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Abstract

Most bacteria in natural habitats live as biofilms, in‘which bacterial cells are embedded
in matrices of extracellular polymeric.substances adherent to asurface. Recent studies have
revealed that the biofilm modeof living increases the survival rate of bacteria by e.g.,
acquiring extremely-high antibiotic resistance. Although unique structures and functions of
biofilms have attracted much attention in many disciplines of science, it remains challenging
to study biofilms in'vivo and in situ as well as with high chemical specificity. In the present
study, we focus on_the biofilms.of the bacterial species of practical interest known as
Rhodococcus sp. SD-74 and monitor the process- of-its biofilm development using Raman
microspectroscopy and' imaging. Because Raman spectroscopy is nondestructive and
label-free, and is less hampered by the presence of water, Raman microspectroscopy and
imaging are an ideal tool to"study biofilms in situ. We successfully obtained detailed
distribution and composition changes within R. sp. SD-74 biofilm during the development
process. We found that the concentration of carotenoids in the biofilm matrix drastically
increases as biofilm development proceeds. To interpret this phenomenon of carotenoid
accumulation, we hypothesize that carotenoids act as an antioxidant in R. sp. SD-74 biofilms
and counter possible oxidative stress. Raman imaging experiments performed under different
light-illumination conditions support this hypothesis.
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In nature, a majority of bacteria occur as biofilms. Biofilms can be defined broadly as

communities of microorganisms which attach to a surface [2-4]. Whereas those that live in a

flowing fluid (planktonic bacteria) can move freely and are well isolated from each other,

bacteria in biofilms form aggregates which a large population inhabits closely. The

architecture of the aggregate is made up of extracellular polymeric substances (EPSs). EPSs

include a wide range of bio-molecules such as polysaccharides, proteins, glycoproteins,

extracellular DNA (eDNA), lipids,. phespholipids, and so on [5]. These substances are

self-produced by the bacteria residing in the biofilm,.and the compositions of EPSs vary

during biofilm development according to the environment and bacterial species. The biofilm

development process takes place in four steps (Fig. I-1, adapted from Ref. [1]): planktonic

(flow-free) bacterial attachment, microcolony formation, macrocolony formation, and final

dispersal back to the planktonic bacteria, forming a cycle [6-8].

Forming biofilms is advantageous to-the survival of bacteria. Biofilms can protect

bacteria from various types of stress such as treatment with biocides, lack of nutrition, and

shear force. Therefore, they raise many serious clinical and environmental issues [9-11]. In

the medical field, biofilms that remain on the inner wall of a catheter are known as a major

cause of bacterial infection because of their high antibiotic resistance. In industry, adhesion of

biofilms in pipes and reactors may lead to biocorrosion. On the other hand, biofilms benefit

our society as well. For instance, wastewater treatment plants utilize biofilms [12, 13]. Some



bacterial species in their biofilms are known to be effective in bioremediation; they can be

used to decompose fuel oil released in the ocean as a result of an oil spill. Due to the

importance in diverse fields of science, biofilms have been studied extensively in recent years

in terms of biofilm constituents, their formation mechanism, unique functions, and so on

[14-16].

In the present study, we focus on biofilms formed by the bacterial species Rhodococcus

sp. SD-74 and its biofilm development process using Raman microspectroscopy and imaging.

Rhodococcus sp. SD-74 was isolated from an alkaline soil_.sample collected at Sado Island,

Niigata Prefecture, Japan and was first described in 1989 [17]. Rhodococcus sp. SD-74 is an

aerobic and gram-positive bacterium. Rhodococcus sp. SD-74 has a short rod shape of 0.4-0.6

pum in diameter and 0.8-1.5 pm in length [17]. This strain belongs to genus Rhodococcus,

which has been well studied because it is capable of producing diverse organic molecules and

surface-active lipids [18-22]. In/ particular,~Rhodococcus sp. SD-74 can produce a great

amount of succinoyl trehalose lipids (STL) from n-alkane in petroleum as the carbon source

[23]. STL is a potential glycolipid that can be used as a biosurfactant, agent for

bioremediation, and drug. Although the biofilms of Rhodococcus sp. SD-74 are highly

important for microbial production of such useful biomaterials, little has been done so far to

study the biofilms in vivo and in situ and to characterize them at the molecular level. It still

remains unclear how the chemical compositions and distributions within the Rhodococcus sp.



SD-74 biofilm vary with biofilm development as well as how such changes are related to

biofilm functions.

To address those issues, we employ Raman microspectroscopy and imaging. This

approach bears many advantages over other conventional methods, making it ideal for in situ

investigations of biofilms. First, it is nondestructive and less invasive compared to mass

spectrometry and high-performance liquid chromatography, which in principle destroy

biofilm matrices and lose space specificity. Second, Raman microspectroscopy requires no

labeling of certain target molecules unlike fluorescence microscopy, so that detailed

information about complex chemical-compositions in biofilms can be obtained irrespective of

whether the molecular species has already been-identified or not. Finally, water, which is

ubiquitous in biological samples, hinders Raman measurements.to a lesser extent than IR

measurements due to relatively small Raman cross-sections of the water vibrations. Therefore,

biofilm samples containing water can be measured in Situ without any sample pretreatment

such as dehydration.

The remainder of this thesis is organized as follows. In Chapter Il, the experimental

procedures for biofilm growth and Raman measurements are described in depth. Emphasis is

placed on our laboratory-built confocal Raman microspectrometer. Denoising of Raman

spectral data acquired with a short exposure time based on singular value decomposition

(SVD) is explained as well. In Chapter 111, results of Raman microspectroscopy and imaging



of Rhodococcus sp. SD-74 biofilms are presented and discussed. In the first part of Chapter 1lI,

Raman spectra of the two living types of Rhodococcus sp. SD-74, namely, planktonic form

and biofilms, are compared. In the second part of Chapter Ill, Raman monitoring of the

biofilm development process is demonstrated. Space-resolved Raman spectra and Raman

images of Rhodococcus sp. SD-74 biofilms were obtained at five different times during its

development (1, 3, 5, 7, and 9 days), and the following three results have emerged.

(1) There were no significant changes in Raman spectral feature during the biofilm

development.

(2) Biofilms constituents detected-in the Raman spectra can be divided into three groups:

carotenoids, DNA, and admixtures of proteins-and lipids. The distributions of these three

groups showed different characteristics.

(3) The concentration of carotenoids showed a marked increase with biofilm development. A

similar trend was also observed for DNA: In sharp contrast, the concentration of proteins

and lipids just showed fluctuation with time (i.e., no apparent time evolution).

To interpret the observed accumulation of carotenoids in Rhodococcus sp. SD-74 biofilms, we

hypothesized that carotenoids may act as an antioxidant in the biofilms. To test this hypothesis,

a comparison is made between Raman imaging experiments performed under different light

illumination conditions. The results are presented and discussed in the last part of Chapter IlI,

which are consistent with the hypothesis. The phenomenon of carotenoid accumulation



suggests that oxidative stress may be increased during the biofilm development possibly due

to nutritional depletion. A summary is given in Chapter IV.
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11-1. Bacterial strain and growth condition

Rhodococcus sp. SD-74 was kindly provided by Professor Nobuhiko Nomura
(University of Tsukuba, Japan) [17, 23]. This strain was pre-cultured on a PMY agar plate at
30 °C for 1.5 days. After that, it was maintained at 4 °C. PMY agar medium contained 1.0%
(v/iv) glycerol, 0.5% (w/v) polypepton (Laboratorios CONDA), 0.3% yeast extract
(Acumedia), 0.3% malt extract (Bacto), 0.1% KH,PQO,, 0.1% K,HPO,, and 1.5% agarose
(YEASTERN BIOTECH CO., LTD.): Besides, the pH of the medium was adjusted to 7.0
using KOH.
11-2. Preparation of biofilm samples

A single colony of Rhodococcus sp. SD-74 was picked up from the PMY agar plate and
cultured in a tilted glass bottom dish (MatTek; P35G-1.5-20-C).containing 2 mL of TSB
medium (Bacto) (Fig. <l-1).. Rhodococcus sp. SD-74 grew and formed biofilms at the
air-medium interface in an incubator in which the temperature was set to 30 °C and high
humidity was maintained. Biofilms were allowed to develop for different periods (1, 3, 5, 7
and 9 days) and under different illumination conditions (dark and bright). In the bright
condition, a compact fluorescent lamp (Philips; 929689958698) was used to illuminate the
biofilm sample with white light (~30 W/m?). The emission spectrum of the lamp is shown in
Fig. 11-2. Before Raman spectral measurements, excess culture medium was gently removed

from the edge of the dish by a pipette, leaving biofilms on the glass bottom dish. This dish



was directly transferred to the microscope stage for subsequent Raman measurements. After

measurements, the sample was discarded.

11-3. Confocal Raman microspectroscopy and imaging

Raman spectral acquisition and imaging experiments were performed with a

laboratory-built confocal Raman microspectrometer (Fig. 11-3) [24]. The 632.8 nm output of a

He—Ne laser (Thorlabs) was used as the Raman excitation light. The laser beam was

magnified by a factor of ~2.7 in order to cover the exit pupil of the objective used and to

better use a high NA of the objective. The expanded beam was introduced to a custom-made

inverted microscope (Nikon) by apair of an edge filter.(Semrock) and a hot mirror (KJ). This

microscope was modified from a TE2000-U _microscope In collaboration with Nikon

engineers. The beam was focused.onto the sample by an oil-immersion objective (CFI Plan

Fluor; 100x, NA = 1.3).:Back-scattered light was collected by the same objective and guided

along the opposite direction to the incoming path. Rayleigh scattering and anti-Stokes Raman

scattering were eliminated by the edge filter with high blocking of OD > 7, and only Stokes

Raman scattering was transmitted.

Stokes Raman scattering light was first focused onto a 100 um pinhole by a 150 mm

lens and then collimated by another 150 mm lens. This confocal setup enables the elimination

of light coming from off-focal positions and achieved an axial (Z) resolution of 2.4 um (see

below for details about how we obtained this number). Stokes Raman scattering light was
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dispersed by an imaging spectrometer (HORIBA Scientific; iHR320) and detected by a
back-illuminated, deep-depletion, liquid-N, cooled CCD detector (Princeton Instruments;
Spec-10:100) with 100 x 1340 pixels operating at =120 °C. A 600 grooves/mm grating was
used to cover a wide spectral range (> 2000 cm*) with an effective spectral resolution of 7
cm . For bright-field observation, the sample was illuminated by a halogen lamp and optical
images were acquired by a digital camera (Nikon; DS-Ril) equipped with the microscope.

In Raman imaging experiments, a high-preeision piezoelectric nanopositioning stage (PI;
P-563.3CD) equipped on-the microscope stage was used to_translate the sample horizontally.
In the present study, the sample was-translated by 16 um with a 0.4-um step in both X and Y
directions (41 x 41 pixels). Spectral acquisition was synchronized with sample scanning by
the computer program-LabVIEW (National Instruments).

For the purpose of avoiding possible photobleaching and heating effects induced by
laser irradiation, experimental data were acquired under conditions of low laser power (2.6
mW at the sample point) throughout the present study and sufficiently short exposure time (1
s per pixel) in Raman imaging experiments.

Lateral and axial resolutions were estimated by using intensity profiles of selected
Raman bands. Calibration results are shown in Fig. 1I-3. By scanning the laser spot
continuously to cross an interface that is assumed to be infinitely sharp, we can obtain a plot

of the intensity of a given Raman band versus the distance. This distance profile of Raman

11



intensity is fit to a model function f(x). f(x) is equal to a Heaviside function convoluted

with a Gaussian function [25]:

f(x)= N(1+erf(\/_6j] +C (11-1)

where erf stands for the error function. A Gaussian bandwidth o derived from the fitted
result was used to determine the spatial resolution based on the following relation:
resolution = 2+/21In 2o . (11-2)
In lateral direction, a sharp edge of silicon.wafer was chosen as an interface with respect
to air for resolution determination.-The-intensity of a second-order phonon band of silicon at
520 cm ! was used ito plot.a.calibration curve (Fig: 11-4a). In contrast, axial resolution was
determined at a glass=indene interface. The intensity of a Raman band of indene at 1018.3 cm *
was used to plot a calibration curve (Fig. 11-4b).
11-4. Singular value decomposition
In a Raman imaging experiment, a large number of Raman spectra needs to be acquired
within a short period of time (1681 spectra within ~30 min in the present case). To reduce
noise in the spectra acquired with a short exposure time, singular value decomposition (SVD)
analysis was performed [26, 27]. SVD is a purely mathematical procedure that decomposes a
real m x n matrix A according to the following equations (I1-3 to 11-7): [28]
A=UWVT, (11-3)
Ulu=vv=w'=1,, (11-9)

12



W =diag(o;,0,,...,0,) (11-5)
0,20,2..20,20, (11-6)

n

rank(A)=r, ¢ =0, ,=..=0,=0. (11-7)

rol

Here U is an m x n column-orthonormal matrix, and V' is an n x n orthonormal matrix.
The diagonal elements of W are non-negative and called singular values. In this work, the first
500 pixels of Raman spectra, corresponding to 2800-2000 cm *, were removed to increase
computational accuracy and to save:time. 'Raman spectra in the remaining 840 pixels
(2000-290 cm %), which covers the fingerprint region-and .is of our interest, were arranged
according to mapped positions to-construct an 840 x 1681 matrix A. The matrices U and V"
represent the spectral and positional matrices, respectively. The singular value of each
component was used-to decide whether the contribution of ‘the.component to the original
matrix is significant oriot. Components of U and V' associated with small singular values
were neglected when doing reconstruction-of the matrix A. The number of singular values

used for reconstruction depends on images, but it was less than 10 in all cases. The SVD was

computed in Igor Pro (WaveMetrics) using LAPACK routines.
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Figure 11-4. Calibration curves and fitted results for the laboratory-built confocal Raman
microspectrometer-in lateral (XY') direction (a) and axial (Z) direction (b). Red lines,

observed intensity change; blue.lines, best fit to.the model function f(x).
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I11-1. Raman spectra of Rhodococcus sp. SD-74: planktonic versus biofilm forms

Under the static culture conditions, Rhodococcus sp. SD-74 shows two types of the
living form: planktonic form and biofilms (Fig. 111-1). In the planktonic form (Fig. I11-1a), the
bacterium can move freely in the medium and usually occurs as a single cell unless it
undergoes cell division. In contrast, bacterial cells in the biofilm (Fig. 111-1b) adhere to the
glass surface of the culture dish and often form a colony. To examine chemical compositions
of R. sp. SD-74 cells in its planktonic-and biofilm. states, we measured their Raman spectra
(Fig. 111-2). The assignments of the Raman bands observed in Fig. 111-2 are summarized in
Table I11-1 [29-31]. The Raman-spectrum of the planktonic R. sp. SD-74 cell (Fig. 111-2a),
although noisy, shows prominent Raman bands at 1649, 1440, 1001, and 782 cm™. The
Raman band at around 1650 ¢m s assigned to a combination.of the cis-C=C stretching
mode of lipids and the<amide | mode of proteins [30]..The Raman band at ~1440 cm* is
attributable to the CH, scissoring (1439-cm *)-and CH; degenerate deformation (1456 cm )
modes of both proteins and lipids. The 1001 cm™* band is due to the ring breathing vibration
of phenylalanine residues in proteins. The band at 782 cm™* is assigned to the O-P-O
symmetric stretch plus contributions of cytosine and thymine vibrational modes [31],
characteristic of DNA.

The Raman spectrum of the biofilm (Fig. 111-2b) shows a clearly distinct pattern from

that of the planktonic cell. In addition to the same Raman bands as observed in the planktonic

19



spectrum, much more intense bands appear at 1004, 1157, and 1516 cm . All these features
are well-known Raman bands of carotenoids: C=C stretch (1516 cm ), C-C stretch (1157
cm %), and in-plane CHs rocking (1004 cm™). It is interesting to note that carotenoids are
detected only when R. sp. SD-74 forms aggregates.
111-2. Chemical composition and distribution changes during biofilm development

Biofilm development is intrinsically a dynamic process in which not only chemical
compositions but also the distributions of the rbiofilm constituents within the matrix vary
drastically with time. To«monitor such spatiotemporal-evolution of the biofilm constituents
during biofilm development in—situ, we first performed space-resolved Raman spectral
measurements with_a sufficiently long exposure time to achieve a high signal-to-noise ratio
(S/N). We focus on the behavior of the Raman bands of carotenoids at 1516, 1157, and 1004
cm*. We then performéd multimode Raman imaging t0 study the spatial distribution of
carotenoids as well as other biofilm constituents, and its temporal evolution.
111-2-1. Space-resolved Raman spectra

Raman spectra recorded with a long acquisition time have a high S/N and show clear
spectral features. Figure 111-3 shows Raman spectra of Rhodococcus sp. SD-74 biofilms
grown for different periods (1, 3, 5, 7, and 9 days). These spectra were measured at around the
center of the biofilm matrix. Note that the five biofilms were all different. For various reasons,

it was difficult for us to trace the development of one particular biofilm for such a long time

20



as 9 days. We make a comparison between these five spectra based on the spectral pattern and
relative Raman band intensity, which represent differences in chemical composition and
differences in relative concentration, respectively. First, let us consider the chemical
composition change in the biofilm during its development. The five spectra show nearly the
same spectral pattern as in Fig. 1ll1-2a (see Table Il1-1 for band assignments) and do not
change up to 9 days, indicating that there were no significant changes in both chemical
components and their environments in the biofilm.

Second, consider the relative concentration changes of each component in the biofilm.
Remarkably, the intensities of the carotenoid Raman bands increase with the biofilm growth
time. This observation indicates that the carotenoid concentration. in the biofilm increased
with biofilm development. Besides; the band at 782 cm*, which.arises from DNA, shows a
similar tendency to those of carotenoids. Namely, their intensity increased slightly as R. sp.
SD-74 biofilm developed. In contrast, bands-at 1452 and 1658 cm*, which are assigned to
both proteins and lipids, do not show clear time dependence.

I11-2-2. Multimode Raman images

Although the space-resolved Raman spectra shown in Fig. I11-3 allow us to glimpse the
dynamic changes of the biofilm constituents, they cannot provide information on their spatial
distributions. To determine in a quantitative manner how the spatial distributions change with

biofilm development, we performed Raman imaging experiments on Rhodococcus sp. SD-74
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biofilms at 1, 3, 5, 7, and 9 days. We use band area intensities of six Raman bands at 782,
1004, 1157, 1452, 1516, and 1658 cm* to construct a series of biofilm Raman images at 1, 3,
5, 7, and 9 days. The Raman images thus obtained are shown in Fig. I11-4, together with the
optical images of the biofilms. Because each band exhibits a dramatic variation in area
intensity, we adopt different color scales for different Raman images. Red color in Raman
images indicates the highest intensity and purple color indicates the lowest intensity. In this
way, we are able to compare the concentration  change of each component during biofilm
development.

As in the previous discussion, we classify six. Raman bands into three groups:
carotenoids, DNA, _and admixtures of proteins-and lipids. Unlike the Raman images of
proteins and lipids, which display-an almost uniform pattern of.concentration distribution
within the biofilm, the concentration distributions of carotenoids and DNA are found to be
more inhomogeneous. To best ‘see this, compare the Raman images at 7 and 9 days in Fig.
I11-4. No appreciable difference is seen between the optical images of the biofilms at 7 and 9
days. However, the corresponding Raman images of carotenoids and DNA do show a
complicated, highly inhomogeneous pattern inside the biofilms.

Figure I11-5 shows the dependence of the averaged Raman intensities of the three
components (carotenoids, DNA, and proteins and lipids) on biofilm development time.

Because the size of biofilm differs from time to time as shown in the optical images in Fig.
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I11-4, we select the first 500 pixels for each Raman image which give large intensities of the
1516 cm * band and average the intensities at those 500 pixels to plot the time dependence.
Error bars shown in Fig. 111-5 were estimated from standard deviations of the 500 values. The
same averaging protocol was employed for all development times. As shown in Fig. 111-5, the
concentration changes derived from the Raman images show the same tendency as
space-resolved Raman spectra: the concentrations of carotenoids and DNA increase with the
development time, whereas that of proteins and lipids does not show a noticeable increase.

At this point, we<asked why the concentration of carotenoids increases as the
Rhodococcus sp. SD-74 biofilm develops. Carotenoids.are common pigments that are widely
found in nature and play important roles in-many species [32]. Functions of carotenoids
include light harvesting in photosynthesis, antioxidation, andstructural factor in purple
bacteria [33, 34]. In the<course of our investigation, we observed that the color of the culture
medium containing R. sp. SD-74 in a tube-under the stir conditions became darker with
culture time (Fig. 111-6). In both stir and static culture conditions, we did not supply fresh
medium. This observation leads us to hypothesize that carotenoids observed in Rhodococcus
sp. SD-74 biofilm act as an antioxidant and that the increase in their concentration may be a
consequence of some oxidative stress induced by nutrition deficiency in the biofilm during its
development.

111-3. Raman imaging of Rhodococcus sp. SD-74 biofilm under distinct light illumination
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conditions

To test our hypothesis, we performed Raman imaging experiments on Rhodococcus sp.
SD-74 biofilms that were allowed to develop under different oxidative stress conditions,
namely, different light illumination conditions. Intensive light illumination has been shown to
generate high levels of reactive oxygen species (ROSs), such as O, , H,O,, and "OH, in
bacteria [35, 36]. These oxygen species are unstable due to the lack of electrons, so they are
prone to react readily with most. of ' bio-molecules and lead to oxidation. Once the
concentration of ROSs becomes higher than the bacterial defense capacity level, they induce
oxidative stress and in some cases-cause serious damages to bacterial cells [37-39].

In the experiments, we continuously illuminated biofilm samples with the emission
from a compact fluorescent lamp. Because we did not intend to Kill.the bacteria, light intensity
applied was adjusted to’be not very high (~30 W/m?) [40]. Control experiments were also
performed without light illumination (dark-condition).

I11-3-1. Multimode Raman images

Figure 111-6 displays multimode Raman images of R. sp. SD-74 biofilms developed for
1, 3, and 5 days under dark (control) and bright conditions. As shown in Fig. 111-7, there is no
appreciable difference in molecular distributions between the two conditions. In contrast,
temporal concentration changes are quite different between the two conditions. Using the

same method as described earlier, we calculate averaged Raman intensity of each band at each
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time. The time profiles of the averaged Raman intensities of the six bands under the dark and

bright conditions are compared in Fig. 111-8. From Fig. 111-8, we find the following:

(1) The concentration of carotenoids increased with a very similar rate in both dark and bright
conditions. More importantly, the concentration of carotenoids was always higher under
the bright conditions than under the dark conditions.

(2) The Raman bands attributable to proteins and lipids (1452 and 1658 cm ') appear to be
independent of illumination conditions.

(3) The DNA band at 782 e¢m™ increased slightly in. the control experiment but did not
increase when the samples were-continuously illuminated by the lamp.

111-3-2. Possible origin of the carotenoid accumulation

In this section, we discuss plausible accounts for the carotenoid accumulation observed
in Rhodococcus sp. SD<74 biefilms. According to our hypothesis, carotenoids in the present
case are acting as an antioxidant. Because oxidative stress induced in the biofilm is considered
to be greater under the bright conditions than under the dark conditions, a larger amount of

ROSs might be generated in the former case, which requires a larger number of antioxidants,

namely, carotenoids, to protect essential bio-molecules from highly reactive ROSs. Therefore,

we can anticipate that the concentration of carotenoids under the bright conditions is higher
than under the dark conditions. This is exactly what we see in the top panel of Fig. 111-8, and

the experimental results support our hypothesis. We conclude that the concentration of
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carotenoids and the extent of oxidative stress in Rhodococcus sp. SD-74 biofilms are
positively correlated. The increase of carotenoids with biofilm development implies that
oxidative stress increases with time under the present culture conditions and that the

bacterium utilizes carotenoids to counter this effect.
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Table I11-1. Band assignments for Raman spectra of Rhodococcus sp. SD-74 in its planktonic

and biofilm forms.

Wavenumber (cm ™)

Assignment

782

1001

1004

1157

1440

1452

1516

1649

1658

DNA (O-P-0O symmetric stretch plus cytosine and thymine

vibrations)

Ring breathing mode of phenylalanine residues

Carotenoids (in-plane CHjs rocking)

Carotenoids (in-phase C-C stretching)

CH, scissoring and CH3 degenerate deformation

CH3 scissoring and CHg degenerate deformation

Carotenoids. (in-phase C=C stretching)

cis-C=C stretching of unsaturated lipid chains and amide | mode

cis-C=C stretching of unsaturated lipid chains and amide | mode
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(a) Planktonic form (b) Biofilm
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Figure 111-2. Raman spectra of Rhodococcus sp. ‘SD-74 in planktonic form (a) and in

biofilm (b).
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Figure I11-4. Multimode Raman images of Rhodococcus sp. SD-74 biofilms at the
Raman shift of 782, 1004, 1157, 1452, 1516, and 1658 cm * at the development time of 1,
3, 5, 7, and 9 days. The first column shows bright-field optical images of the biofilms
studied. All the images presented here have the same size, i.e., 41 x 41 pixels (16 x 16

um?), for consistency.
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Figure 111-5. Time dependence of averaged Raman band area intensities at 782, 1004,

1157, 1452, 1516, and 1658 cm * shown in Fig. 111-4.
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Figure I11-7. Multimode Raman images of Rhodococcus. sp. SD-74 biofilms at the
Raman shift of 782, 1004, 1157, 1452, 1516;and 1658 cm * with the development periods
of 1, 3, and 5 days under the dark (a) and bright (b) conditions. The first column shows
bright-field optical images of the biofilms studied. All the images presented here have the

same size, i.e., 41 x 41 pixels (16 x 16 um?), for consistency.
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Figure 111-8. Time dependences of averaged Raman band area intensities at 782, 1004,

1157, 1452, 1516, and 1658 cm * shown in Fig. I11-6, under the dark (blue, closed circle)

and bright (red, open circle) conditions.
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Chapter IV
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In the present study, we have investigated in vivo the biofilm development process of

Rhodococcus sp. SD-74 by using Raman microspectroscopy and imaging. First, we explored

Raman spectral differences between planktonic form and biofilm of this species. We then

examined changes with biofilm development time in the concentration of each biofilm

component. We found that the concentration of carotenoids within the biofilm drastically

increases as the biofilm develops. To interpret this phenomenon of carotenoid accumulation

during biofilm development, we hypothesized that.carotenoids are used as an antioxidant and

that its increase serves ta be a preventive mechanism.for the survival of Rhodococcus sp.

SD-74 against oxidative stress.—This hypothesis was supported by Raman imaging

experiments performed under conditions where  the biofilm samples were continuously

illuminated by a fluorescent lamp: More spectroscopic measurements and microbiological

studies are needed to gain deeper insight into the biological significance of our findings.

Nevertheless, the present study/ has demonstrated that Raman imaging, combined with

conventional biochemical assays, offers a new opportunity to study the functions of bacterial

biofilms in vivo and in situ.
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