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Identification of different bacterial species in biofilms
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Abstract. Confocal Raman microspectroscopy is used to discrimi-
nate between different species of bacteria grown in biofilms. Tests are
performed using two bacterial species, Streptococcus sanguinis and
Streptococcus mutans, which are major components of oral plaque and
of particular interest due to their association with healthy and cariogenic
plaque, respectively. Dehydrated biofilms of these species are stud-
ied as a simplified model of dental plaque. A prediction model based
on principal component analysis and logistic regression is calibrated
using pure biofilms of each species and validated on pure biofilms
grown months later, achieving 96% accuracy in prospective classifi-
cation. When biofilms of the two species are partially mixed together,
Raman-based identifications are achieved within ~2 um of the bound-
aries between species with 97% accuracy. This combination of spatial
resolution and predication accuracy should be suitable for forming im-

ages of species distributions within intact two-species biofilms. ©2010
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.3505010]
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1 Introduction

Rapid identification of microbial species is important to any
field where bacterial contamination is a possibility. In med-
ical diagnostics, it may allow for faster treatment of disease
than would be possible with traditional microbiological tech-
niques. For example, selective plating involves streaking a bac-
terial sample on a variety of agar plates containing different
growth media and waiting up to 48 h to determine the species.
Serial dilutions on these selective plates typically provide only
an order-of-magnitude estimate of concentration, making it diffi-
cult to determine relative concentrations of two or more species.
In addition, this method can identify only bacteria that are in
a state capable of reproduction. Raman spectroscopy has the
potential to identify and quantify bacterial species in a more
timely manner, including those that have died/ceased replica-
tion, by probing the chemically specific differences between
bacteria in a noninvasive manner. It has been used to success-
fully identify a variety of medically and clean-room-relevant
bacteria.'™

Raman spectroscopy is used here to distinguish between two
species of streptococci S. sanguinis and S. mutans. These bac-
teria are of particular interest due to their relationship with oral
health, as the two most common species found in human dental
plaque.* On one hand, S. mutans has been identified as the most
cariogenic species, with elevated concentrations being linked
to increased tooth decay.>® On the other hand, S. sanguinis
is the main constituent of healthy plaque.* Examining the rela-
tive concentration balance between these two species may serve
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as an indicator of a patient’s oral health and risk of tooth de-
cay. In previous work, our group successfully discriminated
between several species of oral bacteria, including S. sangui-
nis and S. mutans, and determined relative concentrations of
multiple species in a mixed sample.” For simplicity, the bacteria
in these studies were centrifuged from planktonic suspension;
this environment is not, however, a good model for the bacterial
environment on the surface of teeth. The focus is now shifted to
study S. sanguinis and S. mutans as they appear in biofilms as a
simplified model for dental plaque. Cells growing as a biofilm
exhibit a number of properties that are distinct from cells grown
in suspension, including changes in protein production,® making
it important to study the bacteria in the form in which they are
more commonly found.

In this paper, the ability to distinguish between biofilm sam-
ples of S. sanguinis and S. mutans is demonstrated. A species-
identification model was calibrated with spectra from pure
biofilms and validated on a unique set of pure biofilms grown at
a later date. Also, since a further goal of this work is to exam-
ine intact biofilms of a mixture of the two species, the spatial
resolution at which correct classifications can be performed in a
multispecies environment was examined. As a means of verify-
ing the true species in mixed biofilms, “pseudo-mixed” biofilms
were created, where one species is stained before stirring the
two species together.

2 Methods
2.1 Biofilm Preparations

Streptococcus mutans UA159 and S. sanguinis 10904 were the
bacterial strains used in this study. Although the species have
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different preferred growth media, identical preparations were
used to avoid any chance that classifications would be based on
chemical information from the food source. Cells were streaked
onto agar plates containing brain heart infusion medium (BD
Difco, Franklin Lakes, New Jersey). Colonies were selected to
inoculate liquid cultures containing Todd Hewitt (TH) broth
(VWR International, West Chester, Pennsylvania) and 0.5%
(w/v) sucrose. The introduction of sucrose enabled the bacte-
ria to begin production of extracellular polysaccharides (EPS),
which are necessary for the formation of biofilms. After approx-
imately 24 h, 1 mL of the inoculant was added to ~49 mL of
fresh TH with 0.5% sucrose in a bottle containing a glass micro-
scope slide standing upright. Twenty-four hours later, the slide
was transferred to fresh TH with 0.5% glucose. The change of
sugars was meant to enable the biofilms to continue growing in
a manner that would make them rich in cellular content while
limiting the amount of EPS generated. The media was changed
daily to reach 4 days of biofilm growth.

Since the biofilms were grown as models for dental plaque,
samples of the biofilms were scraped from the microscope slides
and transferred to CaF, disks, much like a plaque scraping
might be harvested from a tooth surface. The samples were
allowed to dry at room temperature to prevent sample recession
from the laser focus as a result of evaporation during longer
scans.

For the generation of pseudo-mixed biofilms, a staining pro-
tocol was created based on traditional Gram staining procedures.
We centrifuged 2 mL of suspended planktonic cells from the lig-
uid surrounding a biofilm slide at 10,000 rpm for 6 min. The
supernatant was removed and 100 uL of crystal violet (CV) was
added. After a few minutes, 1 mL of water was added to dilute
the dye and the sample was recentrifuged. We added 100 pL of
iodine to the pellet and allowed it to sit for a few minutes.
We added 1 mL of water to dilute the iodine before recen-
trifugation. Since streptococci are Gram-positive, the staining
procedure could be terminated at this point to avoid the cellular
damage that might occur with the washing of cells with ethanol
or acetone. The sample was, however, washed three times with
water to remove loose stain/iodine. Inspection via microscope
indicated uptake of the stain by the bacteria.

2.2 System Design

The confocal Raman microscope used in this study was de-
scribed previously® and is shown schematically in Fig. 1. An
830-nm diode laser (Micro Laser Systems, Inc., Garden Grove,
California) was used to excite Raman scattering. This near-IR
wavelength was selected to help avoid the fluorescence com-
monly observed in biological materials, as well as to prevent
damage to the sample as these results will be used to study
biofilms in situ in the future. The beam passed through a
bandpass filter (Chroma Technology Corp., Bellows Falls, Ver-
mont) and a spatial filter (10x objective, Newport Corp., Irvine,
California; 10-um pinhole). The beam was then reflected from
a holographic notch filter (Semrock, Inc., Rochester, New York)
at near-normal incidence before being directed into the upright
microscope. A 50x, 0.8 numerical aperture (NA) air objective
(Nikon Corp., Tokyo, Japan) focused the laser to a spot of di-
ameter 1.5 pum, delivering ~40 mW of laser light to the sample
plane. Epidirected Raman scattered light was collected by the
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Fig. 1 Schematic overview of confocal Raman microscope; see text
for details. Abbreviations: BPF, bandpass filter; SF, spatial filter; HNF,
holographic notch filter.

objective and the Raman-shifted light was transmitted through
the notch filter. The signal was focused onto a circular optical
fiber array (100-um core fibers), where only the central fiber was
used in confocal operation. The fibers were mapped to a linear
array to deliver the light to the spectrometer (HoloSpec f71.8,
Kaiser Optical Systems Inc., Ann Arbor, Michigan). A thermo-
electrically cooled, front-illuminated, open electrode charge-
coupled device (CCD) array (DU420-OE, Andor Technology
PLC, Belfast, Northern Ireland) was used to collect the Raman
spectra. The CCD was operated using code written in-house
within MATLAB® (Version 7.8.0, The MathWorks™, Inc.,
Natick, Massachusetts). The system has a spectral resolution
of ~7 cm ™!, as measured from neon gas emission lines. The
axial sectioning depth is ~5 um, as determined from the deriva-
tive of the response curve when scanning into plastic, following
the method described by Caspers et al.’

Samples were placed on an electronically controlled stage
(x-y; Applied Scientific Instrumentation, Eugene, Oregon; z;
Nikon). When performing lateral scans to assess the spatial
resolution of our species identification, the stage was axially
positioned to place the laser focus 2 wm below the air-sample
boundary to probe a consistent depth. This was achieved through
an autofocusing algorithm based on the image of the laser
light reflected from the sample’s surface, with code written in
MATLAB®.

2.3 Data Acquisition and Preprocessing

Regions for Raman analysis were either chosen randomly from
areas thicker than ~10 pum or as part of a gridlike scan across
a dried biofilm sample. Six frames of 30-s exposures were
recorded to generate one spectrum for each location studied. All
spectra were submitted to preprocessing consisting of cosmic-
ray and system background removal and spectral throughput
correction. The fluorescent background was removed using a
modified polynomial-fitting method described previously.® Af-
ter preprocessing separately, the frames were averaged. Due
to spectrum-to-spectrum instabilities in the laser’s excitation
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Fig. 2 White light transmission images of (a) S. mutans and
(b) S. sanguinis show that the species can not be distinguished based
on appearance alone. (Bar length = 10 um.)

wavelength, all spectra were recalibrated to align the 1003 cm ~!

phenylalanine peak'® and resampled to a common wavenumber
axis. The wavenumber region of 706 to 1810 cm ~! from each
spectrum was submitted for species identification.

2.4 Species Identification Methods

Principal component (PC) analysis was used for data reduc-
tion of the 651 included pixels from each spectrum. The num-
ber of PC scores to retain for subsequent calculations was se-
lected using the smallest number that provided >95% clas-
sification accuracy in a leave-one-group-out cross-validation
(LOGOCYV). This subset of PC scores, along with their cor-
responding species labels, were then submitted to logistic re-
gression ! (LR) to create a model for species separation.
Because the PC-LR method is spectroscopically abstract, a
more intuitive classification scheme was sought to verify the
hypothesis of Raman-based classification. The regression co-
efficients from the LR calibration b, and the difference of the
mean spectra from each species M, (= MUt — 5™ 'were
used to construct the spectrum b; M, . By definition, b, M, as-
signs large values to spectral regions with the greatest predictive
power. Generally, these regions coincided with slight but notice-
able peak-height changes in the mean spectra of the two species.
Areas under four such peaks were used as another method of

data reduction, with these values also being submitted to LR for
species classification.

3 Results

Figure 2 shows white light transmission images of the biofilm
samples from each species. The images appear similar, making
it impossible to identify the species of origin based on con-
ventional white light transmission imaging alone. Raman spec-
troscopy’s chemical specificity offers the ability to distinguish
between the species.

3.1 Calibration on Pure Biofilms

Figure 3 shows the mean spectra for 173 and 162 voxels from
S. sanguinis and S. mutans, respectively, acquired from 37
biofilms over 6 months with a minimum of five spectra acquired
from each biofilm. The mean spectrum of each species was cal-
culated for each measurement day; the shaded backgrounds in
Fig. 3 indicate the standard deviations of those mean spectra.
These 335 spectra comprise the calibration set for discrimina-
tion of future samples. One acquired spectrum was not entered
into the calibration set due to its abnormal background, which
could not be properly fit in the background removal process.
Twenty was the minimum number of PCs needed to achieve 95%
LOGOCYV accuracy and was therefore selected for the analy-
sis here, although using 19 or more PCs gave fairly consistent
LOGOCYV results. To give a sense of scale, these PCs account
for 93.4% of the variance in the calibration set.

3.2 Validation on Pure Biofilms

The PC-LR model was applied to a validation set of 96 spectra
acquired from 11 pure biofilms over 9 months, with all biofilms
grown and examined after the completion of the calibration
set. One additional acquired spectrum was omitted after being
flagged by an automated outlier detection method based on that
described by Haaland and Thomas.'? Table 1 shows the results
of the PC-LR species identification for these spectra; an overall
accuracy of 96% was achieved.

|
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Fig. 3 Mean spectra from (a) S. sanguinis and (b) S. mutans used in the training set. Shaded regions show the standard deviation for each species.
Arrows highlight regions useful in species classification as flagged by LR; solid arrows indicate features used for peak-based discrimination.
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Table 1 Validation of PC-LR model on 96 new spectra.

Reference
S. sanguinis S. mutans
5 S. sanguinis 45 0
§ S. mutans 4 47

The arrows in Fig. 3 indicate regions of spectral variation
between species, as flagged by large values of b, M, in the
PC-LR model, as already mentioned. The areas under a subset
of these peaks (after baseline removal, indicated by solid ar-
rows in Fig. 3), were then used as spectral markers for Raman
feature-based classifications, submitting the peak areas to LR in
place of PC scores. Using this approach, 95% of spectra were
classified correctly by species. It is a satisfying observation that
the classification process can be performed nearly as well using
visible Raman features rather than PC decomposition, although
no chemical interpretation for these peaks is offered at this time.

Species-specific distinctions in Raman spectra are most likely
a result of genomic differences between organisms, translating
into diversity in expressed proteins. While some of these pro-
teins reside within the cells, others are secreted and thereby
influence the extracellular environment. Certain oral bacteria,
in particular, produce glucosyltransferase enzymes that assem-
ble glucose chains called glucans; these are essential compo-
nents of the EPS matrix that typifies oral plaque’s architecture.
Streptococcus sanguinis and S. mutans are known to produce
different types and relative quantities of glucans.'3'® Since our
sample volume size is larger than a single bacterium and the
sample transferral process leads to some homogenization of the
biofilm, presumably some EPS may be present in the Raman
sampling volume along with (or even to the exclusion of) cells.
In principle, the source of species-specific spectral signatures
could be the EPS rather than the bacterial cells themselves. Cel-
lular differences were most likely involved, however, because
spectra of these bacteria grown without the nutrients necessary
for EPS production could also be classified according to species
(data not shown). This is also in agreement with previous re-
sults from our group, with bacteria in colonies grown on agar or
centrifuged from planktonic culture.'” '8

3.3 Analysis of Mixed Biofilms

With confidence in our calibration set as validated by the set
of pure biofilm samples, species identifications were performed
when both species were present in a mixed biofilm. To have
a means of knowing the true species in a given location, one
species was stained before stirring it together with a biofilm sam-
ple from the opposite species, creating pseudo-mixed biofilms
like that shown in Fig. 4. The modified Gram staining proce-
dure left the treated cells with spectral artifacts from the stain;
however, it was still possible to scan over boundaries of stained-
unstained cells and achieve good species identification in the
unstained regions. In the unstained S. mutans scan in Fig. 4,
for example, 110 of 115 unstained locations were classified as
S. mutans. It should be noted that three of the locations classified
as S. sanguinis occur at boundaries where one cannot rule out
the possibility that the voxel was indeed dominated by unstained
or minimally stained S. sanguinis, though this seems unlikely.
Assuming all locations not flagged as containing stain are in
fact the unstained species, for all six pseudo-mixed biofilms
examined, 97% of 526 locations sampled were correctly iden-
tified. This good classification was achieved within ~2 pum of
the boundary between stained and unstained cells. Given that a
single bacterium is ~1 um in diameter, this indicates that our
system cannot image a single bacteria in a biofilm environment,
but should be suitable for imaging larger scale structure in intact,
multispecies biofilms.

4 Discussion

Most literature on Raman analysis of bacteria focuses on either
single cells or bulk samples, typically taken from colonies on
an agar plate'>!7 or centrifuged from liquid suspensions.” '8
When studying biofilms, however, the use of confocal Raman
microscopy provides the additional opportunity to study spa-
tial distributions, with the option of performing this study in
situ.'® While confocal mapping of biofilms is still largely domi-
nated by fluorescence techniques, Raman has been used to map
distributions of water and biomass,”® pigmented EPS and cel-
lular content,”’ and chemical components such as sugars or
proteins.'” Concerning biofilms including S. mutans, only dif-
fusion of polyethylene glycol has been studied.?> Numerous
fluorescence studies have been performed on this species; how-
ever, these are generally limited to resolving distributions of
cells versus other materials and are incapable of distinguishing
between species.”® Fluorescence methods capable of species

Fig. 4 White light transmission image of pseudo-mixed biofilm (left) with a close-up of the scanned region (right). Darker regions are S. sanguinis
stained with CV, while lighter regions are unstained S. mutans. Assignments in the scan: dark circles, S. mutans; light circles, S. sanguinis; x, spectral
outlier (for example, due to the stain). Circle sizes represent laser focus. (Bar length = 10 um.)
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discrimination include green fluorescence protein (GFP) incor-
poration or fluorescent in situ hybridization (FISH). These meth-
ods rely on genetically altered samples>* (GFP) or require inva-
sive preparations of grown biofilms'® (FISH).

Raman spectroscopy, in contrast, has the potential to spa-
tially discriminate between unaltered species in intact biofilms.
Pitzold et al. mapped the distribution of two species in a
wastewater-generated biofilm, although one species was uniden-
tified. The mean spectra for these species were quite different,
being easily distinguished by eye, due to their coming from a
variety of genera.'® In the work presented here, species of the
same genus with Raman spectra that are visually almost identical
(see Fig. 3) were distinguished. Confocal Raman microscopy’s
spatial discrimination should enable the study of the interplay
between species under different growth conditions. Observing
the interaction of S. sanguinis and S. mutans may lead to insights
for treatment methods to prevent tooth decay.

5 Conclusion

Confocal Raman microscopy was used to discriminate between
samples of S. sanguinis and S. mutans in biofilm form, both in
isolation and in pseudo-mixed biofilms. For these two validation
sets, 97% of 622 spectra were properly identified. The lateral
resolution achieved in the scans of psuedomixed biofilms was
~2 pm, which should be reasonable for the structural study
of intact, multispecies biofilms. Future work will include the
study of biofilms of S. sanguinis and S. mutans grown together
throughout the preparation of the biofilm, under various growth
conditions. The methodology used here is general in nature
and should directly transfer to studies of other multibacterial
biofilms.
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