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Chapter

Confocal Laser Scanning
Microscopy for Spectroscopic

Studies of Living Photosynthetic
Cells

Natalia Grigoryeva and Ludmila Chistyakova

Abstract

Self-fluorescence of light-harvesting complex is a powerful tool for investigation
of living photosynthetic microorganisms. As the physiological state of single cells
of such microorganisms is closely related to the operation and activity of photosyn-
thetic system, any variations in spectroscopic properties of their self-fluorescence
indicate the changes in their physiological state. In this chapter, we present several
applications of confocal laser scanning microscopy (CLSM) for investigation of
living photosynthetic cells. A set of ordinary CLSM techniques will be applied
for studying of cyanobacteria (or blue-green algae) such as 3D imaging, spectral
imaging, microscopic spectroscopy, and fluorescence recovery after photobleaching
(FRAP). Cyanobacteria were chosen as a model microorganism due to their great
importance for different scientific and biotechnological applications. Cyanobacteria
are the most ancient photosynthetic microorganisms on Earth. Nowadays, cyano-
bacteria are one of the most wide-spreaded organisms in nature, and the ecological
aspect in their investigation is quite valuable. On the other hand, thousand strains
belonging to different species are cultivated in biolaboratories all over the world
for different biotechnological applications such as biofuel cells, food production,
pharmaceuticals, fertilizers, etc. Thus, the noninvasive spectroscopic methods are
quite important for monitoring of physiological state of cyanobacterial cultures and
other photosynthetic microorganisms.

Keywords: confocal laser scanning microscopy, fluorescent microscopic spectroscopy,
spectral imaging, 3D bio-imaging, cyanobacteria, blue-green algae,
photosynthetic system, photoactive pigment, light-harvesting complex

1. Introduction

Confocal laser scanning microscopes (CLSMs) are distinguished by their high
spatial and temporal resolution [1, 2]. Modern laser scanning microscopes are
unique tools for visualizing cellular structures and analyzing dynamic processes
inside single cells. They exceed classical light microscopes especially in their axial
resolution, which enables to acquire optical sections (slices) of a specimen. An
object can thus be imaged completely in three dimensions and subsequently visual-
ized as a 3D computer image. Apart from simple imaging, confocal laser scanning
microscopes are designed for the quantification and analysis of image-coded
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information. Among other things, they allow easy determination of fluorescence
intensities, distances, areas, and their changes over time. In particular, they are
capable of quickly detecting and quantitatively unmixing the spectral signatures of
fluorescent objects. Many software functions analyze important parameters such as
the degree of colocalization of labeled structures, or the ion concentration in a spec-
imen. New acquisition CLSM tools include the detection of quantitative properties
of the emitted light such as spectral signatures and fluorescence lifetimes. The most
impressive feature of modern CLSMs is their capability for single-cell microscopic
spectroscopy, which allows to obtain spectroscopic information inside single cells
and small regions. Another group of applications is the quantitative investigations
of dynamic processes in living cells using techniques such as fluorescence recovery
after photobleaching (FRAP), fluorescence resonance energy transfer (FRET),
photoactivation, and photoconversion.

The specific field of CLSM application is the investigation of self-fluorescence of
living cells. The conventional biological fluorescent studies are based mostly on using
fluorescent dyes and labels (chromophores). But it is well-known that the fluorescent
dyes, even most flexible, affect living cells considerably. Thus self-fluorescence should
become the most suitable tool for noninvasive investigation of changes in physi-
ological state of living cells. For instance, the photosynthesis research employs the
detection of self-fluorescence as a key method to study the metabolic mechanisms
in photosynthetic cells and to detect photosynthetic efficiency in vivo. Recent rapid
development of confocal microscopes functionality initiates new directions in subcel-
lular biology research. However, the experiments with photosynthetic cells require
some additional specific skills and techniques to perform measurements and to carry
out data processing [3-7]. The efficiency of photosynthesis and photosynthetic
rate are highly dependent on irradiance. This can be seen in the light-dependency
of various photosynthetic parameters [8]. Moreover, not only light quantity, but
also light “quality” (wavelength) is an important factor. Thus, special spectroscopic
methods are required to study the physiology of phototrophic microorganisms [9].
These organisms employ light-dependent photosynthesis as the main energy source
for their metabolism and the detected self-fluorescence finally reflects the diversity in
morphological and physiological states of their photosynthetic cells [3-7].

CLSM single-cell microscopic spectroscopy is undoubtedly the most powerful
tool for in vivo investigation of physiological processes in photosynthetic organisms
(cyanobacteria, algae, and higher plants). The investigation of self-fluorescence of
single living cells reveals the relation between the physiological state and the opera-
tional activity of photosynthetic system. A lot of interesting static and dynamic
effects can be studied by means of confocal laser scanning microscopy. The investi-
gation of self-fluorescence gives the information about single-cell processes as well
as about the collaboration in cell communities. Changes in spectral characteristics
of living photosynthetic cells indicate changes in their physiological state and can be
applied for the studies of the results of stress states and external actions.

Recent progress in confocal laser scanning microscopy (CLSM) gives an oppor-
tunity to investigate different physiological processes in photosynthetic organisms
on a single-cell level. Such CLSM applications as spectral unmixing and lambda-
scanning provide the recording of spectral characteristics from living cells. FRAP
and FLIP applications allow to study dynamic processes such as cell membrane
fluidity and phycobilisome diffusion along thylakoid membrane. The nondestruc-
tive spectroscopic analysis conducting in vivo at a sub-cellular level allows to obtain
more complete information about special features of individual cyanobacterial
cells and supports the registration of very weak variations in their physiological
state. For example, a novel technique for discrimination of cyanobacterial species
and physiological states of the cells belonging to one strain was elaborated by the
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authors of the present chapter [3-5]. The technique is based on a strict relation
between physiological state and genera affiliation of cyanobacterial cells and the
intensity and the shape of corresponding single-cell fluorescence spectra, obtained
by means of confocal microscopic spectroscopy. Light-, heat-, ultrasound- and
toxin-induced changes can be distinguished by means of confocal microscopic
spectroscopy since all these external actions are stress factors affecting photosyn-
thetic process [5]. The application of such techniques for automation of on-line
monitoring will give an additional opportunity to rise an effectiveness of biotech-
nological production and will bring in a valuable contribution to the development
of innovative approaches in environmental monitoring [4, 5].

Here we present several experimental approaches to study the metabolic
mechanisms in single photosynthetic cells in vivo. They are accompanied by several
examples of in vivo investigations. Three main CLSM tools will be discussed in
details: spectral imaging, fluorescent microscopic spectroscopy, and FRAP. All pre-
sented results were obtained using cyanobacterial strains from CALU collection of
the Core Facility Center “Centre for Culture Collection of Microorganisms” of the
Science Park of St. Petersburg State University as a model objects for CLSM studies.

2. Natural fluorescence

Opposite to the absorption spectra, the in vivo fluorescence spectra are much
more informative. Fluorescence detection is a powerful tool owing to the existence
of natural fluorescence from phycobilins and chlorophylls. It is a highly sensitive,
nearly instantaneous, noninvasive way to study various components and processes
in situ and in vivo. Although the fluorescence spectra contain the information only
about photosynthetic apparatus of different algal groups, they include the informa-
tion about the chemical structure of light harvesting complex (LHC) and accessory
pigment-proteins, as well as about the character of links between pigment-protein
complexes and the efficiency of energy transfer in the light harvesting process.
When compared with absorption, fluorescence is affected by the excitation wave-
length and energy. Thus, the use of different excitation wavelengths can provide
more detailed information for the study of single-cell composition.

Today, there is no doubt that the in vivo analysis of fluorescence parameters
of light-harvesting complexes is a powerful tool for studying the effect of a wide
variety of environmental factors on photosynthetic organisms. The intensity of
fluorescence emitted by single photosynthetic cells in vivo depends on the structure
and operational effectiveness of photosynthetic apparatus, reflecting the individual
characteristic of cyanobacterial strain and in-time physiological state of the cells
under consideration. The environmental changes cause the changes in bioenergetic
processes occurring in cyanobacterial cells, and so they significantly affect the
kinetics parameters and spectral features of the intrinsic fluorescence of photo-
synthetic apparatus. Thus, the intrinsic fluorescence spectra of a particular type
of cyanobacteria, the so-called “fluorescent fingerprints”, can be used to identify
photosynthetic pigments and to determine the viability of individual cells. These
“fluorescent fingerprints” can be easily obtained by the routine lambda-scanning at
most of confocal laser scanning microscopes.

2.1 Model object

Cyanobacteria, used in this study as a model object, are photoautotrophic prokary-
otes. They are important microorganisms that contributed to the early oxygenation of
the atmosphere and oceans on Earth 3.5 billion years ago. Now, cyanobacteria species are
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widely spreaded in nature and different morphologies with unicellular and filamentous
forms can be found among them (Figure 1). Cyanobacteria as oxygen-evolving pho-
tosynthetic prokaryotes are good candidates for being a suitable system for numerous
biological applications. Cyanobacteria have special metabolic features of autotrophic
carbon and nitrogen assimilation and energy supply via photosynthesis, which presents
an increased potential for the next generation of sustainable bioproduction.

In the last years, the investigation of taxonomy, physiology, morphology, and
genetics of cyanobacteria attracts a considerable attention due to their potential
application in biotechnology [10-16] and biosensing [17-19]. Cyanobacterial hydro-
gen has been considered as a very promising source of alternative energy and has
now been made commercially available. Cyanobacteria are also used in aquaculture,
wastewater treatment, food, fertilizers, agriculture, and production of secondary
metabolites including exopolysaccharides, vitamins, toxins, enzymes, and phar-
maceuticals. In addition, the ecological aspect of the harmful bloom monitoring
and control makes an important contribution to this rising interest to cyanobacte-
rial problem. A vast amount of different techniques were elaborated to achieve a
nowadays insight of the physiological processes that rules cyanobacterial life and
their genetic background.

As far as cyanobacteria are ancient photosynthetic microorganisms, they have
complex and effective light harvesting apparatus, which exhibit multifarious self-fluo-
rescent properties. These intrinsic natural features are essential for fluorescent non-
destructive analysis on a single-cell level and give a unique opportunity for steady-state
and time-resolved investigations of various physiological processes in vivo.

In these studies, several cyanobacterial strains from CALU collection of the Core
Facility Center “Centre for Culture Collection of Microorganisms” of the Science
Park of St. Petersburg State University were utilized.

Before the investigations were carried out, the cyanobacterial cells were cul-
tivated during 7 days in BG 11 medium (at 28°C) under continuous white light
irradiation (fluorescent tubes, 40 pmol photons/mz/s). The cyanobacterial cells
for visualization were taken at stationary phase of growth. For CLSM imaging, the

Synechocystis 1336 | Gomphosphaeria Anabaena 824 Geitlerinema 1718

Figure1.

Confocal laser scanning photomicrographs illustrating the morphological features and biological diversity of free-
living and laboratory cyanobacterial strains: Synechocystis CALU 1336, Gomphosphaeria (wild type), Anabaena
CALU 824, and Geitlerinema CALU 1718. Both fluorescence and transmission photomicrographs are presented.
The white bar corresponds to 25 pum.
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living cells were placed onto a glass slide and were allowed to settle. A glass coverslip
was placed on top and sealed with nail polish. Samples were immediately imaged.
All studies were performed with living cells at room temperature. Note here, that
any centrifugation and/or resuspending of cyanobacterial cultures before micro-
scopic measurements change considerably the physiological state of cells under
consideration, and thus should be eliminated.

2.2 Light-harvesting system

Photosynthetic system of cyanobacteria, in contrast to higher plants, contains the
external membrane light-harvesting complexes. Their antenna complex for photosys-
tem II (PSII), and to some extent for photosystem I (PSI), is extrinsic and formed as
a large multiprotein organelles, which are located on the stromal side of the thylakoid
membranes. These supramolecular pigment-protein complexes are called phycobili-
somes (PBSs). The detailed description of the morphology, structure, chemical, and
optical properties of light-harvesting complex of cyanobacteria, phycobilisomes, and
detached phycobilins can be found in numerous publications [8, 20-34]. Here, we
only pointed out several main features that were essential for further discussion.

The main accessory pigments in cyanobacteria are phycobilins. The phycobilins
which are bounded to proteins are known as phycobiliproteins. The three classes
of phycobiliproteins in antenna complexes are allophycocyanin, phycocyanin, and
phycoerythrin. However, in some cyanobacteria, phycoerythrin can be replaced by
phycoerythrocyanin or both pigments can be lacking; phycocyanin and allophyco-
cyanin are constitutively present in all cyanobacteria.

PBSs are assembled from 12 to 18 different types of polypeptides which may be
grouped into three classes: (1) phycobiliproteins, (2) linker polypeptides, and (3)
PBS-associated proteins. Phycobiliproteins, a colored family of water-soluble pro-
teins bearing covalently attached, open-chain tetrapyrroles known as phycobilins.
On the other hand, most of linker polypeptides do not bear chromophores.

Phycobilisomes are constructed from two main structural elements: a core
substructure and peripheral rods that are arranged in a hemidiscoidal fashion around
that core (Figure 2). The core of most hemidiscoidal phycobilisomes is composed of
three (or two) cylindrical subassemblies, which are arranged side-by-side and form
a triangle stack. Each core cylinder is made up of four disc-shaped phycobiliprotein
trimmers, allophycocyanin (APC), allophycocyanin B (APC-B), and APC core-
membrane linker complex (APC-LCM). By the core-membrane linkers, PBSs are
attached on thylakoids and structurally coupled with PSII. The peripheral cylindrical
rods (six or eight) radiate from the lateral surfaces of the core substructure and are
usually not in contact with the thylakoid membrane. The rods are made up of hexam-
ers, disc-shaped phycobiliproteins, phycoerythrin (PE), phycoerythrocyanin (PEC)
and phycocyanin (PC), and corresponding rod linker polypeptides [8, 24-26, 32-35].
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Schematic drawing of a phycobilisome and the photosynthetic energy transfer to the reaction center.
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2.3 Absorption, fluorescence, and energy transfer

As it was mentioned above, the fluorescence is one of the most powerful ways
to probe photosynthetic systems, because it reports on the energy transfer and
trapping. The intrinsic fluorescence of photosynthetic organisms originates from
excited states that were trapped by light-harvesting system and lost before photo-
chemistry took place.

In the light-harvesting pigment-protein complexes of cyanobacteria, the
pigment molecules are excited by photons. In a nonradiating-induced resonance
transfer process leading up to the reaction centers, they transfer the excitation
energy to other pigment molecules which are excited in turn. In phycobilisomes,
this fast process has an efficiency of almost 100%.

There are two mechanisms that serve the efficient excitation transfer in the light
harvesting complex of cyanobacteria: the inductive resonance (Férster) transfer,
applicable at long distances and weak interactions, and the occurrence of delocal-
ized excitons, applicable at short distances and strong interactions [26].

The most likely mechanism by which excitation hops from one pigment complex
to another across distances greater than several Angstroms is inductive resonance
transfer, also known as Forster transfer [36, 37]. The interaction between an electroni-
cally excited pigment and its unexcited neighbors results in a downward transition of
the initially excited group coupled with an upward transition in the nearby acceptor
pigment by a through space Coulombic interaction (Figure 3). The energy donor and
energy acceptor molecules must have an energy state in common, because when the
excitation hops from donor to acceptor, the conservation of energy is required. This
can be so only if the two molecules have a common energy state and therefore spectral
transitions at the same wavelength. It should be noted, that the requirement for overlap
of the fluorescence emission spectrum of the donor and the absorption spectrum of
the acceptor does not lead to the process of emission of a photon by the donor, which is
followed by absorption of a photon by the acceptor. The Forster transfer is a nonradia-
tive process, which means that no photon emission or absorption is involved.

A critical step in the energy storage process is energy transfer between the
antenna and the reaction center, where separation of the electron from a positively
charged hole occurs. The molecules that accomplish the last event are organized
in the photosynthetic membranes in a highly specific fashion to achieve the high
efficiency of light energy conversion to photochemistry [30, 38].
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Figure 3.

Schematic illustration of the energy transfer in light-harvesting system of cyanobacteria (a). Panel (b) vepresents
the normalized in vivo single-cell fluorescence emission spectra of two cyanobacterial species: blue line—
Leptolyngbia CALU 1713 and red line—Nostoc CALU 1817. Excitation wavelength 488 nm. Dashed lines and
numbers over them indicate emission wavelengths of PE, PC, and Chl a of PCII and PCI, correspondingly.
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The more distal parts of the antenna system, often a peripheral antenna complex
(phycobilisome), maximally absorb photons at shorter wavelengths (higher ener-
gies) than do the pigments in the antenna complexes that are proximal to the reaction
center. Subsequent energy transfer processes are from these high-energy pigments
physically distant from the reaction center to lower energy pigments that are physi-
cally closer to the reaction center (Figure 3). With each transfer, a small amount of
energy is lost as heat, and the excitation is moved closer to the reaction center, where
the energy is stored by photochemistry. Note, that the probability of excitation energy
escapes from the trap in the form of fluorescence at all transfer steps is nonzero and
depends on the intensity and wavelength of the excitation light.

During the energy transfer process, the occasional quenching of the absorbed light
by fluorescence can occur and this becomes the essential property for fluorescent spec-
troscopy. It usually represents a small fraction of the excited states and diminishes in
a functioning photosynthetic complex. Nevertheless, the fluorescence is an extremely
informative quantity, because it reports on the energy transfer and trapping. Both
steadystate and time-resolved fluorescence measurements are widely used methods for
probing the organization and functional state of photosynthetic systems.

The unique spectroscopic properties of different cyanobacterial strains may become
a promising fingerprints for practical and laboratory application [28]. The polypeptide
composition of PBS varies widely among strains of cyanobacteria. However, it should
be noted that the degree of PBS compositional variability, which reflects the ability of
an organism to adapt to environmental changes, varies from strain to strain. Moreover,
for a single strain, it also depends upon the environmental conditions such as nutrient
availability, temperature, light quality, and light intensity.

The intact PBSs in cyanobacteria harvest sun light in the visible range from 400
to 750 nm and transfer the energy to the chlorophyll a (Chl a) of the photosystems
PSII and PSI [24, 34, 35, 39]. When the single pigment-protein complexes aggregate
in PBSs, their absorption bands are broadened due to the additional splitting of
energy levels in the cause of interaction with other biliproteins and linker poly-
peptides. This leads to a more efficient harvesting of the light energy. Blue and red
wavelengths of the visible light (around 440 and 675 nm) are mainly absorbed by
cyclic tetrapyrroles, chlorophylls, combined in PSI and PSII, while green, yellow,
and orange wavelengths (between 550 and 650 nm) are mostly absorbed by open-
chained tetrapyrrole pigments, the phycobilins, composed in extramembranous
antenna structures [24].

The fluorescence of intact living cyanobacterial cells is originated from the
efficiency of the energy transfer between all components of the energy transfer
chain including the final step, the delivery to PSII or PSI (Figure 3(a)). Each
transfer step results in the spectrum shape as a peak or shoulder (Figure 3(b)).
This is due to the fact that when phycobilisomes are bound to the thylakoid
membrane, most of the energy from the last component of phycobilisome is
channeled to chlorophylls in the thylakoid membrane and thus did not shade the
fluorescence of the previous steps in energy transfer chain. In the course of the
energy transfer from the initially photoexcited phycobiliprotein to the reaction
center of photosystems PSI and PSII, fluorescence is emitted from almost every
type of pigment and can be used as a probe to examine the mechanism of energy
transfer within the light-harvesting system [8, 25, 26, 28].

A convenient way to monitor this energy transfer process is to irradiate a
sample with light that is selectively absorbed by one set of pigments and then
monitor fluorescence that originates from a different set of pigments. Obviously,
if the energy transfer is taken place between pigments, the light absorbed by one
set of pigments is emitted by another set differently depending on the excitation
wavelength. This type of fluorescence excitation experiment can also be used to
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measure quantitatively the efficiency of energy transfer from one set of pigments to
another [26]. Moreover, different species of cyanobacteria contain different acces-
sory pigment-proteins and specific linker-proteins between them, therefore a set of
fluorescence emission spectra excited by different wavelengths have its own unique
shape for the cells of one strain and are quite distinguishable from other species
and strains. Such sets of fluorescence emission spectra can be used for automatic
differentiation of cyanobacterial species.

3. Confocal laser scanning microscopy (CLSM)

CLSM applications in biology and medicine predominantly employ fluorescence.
Cellular structures can be specifically labeled with dyes (fluorescent dyes = fluoro-
chromes or fluorophores) in various ways. But the cyanobacterial photosynthetic
pigments, chlorophyll a and phycobilins, have an inherent fluorescence at 543 and
633 nm excitation and 590-800 nm emission and need no labelling for visualization.
To target other specific elements, many fluorescent dyes and labels can be used. In
this study, we use CdSe/ZnS quantum dots for imaging extracellular substances. It is
also possible to use the transmission mode with conventional contrasting methods,
such as differential interference contrast (DIC), as well as to overlay the transmission
and confocal fluorescence images of the same specimen area.

In the present investigation, both Leica TCS-SP5 and Carl Zeiss LSM 750 were
used for investigation of living cyanobacterial cells. For Leica TCS-SP5, laser power
settings are as follows: 29% of Ar laser power was reflected onto sample with
Acousto-Optical Tunable Filter (AOTF) and further power percentage for its laser
lines was: 30% of 458 nm laser-line and 10% for all other lines. A 405-nm line of
diode UV laser was reflected onto sample with 3%, and HeNe laser lines 543 and
633 nm were reflected with 10% and 2%, respectively. An acousto-optical beam
splitter (AOBS) was used to transmit sample fluorescence to detector.

For 2D imaging, Leica TCS-SP5 was utilized. To rise the sensitivity and con-
trast of 2D images, they were recorded at 405 nm excitation wavelength (diode
UV laser) and by Leica HyD hybrid detector, which strongly improves contrast
in comparison to PMTs. HyD gain: 100%. The images of 1024 x 1024 and 2048 x
2048 pixels were collected with a 63x glycerol immersion lens (glycerol 80% H,0)
with a numeric aperture of 1.3 (objective HCX PL APO 63.0 x 1.30 GLYC 37°C
UV) and with additional digital zoom factor 10-35. The fluorescence emission
images were accompanied with the transmission images (in the parallel channel),
collected by a transmission detector with the photomultiplier voltages ranged from
300 to 500 V. The images were recorded with a pinhole setting of 1 Airy unit (the
inner light circle of the diffraction pattern of a point light source, corresponds to a
diameter of 102.9 um with the lens used (see [1])).

Carl Zeiss LSM 750 with LSM Software ZEN 2009 was used for 3D-imaging. The
images were collected with EC Plan-Neofluar 100x/1.3 oil M27 and with additional
digital zoom factor 2.86. XY-scan of 1024 x 1024 pixel images was performed with resolu-
tion 8-bit in two channels. One pixel corresponds to 29.7 x 29.7 pm. A multi-dimensional
acquisition tool was used for recording z-stack of 80 sections with z-step 0.10 pm.

Fluorescence emission spectra of the intact cells were measured by Leica
TCS-SP5 at 8 excitation wavelengths corresponding to all available laser lines.

The excitation wavelengths are: 458, 476, 488, 496, 514 nm—the lines of Ar laser,
405 nm is the line of diode UV laser and 543, 633 nm are the lines of HeNe laser.
Chlorophyll fluorescence was excited by the 405, 458, 476, and 488 nm laser lines,
and phycobilisome (PBS) fluorescence was induced by the 496, 514, 543, and

633 nm laser lines. Fluorescence emission was detected for PE at 570-600 nm, for
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PC and APC at 650-670 nm, and for Chl a of both photosystems at 675-720 nm.
The whole emission spectrum between 520 and 785 nm was recorded using the
lambda scan function of the “Leica Confocal Software” by sequentially acquir-

ing a series (“stack”) of 38-45 images, each with a 6-nm fluorescence detection
bandwidth and with 6-nm wavelength step. For obtaining fluorescence-intensity
information, images of 512 x 512 pixels were collected with objective HCX PL APO
63.0 x 1.30 GLYC 37°C UV and with additional digital zoom factor 5-9. One pixel
corresponds to 53.5 x 53.5 nm. The photomultiplier (PMT) voltages were used in
the range from 900 to 1100 V. For better signal yield, lambda scans were performed
with “low speed” setting (400 Hz) in bidirectional scan mode and with a pinhole
setting of 1 Airy unit. Regions of interest (ROIs) representing single cells or subcel-
lular regions were used to calculate fluorescence spectra.

In CLSM applications, the laser light density in the focus point is high. Dwell
time and the intervals between the illuminations may influence photo-damage and
saturation of photosynthesis. Thus, since most chromophores and natural pigments
bleach under the high laser excitation energies, a bleach-test should be performed
[40]. During the detection, the fluorescence of the main accessory pigments for
each cyanobacterial strain should be controlled and the changes in their fluores-
cence should not exceed 10-20%. The power of individual laser lines should be
chosen according to the photodamage they cause. In our experiments, the repeated
spectra were obtained under selected excitation power at a fixed point in a cell to
check whether the excitation would affect the cells. In each case, it was shown that
at the chosen excitation energies, the fluorescence spectra did not vary within the
experimental error during 10-15 records. When excitation energy was increased,
both the height and the center of the fluorescent peaks varied enormously with time
because of photodamage or structure-breakdown in photosynthetic systems.

In the experiments, where several laser lines were involved for the investigation,
the first spectrum was recorded again at the end of each series to control the initial
state of the cell. To visualize differences between strains with higher spectral and
spatial resolution, lambda scans were performed with 6-nm bandwidth and with
6-nm steps. As far as the fluorescence intensities depend on the excitation energy
(which varies for different laser lines), sensitivity setting of the photomultiplier,
and the distance from the sample, all spectra were usually normalized to their maxi-
mum, and only qualitative analysis was performed.

3.1 Spectral imaging and spectral unmixing

In a conventional light microscope, object-to image transformation takes place
simultaneously and parallel for all object points. The specimen in CLSM is irradi-
ated in a pointwise fashion, that is, serially, and the physical interaction between
the laser light and the specimen fluorescence is measured point by point. To obtain
information about the entire specimen, it is necessary to guide the laser beam across
the specimen. Line-by-line scanning of the specimen is carried out with a focused
laser beam deflected in the X and Y directions by means of two galvanometric
scanners, and pixel-by-pixel detection of the fluorescence emitted by the scanned
specimen details is performed by photomultiplier tube (PMT) or by more sensitive
hybrid detector (HyD).

For examining flat specimens such as cell culture monolayers, it is usually suf-
ficient to acquire one XY image to obtain the desired information. The same applies
if the specimen is a three-dimensional tissue section of which a single optical
section is representative. The thickness of the optical section (slice) and the focal
position are selected so that the structures of interest are contained in the slice. The
lateral resolution of a 2D image is defined by the pixel size in X and Y. The pixel
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size, in turn, varies with the objective used, the number of pixels per scan field,
and the zoom factor. Pixels that are too large degrade resolution, whereas pixels too
small require longer scanning times and thus bleach the specimen. The optimum
pixel size for a given objective and a given zoom factor should be obtained for each
special sample/experiment.

In this section, we examined changes in pigments of live, unfixed cells using
spectral imaging. This technique captures an entire emission spectrum from every
cell. The images corresponding to the four photosynthetic pigments have been
pseudocolored for visualization purposes. The pseudocoloring is based on the colors
shown in Figure 5: Chl ais red, PC-APC is green, and PE is light blue.

In Figure 4, images illustrated differences in fluorescence between diverse
physiological states of Microcystis CALU 398 cells are presented. Two channels
for fluorescence detection and one transmission channel were used. Channel 1
(a), colored false green, represents averaged fluorescence of PC and APC in the
range 650-660 nm, channel 2 (b), colored false red, shows Chl a fluorescence
at 678-710 nm, channel 3 (c) is a transmission microphoto, and in (d) all three
channels are superimposed. Here small signal in both fluorescent channels cor-
responds to healthy cells, cells in bad physiological state (dying cells) have a high
PC-fluorescence (green arrows), and dead cells have no fluorescence (white
arrows). The high intensity in the shorter wavelength interval reflects that fluo-
rescence in dying cells mainly originates from phycobilisomes at ca 650-660 nm.
Healthy cells displayed weaker emission intensity over the whole spectral range,
located at the periphery of the cells. This response correlates with effective light
utilization and energy balance [26].

Figure 5 represents confocal laser scanning photomicrographs illustrating
photosynthetic pigment localization in filamentous cyanobacterium Phormidium
CALU 624. False color overlay images were obtained by simultaneous three channel

Figure 4.

CLSM micrographs of cyanobacterium Synechocystis 1336, visualized with CLSM. Green channel (a) represents
fluorescence from phycobilins at 656 nm, red channel (b) from chlovophyll a at 682 nm, (c) represents transmission
image and an overlap of all three is shown in (d). Scale bar = 10 pm.

Figures.

False color overlay images of Phormidium CALU 624 cells at stationary phase of growth are visualized by CLSM
simultaneously in three fluovescence detection channels. (a) Channel 1 (light blue): fluovescence signal from PE
(575585 nm), (b) channel 2 (green): PC-APC (650—-660 nm), (c) channel 3 (ved): Chl a (678—710 nm), and (d)
chanmel 4: transmission microphoto. Scale bar = 25 pm.
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Figure 6.

Fluorescence spectra of individual phycobiliproteins, which can be used as veference data for spectral unmixing.
Spectra were normaliged to their maximum, and all values were adapted to our measurement conditions. The
dashed lines indicate the vespective fluovescence maxima (PE—580 nm; PC—=645 nm; APC—660 nm; Chl
(PSII)—682 nm; Chl (PSII)—y710 nm).

fluorescence detection. Fluorescence images (Figure 5(a)-(c)) were obtained at
different emission wavelengths, excited by a 405 nm laser beam. The fluorescence
signal was collected at 647-652, 658-663, and 675-680 nm, and the false colors light
blue, green, and red in Figure 5(a)—(c) represent the fluorescence emitted by PE,
PC-APC, and Chl a, respectively. The highest intensity signal of PE-fluorescence is
located in the center of the cells (white arrows), and the strongest signal from Chl

a fluorescence is located at the cell periphery, the latter provides the evidence of the
thylakoid arrangement.

Fluorescence spectra of living cyanobacterial cells are composed of overlapping
fluorescence emission spectra from several photosynthetic pigments. The applica-
tion of spectral unmixing with reference spectra for individual pigments (Figure 6)
can give more pronounced and detailed images of pigment localization. Spectral
unmixing can also be used to calculate the relative fluorescence shares of the
individual pigments contributing to the spectrum.

Spectral unmixing is a method for the complete separation (unmixing)
images with overlapping emission spectra. It is used with specimens labeled with
more than one fluorescent dye, exhibiting excitation and emission crosstalk or
with self-fluorescent specimens contained of several photosynthetic pigments
(asin our case).

If we regard a pixel of alambda stack that represents a locus in the specimen
where several fluorescent pigments with their known reference spectra overlap,
the cumulative measured spectrum can be expressed as a linear combination of the
reference spectra multiplied by the corresponding intensity for each pigment. By
means of known reference spectra, this equation can be solved for the intensities of
each pigment. The reference spectra can either be loaded from a spectra database,
or from literature [40-44], or directly extracted from the lambda stack. Obtained
linear unmixing function will generate a multi-channel image, in which each chan-
nel represents only one pigment. The accuracy of the technique allows the complete
unmixing even of such dyes or self-fluorescence pigments whose spectra have
almost identical emission maxima.

Unfortunately, in living cyanobacterial cells, it meets some difficulties. The
problems are caused by the fact that the light absorption and emission properties
of isolated phycobiliproteins are rather different from those of the intact phyco-
bilisomes in the living cyanobacterial cells. In living cells, the spectral properties
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Figure7.

Simultaneous observation of self-fluovescent photosynthetic cells of Microcystis CALU 398 and labeled by quantum
dots extracellular polysaccharide. (a) Channel 1: quantum dots fluorescence (green), (b) channel 2: natural
pigment fluorescence (ved), (d) channel 3: corvesponding transmission image, (d) all three channels superimposed.
Fluovescence spectra in (e) have the colors corvesponding to (a) and (b). Scale bar = 5 pm.

of pigments from certain organisms may differ crucially from the properties of the
dissolved ones, for example, spectra of the components can vary in peak widths
and may be shifted in wavelength due to the different pigment-protein and linker
connections. In this case, only hyperspectral CLSM measurements [42] can give
suitable reference spectra for decomposition.

If the overlapping of the emission spectra of the fluorescent components is not
very much, then the image spectral unmixing can be easily obtained without any
calculations. The example of such unmixing is presented in Figure 7. In Figure 7,
the usage of combination of natural pigment fluorescence and fluorescence probes
for imaging of cyanobacteria and their extracellular polymeric substances (polysac-
charides) is demonstrated. To target extracellular substances, fluorescent labels
should be used. Here, nonfluorescent polysaccharides were labeled by quantum
dots CdSe/ZnS. Quantum dots have a fluorescence in green (520-580 nm) when
excited by ultraviolet light (405 nm) and photosynthetic pigments of Microcystis
CALU 398 have a fluorescence in red (620-780 nm). Thus the fluorescent signals
will not overlap. The reference spectra for quantum dots and Microcystis CALU 398
cells were obtained by means of lambda scanning (Figure 7(e)).

3.23D bio-imaging

In addition to the possibility to observe a single plane (or slice) of a thick speci-
men in good contrast, optical sectioning allows a great number of slices to be cut
and recorded at different planes of the specimen, with the specimen being moved
along the optical axis (Z) by controlled increments. The result is a 3D data set,
which provides information about the spatial structure of the object. The quality
and accuracy of this information depend on the thickness of the slice and on the
spacing between successive slices.

Once a 3D stack of images has been recorded, the user has various presenta-
tion options. The data may be displayed as a gallery of depth-coded images or as
orthogonal projections of the XY, XZ, and YZ planes. To create a 3D impression on a
2D monitor, animations of different viewing angles versus time, 3D reconstruction,
shadow projections, and surface rendering techniques are possible.
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Pigment localization through the depth. Two-dimensional sections of Anabaena CALU 824. Green channel:
PE-fluovescence, ved channel: Chl a-fluovescence, and bottom panel: two channels superimposed.

Several frames from animation of 3D-model at different viewing angles. Two colors correspond to two
fluorescent channels: green channel—PE-fluorescence and red channel—Chl a-fluorescence.

In Figure 8, several two-dimensional optical sections of a filament of Anabaena
CALU 824, obtained by Carl Zeiss LSM 710 with LSM Software ZEN 2009, are
shown. A series of XY images (z-stack), acquired in different focus positions repre-
sents the Z dimension of the specimen. Here we present images from two channels:
green—PE-fluorescence, red—Chl a-fluorescence, and the bottom panel—two
channels superimposed. To calculate 3D model from z-stack, much more sections
should be acquired.

Figure 9 shows several frames from 3D reconstruction animation computed
from a 3D data set in Image]J 1.46r software (http://imagej.net/). To render 3D-model
z-stack containing 80 images were recorded with 0.1 pm increment along z-axis.

3.3 Single-cell spectroscopy (lambda scanning)

Fluorescence spectra of living photosynthetic cells can be reliably analyzed by
a microspectrofluorometric method (CLSM spectroscopy), which is implemented

[u=y
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in many modern CLSMs. This method allows the precise localization of the fluo-
rescence signal, even within a single living cell. Modern fluorescence microscopic
spectroscopy or confocal laser scanning microscopic spectroscopy provides a
unique opportunity to obtain the intrinsic fluorescence emission spectra from
cyanobacterial cells in vivo [40-43, 45-46]. Moreover, using spectral unmixing, the
fluorescence of individual spectral components can be resolved, and their relative
intensities can be calculated [1-2].

The acquisition of spectral data becomes necessary when the cellular parameter
to be measured is coded by changes of the emission spectrum. PMT element regis-
ters sequentially a different part of the spectrum, each part having a spectral width
of 6 nm with a step 6 nm. The result is a lambda stack of XY images in which each
image represents a different spectral window. Lambda stack is a series of images
showing the same area, but in different spectral windows. From a lambda stack, the
intensity of the signal for each pixel of the image can be extracted as a function of
wavelength. These spectral “fingerprints” can easily be obtained for any image area
by means of the mean of ROI function.

Although, the pigment structure of different cyanobacterial strains has been
intensively investigated, the variations in self-fluorescent spectra of single cells for
different cyanobacterial species has not been analyzed yet. We suppose that the
best way to investigate the in vivo operation of photosynthetic system is a single-
cell fluorescence microscopic spectroscopy. Single-cell detection can provide the
information on small peculiarities that is regularly buried in normal ensemble aver-
age experiments. This is thus a good way to study the time evolution process and
spectroscopic properties of individual cells. Both steady-state and time-resolved
fluorescence measurements can be used for probing the intrinsic self-fluorescence
by means of CLSM.

As it was mentioned above, phycobilisomes contains several kinds of bilipro-
teins, and their fluorescence spectra reflect the contribution of each (Figure 3).
Moreover, depending on the excitation wavelength, the room temperature fluores-
cence emission spectrum of intact cyanobacterial cells exhibits various extents of
contribution of phycobilisome emission to the spectrum. If one exclusively excites
Chl a, using a 458-nm line of an Ar laser, the emission spectrum by cyanobacterial
cells shows no appreciable emission of PC or APC. This is indicated by PSI emission
band at 715 nm and PSII emission band at 682 nm (Figure 10). The excitation by
intermediate (blue and green) wavelengths (405, 488, and 496 nm) reveals fluores-
cent maxima of all photosynthetic pigments, as the light in this range is absorbed
by all pigment-protein complexes almost in equal portions, and fluorescence emits
by all steps of energy transfer chain (Figure 3). The direct excitation of cells in the
PC absorption region at 514 and 543 nm results in emission spectrum with two main
peaks at 580 and 656 nm, which are due to PE, PC, and APC emission. The spectra
of the 633 nm excitation directly gives a prominent emission band at 656 nm, that
originates from PC, omitting band at 580 nm, which cannot be excited by 633 nm,
even for species that have PE. Other small emission bands, corresponding to fine
pigment structure of antenna complex, are not resolved at room temperature.
Comparative analysis of the series of fluorescence spectra for different cyanobacte-
rial species and strains reveals visible variations in their shape (Figure 10). If the
fluorescence spectra were taken from alive cells in normal physiological state, which
are cultured in the same growth environmental conditions, then the interspecies
variations in pigment/Chl a ratios are more pronounced than variations within the
individual species. And species/strains differentiation could be carried out on the
base of fluorescence analysis [3, 6-7].

Figure 10 shows the experimental sets of single-cell fluorescence spectra for
Microcystis CALU 398, Merismopedia CALU 666, Leptolyngbya CALU 1715,
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Figure 10.

Single-cell fluovescence spectra of different cyanobacterial strains (unicellular and filamentous): Microcystis
398, Merismopedia 666, Phormidium 624, and Leptolyngbya 1715. The excitation wavelengths (405, 458, 476,
488, 496, 514, 543, and 633 nm) are given over the curves. All spectra arve normalized to the maximum intensity
and shifted along X-axis for convenience of observation. The dashed lines indicate the fluovescence maxima of
the individual pigments (PE—580 nm; PC—656 nm; Chl a—682, 715 nm).

and Phormidium CALU 624 (cyanobacterial strains are labeled according to

CALU collection of the Core Facility Center “Centre for Culture Collection of
Microorganisms” of the Science Park of St. Petersburg State University). Each
spectrum set was obtained by means of confocal laser scanning microscope (CLSM)
Leica TCS-SP5, using different laser-lines for excitation (405, 458, 476, 488, 496,
514, 543, and 633 nm). Corresponding excitation wavelengths are given over each
spectrum. All spectra are normalized to the maximum intensity and shifted along
X-axis for convenience of observation.

Fluorescence of photosynthetic pigments in the intact cells is affected by physi-
cochemical and physiological processes that occur within and across the thylakoid
membranes. The structure and function of the thylakoid membrane can alter under
stress conditions. The alterations may be both short- and long-term, depending on
the nature and duration of the stress. The dynamical changes in fluorescent spectra
of living cyanobacterial cells in different stress states can be detected via time-
resolved CLSM measurements and can be used for estimation of the physiological
state and viability of cyanobacterial cultures at different experimental stages.

Figure 11 illustrates the temporal changes of in vivo fluorescence spectrum
taking place in the living cell of cyanobacteria strain Synechocystis CALU 1336
under high-light and heat stress. The excitation wavelength in this experiment was
488 nm. The set of spectra was obtained from a single cell during 45 min with 1 min
step under over-excitation conditions (only every fourth spectra is presented in
Figure 11(a)). At first, several minutes (1-12 min) spectrum changes slightly and
mostly in the range of PC-fluorescence (around 656 nm). Since 488 nm light is
absorbed primarily by PC and Chl a, photosynthesis and energy transfer chain are
quickly saturated and reaction centres closes, thus the fluorescence around 656 nm
starts growing. During the next few minutes (12-28 min) a rapid growth of PC-APC
fluorescence indicates that over-excitation leads to the uncoupling of phycobili-
somes from thylakoid membrane, while the Chl a fluorescence remains almost the
same during this time period (see Figure 11(b)). Small rise of the Chl a fluorescence
intensity at 20-39 min can be explained by strong overlapping of Chl aand PC-APC
emission spectra, which leads to a crosstalk between these fluorescent signals. Then,
after 30 min of irradiation, the degradation of detached phycobilisomes and PSII
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Figure 11.

Time degradation of living cell of cyanobacterial strain Synechocystis CALU 1336 under high-light and heat
stress. (a) Spectra recovded at the excitation wavelength 488 nm with the time-step 4 min. All spectra ave
shifted along x-axis for convenience of observation. (b) Time dependence of the fluorescence intensity at 656 nm
(PC-APC fluorescence) and at 682 nm (Chl a fluovescence).

pigment-protein complexes begins. The intensity of Chl a and PC-APC fluorescence
decreases, and maximum is shifted to shorter wavelengths.

Two presented examples of CLSM lambda-scan application show the unique
abilities of CLSM microscopic spectroscopy for investigation of physiological
processes in cyanobacterial cells. More examples can be found in [3-5, 47].

3.4 Using fluorescence recovery after photobleaching (FRAP)

A field of growing importance is the investigation of living specimens that show
dynamic changes. Dynamic processes in living specimens can be recorded by means of
time series implemented in modern CLSMs. Data once acquired can be analyzed “off-
line,” that is, after image acquisition. Time series are defined by a start time and the time
interval between two successive images. To analyze a time series, some option allows
fluorescence intensity changes to be quantified in defined regions of interest (ROIs).

Within a time series, the CLSM permits selective, point-accurate illumination
of ROIs with laser light. This function is useful for generating a photobleaching
routine, for example, within a FRAP experiment (fluorescence recovery after pho-
tobleaching), for analyzing dynamic processes. Complex time series experiments,
with different images to be taken at different sites within a specimen according to a
defined time pattern, can be carried out by means of CLSM software.

Fluorescence recovery after photobleaching (FRAP) is a technique widely used
in cell biology to observe the dynamics of biological systems. In photosynthetic
organisms, it can be directly used, for example, for investigation of the dynamics of
thylakoid membranes, including the diffusion of membrane components [39, 48-52].

Diffusion of membrane components is involved in a number of processes, for
example, in investigation if the chromatic adaptation of light-harvesting apparatus,
in describing of the electron transport in photosynthetic membranes and in studies
of the biogenesis, turnover, and repair of the photosystems. Diffusion coefficients
for certain thylakoid membrane components can also be estimated by indirect
methods [53, 54], but FRAP and related optical techniques may be used for direct
observation of the diffusion in biological systems.

The component whose diffusion is to be observed must be bleached by high
laser power with the confocal spot scanning briefly over a small area of the sample.
After bleaching, the laser power is decreased, and the whole sample is imaged.

The bleached area of the sample will be seen as a dark, nonfluorescent patch on
the image. Then the sample is repeatedly imaged, and if the bleaching will change
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somehow during the time, the diffusion coefficient can be derived from these
characteristic changes [48, 49]. Usually the component whose diffusion is to be
observed must be tagged with a fluorophore, but, as it was mentioned above, the
great advantage of photosynthetic membranes is that their protein complexes are
naturally fluorescent, so their diffusion can be observed without any necessity

for specific fluorophore binding or GFP gene fusions. The only requirements for
quantitative FRAP are that the membrane geometry is known, and the membrane
environment is uniform over an area considerably larger than the area of the bleach.
Unfortunately, most green plant thylakoid membranes have an intricate, convoluted
structure, and extensive lateral heterogeneity on small scales. On the other hand,
some cyanobacterial species have the membrane systems located in the periphery
of the cell and are uniform enough in small regions. Anyway, by means of FRAP
technique, it is always possible to see if particular components are mobile or not, to
make a rough estimation of time-scales and to investigate a number of factors that
affect their diffusion coefficient.

In contrast to typical green plants, in most cyanobacterial strains, there is no
thylakoid membrane stacking and no extensive lateral heterogeneity. The preferred
model organism used in previously published papers [39, 48, 49] is the cyanobac-
terium Synechococcus sp. PCC7942, which has suitable membrane conformation
and is also well-characterized and transformable. Its cells can be elongated up to
10-20 pm by means of some growth techniques to achieve lateral heterogeneity in
relatively large region. But in this work, we demonstrate that reasonable results can
be obtained even for spherical cells of Microcystis firma CALU 398.

It is well known that phycobilisomes diffuse rapidly on the surface of the thyla-
koid membrane, while PS II reaction centers are normally almost immobile. Here we
used FRAP to measure the mobility of phycobilisomes in the intact cyanobacterial
cells. These experiments indicate that phycobilisomes may frequently decouple from
reaction centers and diffuse randomly before attaching to another reaction center.

FRAP measurements were carried out with a laser-scanning confocal micro-
scope Leica TCS-SP5. During the measurement, a series of images of the cell is
recorded, and it is important to keep the laser power low enough not to cause
significant further bleaching of the cell during repeated imaging. The basic proce-
dure for the measurement is to record an image of the sample cell before bleaching
(Figure12(a)(1). Then the laser power is increased by a factor of 8-10, and the
confocal spot is scanned only over a restricted area of the sample (light-blue vertical
rectangle) to bleach out most of the fluorescence in that area. The laser power is
then reduced again, and a series of post-bleach images is recorded. The best time-
scale for the measurement depends on the rate of diffusion and has to be found by
trial and error. In thylakoid membranes, the diffusion of both lipids and proteins
is generally rather slow and a 1 s bleach, followed by a series of images recorded at
1.3 s intervals, was adequate to capture diffusion.

Figure 12 summarizes the steps involved in recording and analyzing FRAP data.
In the presented experiment, a one-dimensional diffusion of phycobilisomes was
measured in a cell of the cyanobacterium Microcystis firma CALU 398. Confocal
laser scanning microscope Leica TCS-SP5 with immersion objective HCX PL APO
63.0x1.30 GLYC 37°C UV was utilized in this investigation. The He-Ne laser (633 nm,
150 mW) was used for excitation in both bleaching and scanning modes, and the
laser power was 25 and 2% correspondingly. The vertical (Z) resolution was 0.2 pm,
and the resolution in the x-y plane was about 24.1 nm. Digital zoom was 20. The
laser was scanned over the sample with oscillating mirrors. Scan speed was 400 Hz.
Fluorescence from the sample was separated from the excitation light with a beam-
splitter, passed through a 102.9 pm pinhole and detected with a photomultiplier with
PMT voltage 1000 V. The emission band for recorded images was 673-678 nm.
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Figure 12.

Extracting data from a FRAP experiment on a cell of Microcystis CALU 398. (a) Fluorescence intensity images
from FRAP-sequence, taken at —5, 0, 10.4, and 71.1 s, correspondingly. ROI 1 (light blue rectangular): bleaching
area and ROI 2 (orange vectangular): the avea for controlling fluorescence intensity profile across bleaching region.
Scale bar = 1 um. (b) Total fluorescence intensity of bleached area as a function of time. The recovery of the
[fluorescence is presented as open circles and exponential fitting function—solid line. (c) Pre-bleach and post-bleach
[fluorescence intensity profiles across bleaching region at t = 0, 1.3, 10.4, 22.1, and 71.1 5. (d) The subtracted post-
bleach and pre-bleach fluovescence intensity profiles and corresponding Gaussian fitting curves at five time-points
indicated at (c). (d) A plot of C-function for one-dimensional diffusion versus time. The obtained diffusion
coefficient is indicated on the plot.

The first image (Figure12(a) (1) was recorded prior to bleaching, by scanning the
confocal spot in the XY mode. Excitation wavelength was at 633 nm, and the detection
range was from 650 to 750 nm. The scan was then switched to another mode, the laser
power was increased by a factor of 12, and the sample was bleached by scanning the
laser repeatedly in one dimension across the cell for 1 s. Light-blue vertical rectangle
indicates bleaching area. Then the laser power was reduced again to the initial value,
the scan was switched back to the XY mode, and the cell was imaged by scanning over
asquare of 12.30 x 12.30 pm in the x-y plane (512 x 512 pixels) (Figure12(a)(2-3).
There was no detectable photobleaching during the recording of successive image
scans. A series of 20 further images were recorded at time intervals 1.3 s and then
another 10 images at time intervals 5 s. Images (a3) and (a4) show the state at 20th and
30th point (10.2 and 71.1 s, correspondingly). Within a few minutes, the bleaching
profile spreads, becoming broader and shallower. This shows that phycobilisomes are
diffusing, with unbleached phycobilisomes diffusing into the bleached area.
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Leica software (LAS AF Lite 2.6) was used to extract the fluorescence profiles
across the bleaching area (orange rectangle) from the images, summing all the pixel
values in the Y-direction for each X coordinate. And then MathCad 14 was used for
curve fitting and further calculations.

(Figure 12(b)) shows a typical time dependence of fluorescence recovery after
photobleaching. The open circles denote the integrated signals over the bleached
area, marked by the light-blue vertical rectangle in the fluorescence intensity images
(a), and the line represents a fitting curve. First three points correspond to pre-
bleaching images. Then goes a 1-s gap corresponds to bleaching period. The next 20
points were recorded with step 1.3 s and another 10 points with step 5s.

One pre-bleach and five post-bleach fluorescence profiles across the bleaching
area (orange rectangle) at a series of time-points were aligned (Figure 12(c)). The
post-bleach profiles (shown in thin lines) were corrected by subtracting the pre-
bleach profile (shown in thick red line), and the Gaussian curves were then fitted
to the corrected fluorescence profiles (Figure 12(d)). The fitted Gaussian curves
were used to obtain corresponding depth (C) and the half-width (1/e2) (R) of the
bleach. Note that the bleaching profile remains Gaussian, but becomes broader and
shallower with time. The change in C and R with time and diffusion distance in one
dimensional diffusion model can be described according to the equation given in
[49]. Finally, a suitable function of C is plotted versus time in (Figure 12(e)) and the
corresponding diffusion coefficient was obtained. Here, RO and CO are the values of
R and C at time just after bleaching. For one-dimensional diffusion, the plot shown
in (Figure12(e)) should be linear with gradient equal to the diffusion coefficient.
The calculations for the diffusion coefficient of phycobilisomes give a result of 6.8
x 10-11 cm®/s, which is similar to those given in [49]. Together with the linearity of
the plot in Figure 12(e), this indicates that this procedure can be applied to spherical
cells also and that our measurement does not greatly perturb the system.

4. Conclusion

Light microscopy has been used for studying cells for many years and has
advanced our understanding of key cellular processes. However, fixation involves
nonphysiological procedures and only provides a snapshot view of cells at a single
point in time. To truly understand cellular function, we need to extend our imaging
capabilities in ways that enable us to follow sequential events in real time, monitor
the kinetics of dynamic processes, and record sensitive or transient events. And
CLSM gives such opportunity. In addition, CLSM technique allows the investigation
not only cultivable, but also the noncultivable phototrophic microorganisms.

This study presents simple and practical advices for performing special confo-
cal microscopy applications. Our approach allows to study detailed mechanisms
of photoprotection and stress reactions in different cyanobacterial species.
Fluorescence spectra of cyanobacterial photosynthetic pigments are easily recorded
by spectral CLSM. The fluorescence shares of individual phycobiliproteins can be
reliably determined by spectral unmixing, showing that the spectral resolution of
CLSM is well suited for this approach.

Finally, with the advent of live cell imaging and the development of high- and
superresolution technologies, it is now possible to acquire data on viable cells in a
biologically relevant context providing us with a greater insight of cellular function
than has previously been possible.

Note here, that there are a lot of additional techniques already implemented in
modern CLSMs, which open new perspectives for single-cell investigation, such
as: white laser, which provides the ability to obtain not only fluorescence emission
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spectra, but also single-cell excitation and absorption spectra [55]; hyperspectral
CLSM which allows more precise fluorescence spectra through the cell thickness
and gives more detailed fluorescent pigments location [42]; STED and multi-
photonic techniques, that extend the CLSM abilities to single-molecular studies
[56, 57]. They are the subject for further investigations.
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