chains of nonadhered GBS) within the
culture chamber (see Movie S1 in the supplemental material). A comparison of the
relative adhesion levels of WT GBS and a CovR� mutant that is known to be attenuated
for adhesion to human epithelial cells (25) confirmed the attenuated phenotype of the
mutant (Fig. 9). Relative quantification of the level of fluorescence in these cultures
using pixel analysis confirmed a significant attenuation in the level of adhesion of the
CovR� mutant compared to the WT strain (Fig. S3). Thus, plasmid pGU2664 is a useful
tool for visualizing the interactions between GBS and live host cells.

DISCUSSION

With the present study, we aimed to extend the range of available visualization tools
for GBS by constructing and evaluating a plasmid-based system that can enable
constitutive, high-level, growth phase-independent expression of GFPmut3 in GBS. We
took advantage of the promoter probe vector pCP25 to merge CP25 and gfpmut3-
derived GFPmut3 into pDL278, creating plasmid pGU2664. We have established the
utility of plasmid pGU2664 in affording GFPmut3 expression in GBS using three
systems: population-level analysis of GBS cultures, single-cell analysis of GBS, and
cellular interaction analysis at the host-microbe interface with human cells. Plasmid
pGU2664 affords visible expression of GFPmut3 in individual GBS cells and is stable
over many generations of GBS replication in vitro in nutrient-rich media and in the
absence of selection pressure. Spectrophotometric and temporal analyses of the ex-
pression of GFPmut3 in GBS at distinct phases of bacterial growth, achieved by the use
of fluorescence polarization, validate plasmid pGU2664 as a fluorescence marker for
GBS in cells maintained at stationary phase. The successful GFP tagging of GBS using

FIG 7 Effect of nitric oxide and distinct antibiotics on GBS viability and GFPmut3 fluorescence. GFP-
mut3� GU2666 cells expressing GFP were exposed to SNAP (an NO donor) at various concentrations (in
millimolar) or chloramphenicol or gentamicin (Gent) (in milligrams per milliliter), two antibiotics with
distinct antibacterial effects (bacteriostatic and bactericidal, respectively), for a period of 24 h. Subse-
quently, the bacteria were monitored for GFPmut3 fluorescence (A) and viability (B). Bars show the SEM
of three independent replicates.
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a plasmid system in trans in this study, to afford GBS stable, high-level fluorescence, will
be useful for various experimental systems.

Studies on GBS that have used fluorescence approaches to label the bacteria have
principally applied labeling methods that incorporate DNA stains, such as LIVE/DEAD
viability stains (23, 44–49), nonspecific protein stains, such as fluorescein isothiocyanate
(FITC) (17, 50–53), or antibody-based immunostaining methods (12, 54, 55). Other
previous studies have reported the expression of GFP in GBS, as follows: Périchon et al.
examined transcriptional fusions with gfp as a reporter gene linked to the PI-2b pilus
locus in GBS BM110 and A909 strains (54), Aymanns et al. used a transcriptional fusion
with cfb to show that oxygen conditions can affect GBS fluorescence (56), and Cutting
et al. investigated the expression of plasmid-borne GFP in GBS strain COH1 in trans (11).
The development of plasmid pGU2664 in the current study provides a useful advance-
ment for visualizing GBS, in that the expression of GFPmut3 in GBS(pGU2664) is
independent of growth state or regulation by intrinsic transcriptional regulators of GBS.
Appreciable high-level GFPmut3 expression in GBS strains carrying pGU2664 is easily
visualized in single bacterial cells in comparison to the relatively low-level expression of
GFP previously reported in GBS COH1 (11).

The reporter method developed in this study offers several advantages for imaging
of GBS in different experimental contexts. In contrast to other approaches that have
been used to visualize GBS, such as electron microscopy, which often require prepa-
ration techniques that kill or alter the structure of cells, plasmid pGU2664 enables the
visualization of live GBS without the addition of exogenous substrates. Additional

FIG 8 Plasmid pGU2664 enables visualization of GBS in association with human cells. Inoculation of 5637
uroepithelial cells with GU2666 (GFP�) containing plasmid pGU2664 compared to GU2672 (GFP�)
carrying control vector pDL278. Incubations were for a period of 2 h based on an MOI of 100. (A and B)
Low-power (�400) (A) and high-power (�1,000) (B) magnifications, which were captured preflow.

GFP Expression in S. agalactiae Applied and Environmental Microbiology

September 2018 Volume 84 Issue 18 e01262-18 aem.asm.org 9

http://aem.asm.org


benefits include (i) potential application to real-time assays, such as flow cytometry for
bacterial enumeration, (ii) independence of culture for bacterial enumeration, (iii)
potential to detect viable nonculturable GBS, (iv) potential application to high-
throughput methods, (v) high accuracy for some applications (relative quantitative
fluorescence measures of GBS chain length, for example), and (vi) the capacity for
visualization of subcellular location of GBS in host cells.

The results of adhesion assays with WT and CovR� mutant GBS strains in the present
study show the utility of plasmid pGU2664 in host colonization studies. We used human
uroepithelial cells to model GBS UTI, which is a similar approach to several previous
studies (57–59). The present work, based on a fluorescence imaging approach, enabled
live cell analysis to capture the interactions of GBS with living human cells in real time.
Further work to characterize the interactions of GBS with live host cells under flow
conditions similar to those reported here will be of interest. The imaging of GB-
S(pGU2664) in situ in tissue sections in animal model studies may also be possible.
Theoretically, imaging GBS(pGU2664) in vivo in live animals could be possible, but more
challenging, than using bioluminescent reporters that offer better tissue penetration
than fluorescent proteins (60).

The limitations of the current study include the analysis of only a single GBS strain,
874391, which, given that different bacteria express fluorescent proteins differently
(61), highlights the need to test this system in different GBS strains. The level of

FIG 9 Comparison of adhesion of WT and CovR� mutant GBS to human cells. Inoculation of 5637
uroepithelial cells with WT and CovR� mutant GBS (both carrying plasmid pGU2664) shows the
attenuated adherence phenotype of the CovR� mutant based on the fluorescence detection of GFPmut3.
Quantitation of the fluorescence signals in areas colocated with the human cells (cell-associated
fluorescence) was achieved using the ImageJ software and compared to acellular areas (slide-associated
fluorescence). The quantitated data reveal significantly more fluorescence signal colocated with epithe-
lial cells inoculated with WT GBS versus the CovR� mutant (Fig. S3).
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expression of GFP in bacteria may be affected by differential codon usage (62–64),
mRNA stability (65), temperature, oxygen availability, pH, and other variables (37), none
of which were tested in this study but would be of interest to investigate in GBS. GFP
variants can express at different levels among different bacterial genera (30), and
benchmarking of different GFP variants in GBS could be used to confirm optimal
fluorescence. We accomplished GFPmut3 expression in GBS through the introduction
of a plasmid, a common approach in many studies (31, 32, 66). An alternative approach
could be to integrate the CP25-gfpmut3 construct into the GBS chromosome, akin to
other studies (38, 66, 67), which would provide the advantage of not requiring
continuous selection pressure to maintain the plasmid. Of note, however, are the data
shown here of good stability of pGU2664 in GBS in vitro in the absence of selection
pressure. Furthermore, chromosomal gfp integrants may be subject to unknown pro-
moters in bacteria (68), integrate in multiple locations (69), and/or afford lower levels
of fluorescence than bacteria carrying multicopy-number plasmids in trans. Addition-
ally, designing chromosomal insertions without polar effects can be challenging.
Finally, given the need for posttranslational oxidation for the maturation of GFP (30), it
would also be of interest to examine the expression levels of GFPmut3 in GBS cultures
grown aerobically versus anaerobically.

We showed that antimicrobial conditions, including exposure to hypochlorite, toxic
radicals, or antibiotics, can cause a loss of viability of GBS and also abolish the GFPmut3
fluorescence signal in the bacteria. The implications of these findings relate to different
(potentially stressful) environmental conditions. Overall, these observations suggest
that where GBS cells are viable, they express GFPmut3. However, there are limitations
to this general observation; we did observe strong fluorescence from dead intact GBS
cells that had been treated with antibiotics. Exposure to oxidative products and free
radicals, such as hypochlorite and nitric oxide, is likely to destroy the GFPmut3 protein
more rapidly than antimicrobial conditions that render GBS nonviable through other
(non-protein-targeting) mechanisms. This limitation may influence the utility of the
GFPmut3 tag for detecting GBS in some experiments. Finally, we used monocultures of
uroepithelial cells to model host-microbe interactions, and this has limitations com-
pared to epithelial cell cocultures to model infection, as reviewed elsewhere (70).
Interestingly, the irregular adhesive patterns of GBS to the cultured human bladder
uroepithelial cells that we observed in this study are reminiscent of the mosaic pattern
of E. coli adhesion known to occur with bladder uroepithelial cells (71). The molecular
basis of adhesion of GBS to bladder uroepithelial cells is not known.

In summary, plasmid pGU2664 will enable new studies of GBS biology based on the
detection of fluorescence. Further analysis of GFPmut3 as a biomarker will be vital to show
its utility in diverse applications, including those aimed at better understanding GBS
virulence.

MATERIALS AND METHODS
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used in this

study are listed in Table 1. The whole-genome-sequenced hypervirulent sequence type 17 (ST-17) type
strain GBS 874391 (72) or its isogenic CovR-deficient derivative strain (25) was used. Plasmid pJRS9567
was kindly provided by Timothy Barnett and June Scott, Emory University. The E. coli-Gram-positive
bacterial shuttle vector pDL278 was a gift from Gary Dunny (73). E. coli strains were routinely cultured
in lysogeny broth (LB), and GBS strains were routinely cultured in THB (Thermo Fisher Scientific), on
tryptone soya agar (TSA; Thermo Fisher Scientific) containing 5% horse blood (Thermo Fisher Scientific)
or in CDM (43). Starter cultures were aerated at 200 rpm for 16 to 18 h prior to use. For strains carrying
plasmids, the respective media were supplemented with antibiotics at the following concentrations:
spectinomycin (Sp), 100 �g · ml�1; and chloramphenicol (Cm), 10 �g · ml�1.

DNA isolation procedures. Plasmid DNA from E. coli DH5� derivatives was routinely isolated using
the QIAprep spin plasmid miniprep kit (Qiagen), according to the manufacturer’s instructions. GBS
plasmid DNA was also isolated using this kit but with modification of the P1 buffer, which was
supplemented with 30 mg · ml�1 lysozyme (catalog no. L6876; Sigma-Aldrich) and 100 U of mutanolysin
(catalog no. M9901; Sigma-Aldrich) per 250 �l, and incubated for 1 h at 37°C prior to the addition of the
P2 buffer.

DNA manipulations and electroporation of GBS. The scheme used to construct the GFPmut3-
expressing plasmid pGU2664, which was designed to supply fluorescence to GBS in trans, is summarized
in Fig. 10. The upper portion of Fig. 10 shows the GFPmut3-expressing plasmid pJRS9567 that contains
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a 108-bp XhoI�XbaI fragment from pCP25 (42) and a 748-bp XbaI�HindIII fragment from pUC18T-mini-
Tn7T-Gm-gfpmut3 (74), both cloned into the Gram-positive shuttle vector pLZ12 (75). pJRS9567 was used
to derive gfpmut3 for this study. Plasmid DNA was manipulated using restriction endonuclease EcoRI,
alkaline phosphatase, and T4 DNA ligase, according to the manufacturer’s specifications (Roche). Ligation
reaction mixtures were transformed into E. coli DH5�, and the resultant recombinant plasmid was
selected using a blue-white screen on LB agar containing Sp, isopropyl-�-D-thiogalactopyranoside (IPTG;
1 mM), and 5-bromo-4-chloro-3-indolyl-�-D-thiogalactopyranoside (X-Gal; 40 �g · ml�1). We constructed
plasmid pGU2664 by excising a 1.9-kb EcoRI fragment containing the cp25-gfpmut3 fusion from
pJRS9567 and cloning it into the EcoRI site of the multicloning site of pDL278, as shown in the lower
portion of Fig. 10. We verified plasmid pGU2664 by restriction analysis and sequenced the insert in its
entirety using the oligonucleotides listed in Table 2. Sequence reads across the 1.9-kb insert were
mapped and assembled using Sequencher software. Electroporation of GBS with either plasmid pDL278

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Characteristicsa Reference(s) or source

Strains
E. coli DH5� Cloning host; �lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17(rK

� mK
�) supE44 thi-1 gyrA96 relA1 Bethesda Research

Laboratories
GBS 874391 WT serotype III sequence type 17 strain, vaginal isolate 72, 81, 82
GBS GU2400 covR derivative of GBS 874391; Cmr 25
GBS GU2666 GFP� plasmid pGU2664 transformed into WT GBS strain 874391; Spr This work
GBS GU2672 pDL278 plasmid (empty vector) transformed into WT GBS strain 874391; Spr This work
GBS GU2673 pDL278 plasmid (empty vector) transformed into covR GBS strain GU2400; Spr Cmr This work
GBS GU2676 GFP� plasmid pGU2664 transformed into covR GBS strain GU2400; Spr Cmr This work

Plasmids
pLZ12 E. coli-streptococcal shuttle vector; Cmr 75
pDL278 E. coli-streptococcal shuttle vector; Spr 73
pJRS9567 gfpmut3 plasmid; Cmr June Scott
pGU2664 gfpmut3 cloned into EcoRI site of pDL278; Spr This work

aCmr, chloramphenicol resistance; Spr, spectinomycin resistance.

FIG 10 Construction of plasmid pGU2664. Plasmid pJRS9567 comprises the pLZ12 (75) backbone
and gfpmut3 under the control of the synthetic promoter CP25, and was kindly provided by Timothy
Barnett and June Scott, Emory University. The gfpmut3 and cp25 fragments that were cloned into
pJRS9567 originated from pUC18T-mini-Tn7T-Gm-gfpmut3 (74) and pCP25 (42), respectively. In the
present study, a 1.9-kb EcoRI fragment from pJRS9567 was cloned into the EcoRI site of the
multicloning site (MCS) of pDL278 to make plasmid pGU2664. The E. coli-Gram-positive bacterial
shuttle vector pDL278 was a gift from Gary Dunny (73). E, EcoRI; Ermr, erythromycin resistance;
Ampr, ampicillin resistance; Gmr, gentamicin resistance; Cmr, chloramphenicol resistance; Spr,
spectinomycin resistance.
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or pGU2664 was performed as described previously (57), and transformants were selected on THB agar
containing Sp.

Plasmid stability assay. The stability of plasmid pGU2664 in GBS strain GU2666 grown in the
absence of antibiotics was determined essentially as previously described (28, 76). Briefly, plasmid-
carrying GBS was cultured in THB, with or without selection (Sp), and was diluted 1:1,000 every 12 h in
fresh selective or nonselective medium for a total of �100 generations; this equated to a total of 5
subcultures over a period of 2.5 days. Plasmid stability was determined every �20 generations (12 h) by
enumerating the number of bacteria on TSA blood agar without antibiotics (e.g., the total CFU)
compared to that on THB agar with antibiotics (e.g., Spr CFU). The experiments were repeated three
times.

Fluorescence microscopy. The expression of GFPmut3 in cells of GBS was analyzed using a Zeiss
AxioImager.M2 microscope (Carl Zeiss MicroImaging) fitted with Plan-Apochromat �20/0.8 and �100/
1.46 objective lenses, and an AxioCam MRm Rev.3 camera. We used the Zen 2012 SP2 imaging software
for optical sectioning (77) and image acquisition. For cell imaging, GBS were grown overnight in THB with
Sp; 0.5 ml (approximately 2 � 108 CFU) was washed three times in PBS (pH 7.4) (10,000 � g, 2 min, room
temperature [RT]), stained for DNA using Hoechst 33258 (20 �g · ml�1 PBS; Sigma-Aldrich) for 5 min (at
RT) and washed three times in PBS prior to resuspension in 10 �l of 0.2% n-propyl gallate (n-pg; in a 1:9
solution of PBS [pH 7.4] and glycerol). The cell suspensions were diluted 1:20 in fresh n-pg, and 7 �l was
mounted under Zeiss high-performance coverslips (no. 11/2; 18 mm by 18 mm) using Valap (a mixture
of Vaseline, lanolin, and paraffin wax) (78) and stored at 4°C until viewing. We imaged host-microbe
interactions using human 5637 uroepithelial cells that were inoculated with GBS, as described below. To
visualize the expression of GFPmut3 in colonies of GBS GU2666 on agar, we used a SZX16 stereomicro-
scope in conjunction with CellF software (Olympus Australia Pty Ltd.). Quantitation of fluorescence
signals in some experiments was achieved using ImageJ software 1.51 (79).

Growth experiments using multimode plate reader. Overnight THB cultures of GBS were har-
vested by centrifugation and washed three times in PBS (pH 7.4) subsequent to being diluted 1:100 into
fresh CDM or THB (approximately 1 � 106 CFU per well). Then, 200-�l volumes of the cell suspensions
were aliquoted in triplicate into the wells of a (flat-bottom) 96-well plate (catalog no. 655180; Greiner).
Plates were sealed using gas-permeable Breathe-Easy membranes (catalog no. Z380059; Sigma-Aldrich)
and incubated for 12 h in a CLARIOstar multimode plate reader (BMG Labtech) with an atmospheric
control unit set at 37°C in an atmosphere containing 5% CO2. The optical density at 600 nm (OD600) was
monitored every 15 min with agitation at 300 rpm between cycles with single orbital shaking, path
length correction for 200-�l volumes, and orbital averaging from a 3-mm diameter with 10 flashes per
well. The experiments were repeated independently at least three times.

Fluorescence measurements using multimode plate reader. The GFPmut3 reporter has redshifted
excitation maxima, exhibiting excitation and emission maxima of 501 nm and 511 nm, respectively (39).
However, GFPmut3 can be monitored using standard FITC filter sets because of efficient excitation at 488
nm. For reference, the excitation and emission maxima for WT and other GFP variants reported in prior
studies range from 395 nm to 501 nm and 508 nm to 535 nm, respectively (28, 30, 39); enhanced GFP
(eGFP) has an excitation maximum of 488 nm (80). For plate reader assays, fluorescence intensity was
monitored in parallel with OD600 growth measurements every 15 min. We used the linear variable filter
monochromator of the CLARIOstar multimode plate reader to monitor GFPmut3 fluorescence using
excitation at 470 nm with a 15-nm width and emission at 515 nm with a 20-nm width, and the gain was
set at 1,700 for the detection of GFPmut3 in these assays. In addition to fluorescence intensity
measurements, we also used fluorescence polarization to monitor GFPmut3 fluorescence and distinguish
it from the background autofluorescence of THB medium. For polarization intensity measurements,
parallel (Ipara) and perpendicular (Iperp) intensities were monitored using the excitation filter at 482 nm
(16-nm width), dichroic filter low-pass (LP) at 504 nm, emission filter at 515 nm (30-nm width), gain A set
at 951, gain B set at 1,113, focal height at 7.8 mm, and target millipolarization (mP) value of 35; the total
fluorescence polarization intensity was calculated by the sum Ipara � 2Iperp.

Effect of cell death on GFPmut3 fluorescence in GBS. To evaluate GFPmut3 fluorescence in GBS
exposed to a variety of antimicrobial compounds, approximately 5 � 107 CFU of stationary-phase
GU2666 cells were exposed to a range of concentrations of sodium hypochlorite, the endogenous nitric
oxide donor S-nitroso-N-acetyl-penicillamine (SNAP; dissolved in DMSO), chloramphenicol, or gentamicin
in 200 �l PBS. Vehicle control assays with various concentrations of DMSO were also performed in parallel
to compare to SNAP-exposed GBS. The assays were performed using 96-well plates (Greiner) that were
sealed using Breathe-Easy membranes (Sigma) for the entirety of incubation and fluorescence detection.
The assays that contained sodium hypochlorite were incubated for a total period of 1 h, whereas those
with SNAP, chloramphenicol, gentamicin, or DMSO were incubated for 24 h. GFPmut3 fluorescence was
quantified as described above using a CLARIOstar multimode plate reader, and surviving bacteria were

TABLE 2 Oligonucleotides used in this study for sequencing of pGU2664

Primer name Sequence (5=–3=)
GFP_N-term_R1 CCTTCACCCTCTCCACTGAC
GFP_C-term_F1 AAAGGTATTGATTTTAAAGAAGATGGA
GFP_C-term_R2 CCCAGCAGCTGTTACAAACTC
M13F GGTGTAAAACGACGGCCAG
M13R AGGAAACAGCTATGACCATG
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enumerated by colony counts on agar. The experiments were repeated independently at least three
times.

Adhesion assays. To evaluate GU2666 in the context of host cells, we used adhesion assays with
uroepithelial cells and imaged the interactions in real time. Briefly, approximately 2 � 105 human 5637
uroepithelial cells were cultured in 200 �l of medium in �-Slide I0.8 Luer chamber ibiTreat tissue culture
slides (ibidi GmbH). The cells were grown for 24 h at 37°C in 5% CO2 in RPMI 1640 medium (Life
Technologies) containing 10% fetal bovine serum, 25 mmol · liter�1 HEPES, 2 mmol · liter�1 L-glutamine,
100 mmol · liter�1 nonessential amino acids, and 1 mmol · liter�1 sodium pyruvate. Inoculations were
performed with GBS at a multiplicity of infection (MOI) of approximately 100 bacteria per cell for 2 h.
After 2 h of static incubation, adherent bacteria were imaged prior to, during, and after the flowing of
10 chamber volumes of RPMI medium through the slides. Flow conditions were generated by a perfusion
set (50-cm length, 0.8-mm internal diameter 10-ml reservoirs; white) and were analyzed using low,
medium, and high flow rates to visualize the removal of nonadherent bacteria from the chamber. The
conditions of low flow (0.8 ml · min�1; shear stress, 0.2 dyne [dyn] · cm2; 500 Pa pressure), medium flow
(1.6 ml · min�1; shear stress, 0.43 dyn · cm2; 900 Pa pressure), and high-flow (5.0 ml · min�1; shear stress,
1.25 dyn · cm2; 2.93 kPa pressure) were managed using a pump system and fluidic unit (ibidi GmbH).
Images of the host cells and bacteria were captured live in real time using a Zeiss AxioObserver.Z1
microscope (Carl Zeiss MicroImaging) fitted with Plan-Apochromat �20/0.8 and �63/1.40 objective
lenses and an AxioCam 506 camera. During imaging, the cells were maintained at 37°C using a Heating
Insert P Lab-Tek S in combination with a TempModule S (PeCon GmbH). Images of live cells were
captured using differential interference contrast (DIC) settings in combination with an eGFP filter (to
detect GFPmut3) and Zen Pro (version 2) software.

Statistics. The numbers of Spr colonies in GBS liquid cultures grown in the presence and absence of
antibiotic selection were compared over time using area under the curve (AUC) analysis with Student’s
t tests. Group-wise data are displayed as the mean � standard error of the mean (SEM). The experiments
were repeated at least three times in independent assays. The statistical analyses were performed using
GraphPad Prism version 6 and SPSS version 21.0.
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