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A B S T R A C T

Photosynthetic pigment-protein complexes are highly concentrated in thylakoid membranes of chloroplasts and
cyanobacteria that emit strong autofluorescence (mainly 600–800 nm). In Raman scattering microscopy that
enables imaging of pigment concentrations of thylakoid membranes, near infrared laser excitation at 1064 nm or
visible laser excitation at 488–532 nm has been often employed in order to avoid the autofluorescence. Here we
explored a new approach to Raman imaging of thylakoid membranes by using excitation wavelength of 976 nm.
Two types of differentiated cells, heterocysts and vegetative cells, in two diazotrophic filamentous cyano-
bacteria, Anabaena variabilis, and Rivularia M-261, were characterized. Relative Raman scattering intensities of
phycobilisomes of the heterocyst in comparison with the nearest vegetative cells of Rivularia remained at a
significantly higher level than those of A. variabilis. It was also found that the 976 nm excitation induces pho-
toluminescence around 1017–1175 nm from the two cyanobacteria, green alga (Parachlorella kessleri) and plant
(Arabidopsis thaliana). We propose that this photoluminescence can be used as an index of concentration of
chlorophyll a that has relatively small Raman scattering cross-sections. The Rivularia heterocysts that we ana-
lyzed were clearly classified into at least two subgroups based on the Chla-associated photoluminescence and
carotenoid Raman bands, indicating two physiologically distinct states in the development or aging of the
terminal heterocyst.

1. Introduction

The thylakoid membranes (TM) in chloroplasts of plants and algae
or in cyanobacterial cells are highly enriched in the pigment-protein
complexes containing photosynthetic pigments, majority of which are
working for absorbing light and transferring electronic excitation en-
ergy to the reaction centers that drives the primary charge separations
for the oxygenic photosynthesis [1,2]. Although the conversions from
the fluorescent electronic excited states to the stable charge separated
states are highly efficient (> 80%), the high concentration of the pig-
ments enables one to study the photochemical events in the TM in live
cells by observing autofluorescence from the photosynthetic pigments,
especially chlorophyll a (Chla) by various fluorescence microscopic
techniques [3–7].

In fluorescence microscopy, the signal at a spatial point is generally
given by the product of molecular concentration and fluorescence
quantum yield. With an image of fluorescence intensity alone, the two
quantities are inseparable. Fluorescence lifetime imaging microscopy

(FLIM) can in principle indicate the two quantities separately as images
of amplitude and (average) decay time constant of time-dependent
fluorescence [3,8–11], but the former is still often distorted by position-
dependence and wavelength dependence of reabsorption/scattering/
reflection between the focus point of interest and microscope objective.
The reabsorption effects are particularly serious for Chla fluorescence
because of its small Stokes shift [12,13]. On the other hand, sponta-
neous Raman scattering signal is proportional to the concentration of
molecules [14]. It also suffers from reabsorption effects, but the Raman
scattering signal can be tuned to wavelength regions with a high
transmission like near infrared region by changing the excitation wa-
velength. One significant merit of Raman scattering for the imaging of
TM is that non- or weakly fluorescent carotenoids are very sensitively
detected and differentiated with highly characteristic fingerprints of
molecular vibrational spectra [15–21]. Carotenoid molecules in TM
play important roles in both light-harvesting and protective energy
dissipation under strong light conditions [22–24].

Avoidance of autofluorescence around 600–800 nm region from
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TMs can be commonly achieved by shorter or longer excitation wave-
lengths. The relatively short wavelength excitation should be favorable
for resonance enhancements of the Raman scattering and resultant se-
lectivities of target molecules [14,17]. One drawback of the resonance
effects is excessive excitation that may result in disturbance of visible-
light-induced physiological phenomena and/or damages in viability of
cells [25,26]. Optical absorption of Chla-based TM, especially by the
absorption of photosystem I (PSI), seem to be extended up to at least
740 nm [27]. Recent studies have shown that excitations of PSI and
photosystem II (PSII), both of which are the most essential Chla-con-
taining pigment-protein complexes in TM for the oxygenic photo-
synthesis, seem to be possible at least up to 840 and 820 nm, respec-
tively [28–32]. Some previous works using spontaneous Raman
scattering microscopy have reported bleaching effects of chloroplasts
and cyanobacteria by 785 nm laser [33,34]. Plants, algae and cyano-
bacteria or their symbiotic forms in lichens have been, thus, often
studied by 1064 nm laser excitation, by which autofluorescence is
minimized [33,35–37]. Relatively high transmission and low scattering
of the near infrared light through plant tissues full of photosynthetic
pigments should be advantageous for imaging of deep tissues [38].

In this study, we have aimed at extending the range of possible
excitation wavelengths for Raman (micro)spectroscopy by choosing a
near-infrared (NIR) excitation at 976 nm. Excitation at 976 nm has
several advantages over the one at 1064 nm. First, non-resonant Raman
scattering cross-sections with excitation wavelength at 976 nm is about
40–50% greater than those at 1064 nm by the high frequency effects for
the Stokes Raman scattering between 1000 and 2000 cm−1 [39].
Second, typical array detector or camera for the wavelength range of
0.9–1.6 μm is InGaAs sensors [40], with which Raman bands of higher
vibrational frequencies can be obtained by 976 nm than by 1064 nm,
especially when the quantum yield of the detector at the long-wave-
length edge drops by cooling of the detector. One possible drawback of
the 976 nm excitation is relatively high absorption by water in com-
parison with 1064 nm [41]. However, use of 976 nm beam certainly
provides an additional degree of freedom in the design of microscope
optics. For example, two beams of 976 and 1064 nm may be simulta-
neously used for different purposes like optical trapping of cells [42],
inducing genes in cells by local heating [43], as well as Raman scat-
terings.

When some filamentous cyanobacteria sense a shortage of fixed
nitrogen, approximately 1 in 10 to 20 vegetative cells differentiates into
a heterocyst, in which oxygenic photosynthesis is suppressed through
(at least partial) degradation of oxygen-evolving PSII while nitrogenase,
nitrogen-fixing enzyme sensitive to oxygen, becomes operative
[44–47]. On the other hand, the other cells, vegetative cells, continue
oxygenic photosynthesis. The TMs in vegetative cells thus contain both
PSI and PSII, while those in heterocysts contain predominantly PSI. The
PSI in the heterocysts produce ATP by cyclic electron transport, because
nitrogen fixation demands a large amount of ATP [31,45]. These drastic
differences between heterocysts and vegetative cells have been fre-
quently studied by fluorescence microscopy [4,31,48–51]. To the best
of our knowledge, however, investigations on heterocyst-forming cya-
nobacteria by Raman scattering spectral microscopy have been rela-
tively limited [52,53]. Here, we have successfully estimated the dif-
ferences in amounts and/or concentrations of photosynthetic pigments
between heterocysts and nearest vegetative cells in two genetically and
morphologically distinct cyanobacteria, Anabaena variabilis and Rivu-
laria M-261 [54]. It was unexpectedly found that 976 nm laser light
actually induces a significant luminescence attributable to Chla not
only from the cyanobacterial cells but also from chloroplasts in a green
alga and plant. Correlations between the Chla-associated photo-
luminescence and Raman bands of carotenoids or phycobilins helped us
understand the differences in pigment compositions between the two
cyanobacteria and multiple physiological phases of Rivularia hetero-
cysts.

2. Experimental

2.1. Raman microspectroscopy based on 976 nm excitation

A schematic diagram of our deep NIR multichannel Raman micro-
spectrometer is shown in Fig. 1. When samples were illuminated by a
halogen lamp, the transmitted light through the short-pass dichroic
mirror (SP1, edge wavelength (λedge)≈ 1000 nm) was focused on a
color CMOS camera (SILICON VIDEO 9M001, EPIX, Illinois, USA) after
reflection by a long-pass dichroic mirror (LP1, λedge≈ 900 nm) for a
bright-field imaging in the visible region. A narrow-band diode laser
(center wavelength of 976 nm, frequency band width < 1MHz,
I0976SA0200B-THTK, Innovative photonics solutions) was used as the
excitation source for the Raman scattering. The 976 nm laser beam,
after transmission through a spectral clean-up (CUF) and neutral den-
sity filters (NDF), was first magnified by a telescope and focused onto a
sample with a water-immersion microscope objective lens with a
magnification of ×60 and numerical aperture of 1.27 (Nikon, CFI
PlanApo IR60XWI). Raman scattering signals were collected by the
same objective lens. The short-pass mirror (SP1) reflected the signals
toward a home-made achromatic-lens-based imaging polychromator
with a focal length of 250mm and 1:1 magnification. The entrance slit
of the polychromator was set to be 0.12mm width. The blaze wave-
length of the grading was 1000 nm or 1200 nm and the number of
grooves was 300/mm (Thorlabs GR50-0310 or Photon Design, Tokyo,
Japan). An electrically cooled InGaAs camera (−80 °C, 640×512
pixels, pixel size= 20×20 μm, DMDIR-640, Photon Design, Tokyo)
was fixed at the exit port of the polychromator. Residual laser light was
rejected by two long-pass filters (LP2 and LP3, λedge≈ 980 nm) that
were located outside and inside the polychromator. The laser power at
the sample position was most typically 10–14mW unless otherwise
specified. In the imaging measurement, the sample was horizontally
and/or vertically translated by a piezoelectric stage (PK3L150-100UA,
Nanocontrol, Tokyo) with a typical step of 0.4 μm and 1.0 μm, respec-
tively. At each spatial point, one Raman scattering spectrum was ob-
tained with an exposure time of 2.0 s.

Fig. 1. Schematic diagram of the Raman microspectrometer. WI-MO: water-
immersion microscope objective, AL1–AL3: achromatic lenses for the near in-
frared light, AL4: achromatic lens for the visible light, LP1: long-pass mirror
with an edge wavelength of 900 nm, LP2 and LP3: long-pass filters with an edge
wavelength at 980 nm, SP1: short-pass mirror with an edge wavelength of
1000 nm, M: mirror, GR: grating, CUF: narrow band transmission filter (laser
clean up filter), NDF: neutral density filter, IR Cut: IR-absorbing filter, HL:
halogen lamp, CL: condenser lens, L1 and L2: pair of lenses for a telescope, 3D-
piezo: piezo actuator stage to move the sample positions, dish: glass-bottomed
dish.
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2.2. Cyanobacterial cells, unicellular green alga and plant leaf

A filamentous cyanobacterium, Anabaena variabilis (A. variabilis
strain NIES-2095), was purchased from the microbial culture collection
at the National Institute of Environmental Studies in Tsukuba, Japan.
The filamentous cells were grown photoautotrophically under fix-
ed‑nitrogen-deprived conditions in a nitrogen-free BG-11 liquid
medium [55] for 5 to 76 days at 29 °C with a 15-h-light/9-h-dark
photoperiod. The medium was prepared by removing NaNO3 and re-
placing ferric ammonium citrate with ferric citrate in the BG-11 for-
mulation. The flux density of photosynthetic photon at the sample po-
sition in the incubator was about 20 μmol photons m−2 s−1.

Rivularia sp. IAM M-261 was obtained from the culture collection of
Institute of Molecular and Cellular Biosciences, the University of Tokyo
(IAM Collection), which has been transferred to Microbial Culture
Collection at the National Institute for Environmental Studies (NIES
Collection Tsukuba, Ibaraki, Japan). Rivularia filaments were grown on
agar media based on the nitrogen-free BG-11 at about 20 μmol pho-
tons m−2 s−1 without any dark period for 9 to 23 days. Both A. variabilis
and Rivularia cells were precultured in the fixed-nitrogen-free BG11
media for longer than 14 days and inoculated to fixed-nitrogen-free
BG11 media that were maintained for the above-mentioned durations
until the microscopic observations.

Unicellular green alga, Parachlorella kessleri (P. kessleri), was pur-
chased from the IAM culture collection as IAM C-531 (now maintained
as NIES-2160). The cells were grown photoautotrophically in 40 cm3 of
BG-11 liquid medium (including fixed nitrogen) in the same incubator
as A. variabilis. The preparation for the microscopic observation was
also the same as used for A. variabilis cells. Arabidopsis thaliana plants
were grown in soil in chambers at 21–23 °C under a 12-h-light/12-h-
dark photoperiod using fluorescent lamps (about 100 μmol m−2 s−1).

For the Raman microscopic imaging of A. variabilis and chloroplasts
of green alga (P. kessleri), the cell suspensions were transferred to glass-
bottomed dishes (Matsunami, D111505). The upper surface of the glass
was coated with poly‑L‑Lysine to immobilize the cells before addition of
the cell suspensions. About 10min after the cell suspension was added,
a block of solidified growth-medium-based agarose was put on the
adsorbed cells to fix the cells better. In the case of Rivularia, a piece of
agar block was transferred from the agar plates to the cover-glass-bot-
tomed dishes for observing cells on the agar surface.

For microscopic imaging of A. thaliana chloroplasts, one green leaf
was sandwiched by a cover glass (No.1, Matsunami) and optical
window with a thickness of 1.0mm. A home-made aluminum sample
holder was used to fix the leaf and two glass plates with a help of Teflon
spacers. The internal space of the sample holder was filled with tap
water. Microscopic observations of chloroplasts in mesophyll cells of A.
thaliana leaf were conducted from the adaxial surface.

2.3. Reference pigments and pigment-protein complex

Raman scattering spectra of representative photosynthetic pigments
and pigment-protein complexes were obtained by using powders of
β‑carotene (Nacalai tesque, 07312-81), C‑phycocyanin (from Spirulina,
Sigma-Aldrich, P2172), and Chla (Wako Pure Chemical Industries, 034-
21361). These were used as received by placing them between cover
and slide glass plates, in the same sample holder as used for the A.
thaliana leaf.

3. Results

3.1. Raman scattering spectral imaging of Anabaena variabilis cells

The bright field image of some filaments of A. variabilis grown in the
fixed-nitrogen-depleted medium typically showed a terminal heterocyst
that was located at the end of the filament (designated as het in Fig. 2A
or S1B). The heterocyst was connected to vegetative cells (in the order

of het, veg1, veg2, veg3, as in Fig. 2A). The heterocyst was character-
ized by a higher optical transmission than the vegetative cells, because
of a decrease in the amount of photosynthetic pigments, especially
phycobilisome [31,49,54,56]. The total intensity of the Raman scat-
terings and/or photoluminescence signals integrated over all detected
wavelength range (1017–1175 nm) was calculated in each pixel and
shown as a monochromatic image (Fig. 2B). It should be noted that the
heterocyst and vegetative cells were comparable in the brightness of the
total Raman scattering and photoluminescence signals. This is in con-
trast to conventional fluorescence images of heterocysts and neigh-
boring vegetative cells of filamentous cyanobacteria (including A. var-
iabilis), in which fluorescence of heterocyst is far weaker than that of
vegetative cells [10,31,49,54].

Raman scattering signals of individual single cells were extracted
semiautomatically in an analogous way that was previously described
for fluorescence spectral microscopy (Fig. 2C) [54]. The average Raman
spectra of heterocysts and vegetative cells that were obtained from 31
A. variabilis filaments, each containing one heterocyst (only one fila-
ment contained intercalary heterocyst, see Fig. S1), are shown in Fig. 3.
The Raman band assignments were mainly based on the Raman spectra
of the powders of β‑carotene, C‑phycocyanin (phycobilin-protein
complex) and Chla (Fig. 4A–D) obtained with the same setup, which
seemed to be consistent with several references (Table S1) [33,57–59].
The phycobilin bands that were clearly visible in vegetative cells were
almost totally absent in the heterocysts (Figs. 2F and 3). The carotenoid
bands were slightly decreased in the heterocysts in comparison with the
vegetative cells (Figs. 2E and 3). The Raman scattering spectra of both
the heterocysts and vegetative cells were superimposed on a broad
photoluminescence spectrum (Fig. 3). The spectral features of het, veg1
and veg2 were thus consistent with the selective images of individual
Raman bands and photoluminescence (Fig. 2D–F). Although at least
three Raman bands were ascribed to Chla in the average spectra of the
31 cells (Fig. 3), the signal-to-noise ratios of the single Raman bands
were insufficient to produce Chla selective image with a reasonable
contrast.

3.2. Raman scattering spectral imaging of Rivularia cells

Analogous analysis was also performed on Raman/photo-
luminescence spectra of 34 Rivularia filaments. Only major differences
between A. variabilis and Rivularia are described here. In terms of re-
lative signals of the heterocysts in comparison with the nearby vege-
tative cells, photoluminescence signals in Rivularia heterocysts were on
average weaker than those of A. variabilis (Tables 1, 2, Figs. 2D, J, 3,
S2). Phycobilin Raman signals in Rivularia heterocysts were stronger
than those of A. variabilis (Tables 1, 2, Figs. 2F, L, 3, S2). The latter
feature is consistent with our previous study with microscopic absorp-
tion spectroscopy showing that there remains a substantial amount of
phycocyanin in the Rivularia heterocysts, while mature heterocysts of A.
variabilis are virtually free from phycobilisomes [54].

3.3. Photoluminescence of the cyanobacterial cells excited by 976 nm is
attributable to chlorophyll a

The Raman spectrum of β‑carotene was virtually free from any
broad luminescence component (Fig. 4A). C‑phycocyanin is a subunit of
phycobilisome that works as extra light-harvesting antenna mainly for
PSII but also for PSI [60,61]. Although C‑phycocyanin containing
phycobilins as light-harvesting chromophores showed some broad
photoluminescence superimposed on the narrow banded Raman sig-
nals, the intensity ratio of luminescence to Raman of C‑phycocyanin
seemed to be far lower than that of Chla (Fig. 4B, C). Moreover, phy-
cobilin contribution to the photoluminescence of the A. variabilis cell
can be estimated as follows. After magnification of the heterocyst
spectrum by 1.59 in Fig. 3, the normalized spectrum becomes very si-
milar to that of veg1, except in the wavelength regions in which
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Fig. 2. Typical microscopic images of a filament of A.
variabilis (A–F) and Rivularia cells (G–L). (A, G) Bright
field image of a filament with a heterocyst at the ter-
minus. The colors of these images are artificial due to
applications of auto-contrast and auto-level functions of a
software (XnView) and yellowish illumination of the ha-
logen lamp, while the darkness of the pixels reflects ab-
sorption, reflection, and scattering at some visible wave-
lengths of the cells. The magenta arrow head indicates a
heterocyst, and the vegetative cells marked by the three
arrow heads of green, black and white are designated
veg1, veg2 and veg3, respectively. Scale bar= 5 μm in
both (A) and (G), which is also applicable to the other
panels. (B, H) Image of the total intensity of Raman
scattering and photoluminescence signals integrated over
all the detected wavelength range. (C, I) Map of selected
areas of individual cells for spectral analysis. Blue and
green regions alternately show selected regions of in-
dividual cells. The triangular area in purple (in C) or red
(in I) shows a cell-free background region. Four magenta
points surrounding individual cells were given by visual
inspections, and they worked as reference points to locate
cell junctions. (D, J) Image of the photoluminescence
detected in the Raman shift range between 1707 and
1736 cm−1 (between 1171 and 1175 nm in wavelength).
(E, K) Image of a carotenoid Raman band between 1513
and 1528 cm−1. (F, L) Image of a phycobilin Raman band
between 1618 and 1633 cm−1. For both (E, F) and (K, L),
photoluminescence signals were subtracted (see Fig. S3).

Fig. 3. Cell-type specific average single-cell
spectra of A. variabilis cells in which Raman scat-
tering and photoluminescence signals are present.
The intensities of the spectra are based on the
“whole-cell-integrated intensities” in the Tables 1
and S2, which are functions of cell sizes. The two
plots in magenta represent average spectra of
heterocysts, among which one spectrum (het
(×1.59)) is magnified by 1.59 times from the
other spectrum (het (×1.00)) preserving the ori-
ginal intensities. The plot in green (veg1) re-
presents the vegetative cell that is directly ad-
jacent to the heterocysts. The plot in black (veg2)
indicates the vegetative cell that is directly ad-
jacent to veg1 but not to heterocyst (see Fig. 2A).
Upward arrows with broken lines, downward ar-
rows with solid lines and downward triangular
arrow heads indicate Raman bands attributable to
carotenoids, Chla and phycobilin molecules, re-
spectively. See Table 1 for cell-by-cell variations of
signal intensities.
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C‑phycocyanin Raman bands are prominent (cf. Fig. 4B). Given the
nearly total disappearance of phycobilins Raman bands in the transition
from the vegetative cells to the heterocysts, this situation indicates that
photoluminescence of phycobilisome does not contribute to the

observed broad photoluminescence of the A. variabilis cells. Overall, the
whole situation is best represented by the idea that photoluminescence
in both the vegetative cells and heterocysts of A. variabilis is exclusively
attributable to Chla.

It should be here noted that some photoluminescence was also ob-
served when the 976 nm laser focus was near the cover glass (plot in
magenta, Fig. 4C) [62,63], which probably indicates impurities, de-
fects, and/or doped elements in the glass [64]. The spectral shape of the
cover glass luminescence was clearly different from those of Chla and
cyanobacterial cells (Figs. 3, 4C). Its contribution to the Raman scat-
tering/photoluminescence spectra of the reference chemicals and cells
was always subtracted before analysis (see caption of Fig. S3).

3.4. Single cell amount and average intracellular concentration of
photosynthetic pigments in the neighboring cells

The intensities of the Raman bands of β‑carotene and phycobilins as
well as the photoluminescence attributable to Chla were estimated from
the Raman spectra of single cells or single pixels in the way described in
the caption of Fig. S3. The axial spatial resolution of our Raman mi-
croscopy setup was well approximated by a Gaussian function with a
full width at half maximum of 3.7 μm (Fig. S4), which was comparable
to the thickness of the A. variabilis cells (≈2–4 μm, Figs. 2A–F and S1).
It is thus concluded that the Raman signal intensity of an A. variabilis
image per single pixel (corresponding to Isig in Table 1) is largely pro-
portional to the integrated amount of pigments along the depth axis (z
axis, which is perpendicular to the plane of the images in Fig. 2A–F).
The integration of the signals in the whole two-dimensional area (Scell)
of an A. variabilis cell (as in the case of the spectra in Fig. 3 and cor-
responding to Isig× Scell in Table 1), thus, reflects the whole single-cell
amount of the pigments. Average concentration of a pigment inside the
A. variabilis cell is approximately proportional to the average signal
intensity per single pixel divided by the thickness of the cell (corre-
sponding to Isig× (Scell)−1/2 in Table 1), as far as we neglect the het-
erogeneous distribution of TM in the A. variabilis cell. The above-
mentioned three quantities reflecting integrated amounts or con-
centrations of photosynthetic pigments in the specified cell types
(heterocyst and veg1, see Fig. 2A) are summarized in Table 1, after they
were normalized by the corresponding quantities in veg2 (see Fig. 2A
and Table S2 for veg3).

Among the three connected cells designated as het, veg1, veg2, and
veg3 (Fig. 2A), the A. variabilis heterocyst showed the least amount of
photosynthetic pigments (Tables 1 and S2). Relative amount of phy-
cobilins in heterocyst on average was only 6% of veg2 cell. Because of
the signal-to-noise ratio and unavoidable arbitrariness in the subtrac-
tion of photoluminescence background, we regard this 6% as an upper
limit of the phycobilin amount on average (Fig. S3). The nearly com-
plete disappearance of phycobilin was in good agreement with our own
previous study on A. variabilis, in which heterocysts and its neighboring
vegetative cells were analyzed by microscopic absorption spectroscopy

Fig. 4. Raman scattering and photoluminescence spectra of powders of pho-
tosynthetic pigments, cover glass, cyanobacterial cells and chloroplasts of green
alga and plant that were obtained with excitation at 976 nm. (A) β‑Carotene,
(B) C‑phycocyanin, (C) Chla and cover glass. In (D), the same spectrum of Chla
in (C) is shown after a broad photoluminescence spectrum was subtracted. The
luminescence spectrum contained in the Chla spectrum was approximated by a
seventh-degree univariate polynomial fitted to the whole Chla spectrum in (C).
The Raman bands marked by arrows in (A), (B) and (D) indicate those that are
marked by the arrows or arrow heads in the cell-type specific spectra in Fig. 3.
(E) Comparison of the average Raman and photoluminescence spectra of
Parachlorella kessleri cells (two cells) in magenta, two chloroplasts inside a
mesophyll cell in a leaf of Arabidopsis thaliana in green and vegetative cells in
five filaments of A. variabilis in black. The three spectra were arbitrarily mag-
nified so that the broad photoluminescence components overlap with each
other.
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[54]. Although a small portion of PSII may remain in the heterocysts
[4,10,31,47], degradation of PSII during the heterocyst differentiation
of A. variabilis seems to be accompanied by nearly complete degrada-
tion of its light-harvesting phycobilisomes containing phycobilins.
Statistically significant differences were found between veg1 and veg2
(Tables 1 and S2) of A. variabilis. The differences between veg2 and
veg3 were less significant than those between veg1 and veg2. To the
best of our knowledge, such gradients in the properties of TM of ve-
getative cells near heterocysts have not been reported previously for
Anabaena and genetically similar Nostoc [65].

In the case of Rivularia cells, the thickness (dimension perpendicular
to filament axis) near the heterocyst terminal was typically 7–10 μm
(Figs. 2G, S1), which was longer than the above-mentioned full width at
half maximum of the axial point-spread function (3.7 μm). Given the
imaging at only a single depth under these conditions, only “whole-TM-
cross-section-integrated intensity” and “average intensity per single
pixel in the region occupied by TM” were given as in Table 2.

3.5. Correlations among pigments in the same cell

Correlation among intracellular pigment concentrations were ana-
lyzed on the basis of average intensities per single pixel in the TM-
occupied regions of single cells (Fig. 5, c.f. Fig. S5). In the case of the
vegetative cells of both A. variabilis and Rivularia, moderate to high
correlations (r≈0.4–0.8) were found in all three combinations. This
must reflect a certain level of stability in ratios among PSI, PSII and
phycobilisome in the vegetative cells under our growth conditions as

well as those of photosynthetic pigments in the individual pigment-
protein complexes of PSI, PSII (see also Tables S3, S4).

In the heterocysts of A. variabilis, low or almost no correlation was
found among all three combinations (−0.22 < r < 0.11 in
Fig. 5A–C). The low correlations associated with phycobilins are un-
derstandable, because most phycobilisomes are degraded in matured A.
variabilis heterocyst [54]. Remaining phycobilisomes in the heterocysts
of A. variabilis, if any, are probably not forming stable complex with
PSI. On the other hand, the low correlation between Chla-associated
photoluminescence and carotenoid in the A. variabilis heterocyst
(r=−0.003) cannot be explained by only the changes in the stoi-
chiometry of PSII and PSI between vegetative cells and heterocysts
(Tables S3, S4). It is noteworthy that a high correlation coefficient was
found if these signals were plotted on the basis of whole-cell integrated
intensities (Fig. S5A). The correlation plots in Fig. 5 are thus sub-
stantially free from effects coming from cell sizes.

Compared to A. variabilis heterocyst, substantially higher correla-
tions in all three combinations were found in the case of Rivularia
heterocyst (0.470≤ r≤0.793 in Fig. 5D–F). These are at least in part
explained by the PSI-phycocyanin complex previously found in the
Rivularia heterocysts [54,61]. It is to be noted that there seem to be at
least two distinct subgroups of Rivularia heterocysts in terms of the ratio
of the photoluminescence to carotenoid signals (Fig. 5D). One subgroup
of heterocysts was aligned near the line in which Chla/carotenoid ratio
in the vegetative cells are conserved (the diagonal line, y= x in the
Fig. 5D), while the other was aligned near the line in which lumines-
cence/carotenoid ratio is about 0.35 (magenta line with a relatively low

Table 1
Ratio of Raman band and luminescence intensities of specified cell types to the corresponding values of veg2 (vegetative cell) in the same A. variabilis filament, for
which at least three consecutive cells, one heterocyst and two vegetative cells (het, veg1, and veg2) were imaged by our spectro-microscope (e.g., Fig. 2A). Number of
analyzed filaments was 31 including the 21 filaments analyzed in the Supplemental Table S2. See the captions of Figs. 2 and S3 for the selected Raman shift or
wavelength regions. According to paired t-tests with the corresponding values of the veg2 cell in the same filament, statistical significance is indicated by the
following symbols. *: p < 0.05, **: p < 0.01, ***: p < 0.005, ****: p < 0.001, #: p < 0.0005, ##: p < 0.0001. Even smaller p values are not distinguished.

Component Cell type Whole-cell integrated
intensity (± s.e.),
Isig × Scell

Average intensity per single pixel in
the region occupied by TM (± s.e.)
Isig

Average intensity per unit volume
occupied by TM (± s.e.) Isig× (Scell)−1/2

Average cross-section of TM-
occupied region in the image
(± s.e.) Scell

Luminescence het 0.584## (±0.066) 0.733## (± 0.046) 0.878* (±0.045) 0.733# (± 0.058)
veg1 0.936 (± 0.054) 0.940* (± 0.023) 0.964 (± 0.023) 0.984 (± 0.046)

Carotenoid het 0.599## (±0.051) 0.826## (± 0.026) 1.073 (± 0.081)
veg1 0.915 (± 0.052) 0.922*** (± 0.022) 0.950 (± 0.026)

Phycobilin het 0.063## (±0.009) 0.090## (± 0.013) 0.095## (± 0.014)
veg1 0.896* (±0.049) 0.903## (± 0.016) 0.929*** (± 0.021)

Table 2
Ratio of Raman band and luminescence intensities of specified cell types to the corresponding values of veg2 (vegetative cell) in the same Rivularia filament. The
definitions of signals and symbols are the same as in Table 1, unless otherwise mentioned. Total number of analyzed filaments was 34, and they were classified into
two subgroups of A (N=16) and B (N=18) according to photoluminescence/carotenoid Raman intensity ratio (see Figs. 5D, S2, S7). See Fig. 2G in the main text for
the notations of het, veg1, and veg2.

Component Cell type Subgroup Whole-TM-cross-section-integrated
intensity (Isig × Scell)

Average intensity per single pixel in the region
occupied by TM (Isig)

Average cross-section of TM-occupied
region in the image (Scell)

Luminescence het all(1) 0.277 (± 0.034)## 0.452 (± 0.044)##[##(3)] 0.609 (± 0.050)##
A(2) 0.408 (± 0.048)##(2) 0.665 (± 0.052)## (2) 0.653 (± 0.077)
B(2) 0.161 (± 0.029)##(2) 0.262 (± 0.019)## (2) 0.569 (± 0.061)

veg1 all(1) 1.05 (± 0.090) 0.923 (± 0.018)# 1.12 (± 0.082)
Carotenoid het all(1) 0.440 (± 0.041)## 0.731 (± 0.032)##[*(3)]

A(2) 0.448 (± 0.051) 0.728 (± 0.048)
B(2) 0.433 (± 0.064) 0.732 (± 0.044)

veg1 all(1) 1.06 (± 0.086) 0.946 (± 0.015)***
Phycobilin het all(1) 0.311 (± 0.034)## 0.528 (± 0.041)##[##(3)]

A(2) 0.358 (± 0.053) 0.622 (± 0.077)*(2)

B(2) 0.270 (± 0.044) 0.446 (± 0.027)*(2)

veg1 all(1) 1.05 (± 0.082) 0.938 (± 0.018)*

Notes: (1) When all Rivularia filaments are concerned, statistically significant differences between het and veg2, or between veg1 and veg2, are shown in the same
way as in the case of A. variabilis (Tables 1 and S2).
(2) The statistical significance associated with the subgroups A or B were given by t-tests between the heterocysts of the subgroups A and B.
(3) The symbols in the bracket, like [##], indicate statistically significant differences in the heterocyst between Rivularia and A. variabilis.
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gradient, y= 0.35x in the Fig. 5D). Based on the luminescence/car-
otenoid signal ratio, Rivularia heterocysts were classified into two
subgroups A and B, in which heterocysts of the subgroup A were located
above y=0.6x and those of the subgroup B were located below
y=0.5x in the Fig. 5D (see also Fig. S7). The two subgroups of het-
erocysts are also well separated in the phycobilin Raman/Chla-asso-
ciated photoluminescence correlation plot (Fig. 5F). Differences in the
average values of the two subgroups are summarized in Table 2, and
representative average single-cell spectra are shown in Fig. S2.

3.6. Laser power dependence of the photoluminescence

The excitation mechanism leading to the photoluminescence of the
cyanobacterial cells was also investigated through laser power depen-
dence of the signal amplitude in the case of A. variabilis (Table S6).
Contribution ratios of apparently one-photon and two-photon excita-
tions at 13.5 mW was estimated to be between 77:23 and 53:47 in five
spectral regions that were relatively free from obvious Raman compo-
nents. It is noteworthy that one-photon excitation at 976 nm is not

negligible at all.

3.7. Photoluminescence of chloroplasts of plant and green alga induced by
the 976 nm continuous wave excitation

The TMs in the chloroplasts of plants and eukaryotic green algae are
also highly enriched in Chla [12]. The generality of the broad photo-
luminescence attributed to Chla in the above section was also tested by
applying the same spectromicroscopic setup to the chloroplasts in
unicellular green alga (Parachlorella kessleri) and in leaves of a model
plant (Arabidopsis thaliana). The spectral shapes of the broad photo-
luminescence of the plant and green alga were very similar to that of
cyanobacterium A. variabilis (Fig. 4E). In the cases of the plant and
green alga, the ratios of the integrated intensities of the carotenoid
Raman bands at around 1520 cm−1 to the photoluminescence back-
ground at the same wavelength region are estimated to be 2.6 and 4.2
times greater than that of cyanobacterial vegetative cell, respectively.
See Text S1 for possible interpretations of this ratio.

Fig. 5. Correlation plots between pigments in the same cell of A. variabilis (A–C) and Rivularia (D–F). All plotted relative intensities are based on the “average
intensities per pixel (in the region occupied by TM)” as shown in Tables 1 and 2. See the captions of Fig. 2 or S3 for the selected Raman shift or wavelength regions.
The quantities of the heterocysts and veg1 cells are normalized by those in veg2 in the same filament. Only in the case of A. variabilis, pairs of neighboring vegetative
cells designated as veg(n+ 1) and veg(n) were analyzed, in which the two cells were far from heterocysts in relatively long filaments grown under the fixed-nitrogen-
deprived conditions. The inserted graph in (A–C) shows the plot for het/veg2 in an approximately square frame. In (D–F), Rivularia heterocysts were classified into
two subgroups A and B (het(A)/veg2 and het(B)/veg2), according to the ratio of Chla-associated photoluminescence and carotenoid Raman intensity (see Section 3.5
and Fig. S7). In all panels, numbers in the graphs are correlation coefficients. In (D–F), correlation coefficients for the subgroups A and B are shown separately by the
numbers in brackets. Broken lines in black or magenta are reference lines indicating y=1 (horizontal), x= 1 (vertical), y= x (approximately or rigorously di-
agonal), y= 0.35x (magenta, in D) and y=1.6x (magenta in F).
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4. Discussion

4.1. Comparison with previous absorption spectral microscopy

Microscopic absorption spectra of heterocysts and neighboring ve-
getative cells in the two cyanobacteria, A. variabilis and Rivularia, were
previously analyzed [54]. The relative photoluminescence intensities of
A. variabilis heterocyst in comparison with veg2 in this work are very
similar to the corresponding values of the microscopic absorbance at-
tributed to Chla that were given by the spectral decomposition of
single-cell absorption spectra in the previous work (Tables 1, S7). This
leads us to propose that the intensity of the spectrally broad photo-
luminescence induced by the 976 nm continuous wave laser is fairly
proportional to the concentration of Chla.

It should be noted here that possible sensitization of the Chla pho-
toluminescence by phycobilins in the phycobilisome of vegetative cells
in A. variabilis is excluded by the above-mentioned high correlation
between the Chla absorbance and the photoluminescence. Possible
sensitization of the Chla photoluminescence by Chlb and/or carotenoids
in the cyanobacterium, green alga and plant is discussed in the
Supplemental Text S1.

On the other hand, the average decrease of Chla absorption from the
veg2 to heterocyst in Rivularia filaments in the previous microscopic
absorption microspectroscopy (≈28%) was comparable to that in the
photoluminescence intensity of the heterocyst subgroup A in this work
(≈34%), which is, however, far milder than that in the subgroup B
(≈74%) (Tables 2, S8) [54]. Given the presence of at least two sub-
groups of Rivularia heterocysts with clearly different spectral characters
(Figs. 5D, S7), it is possible that the samplings of heterocysts in the
previous absorption microscopy and this work may have been somehow
differently biased.

4.2. Mechanisms and implications of photoluminescence from chlorophyll a
in the thylakoid membrane

Linear portion of the photoluminescence in terms of the laser power
dependence (Table S6) is possibly attributable to spin-forbidden but
actually very weakly allowed transitions between S0 and T1. Phos-
phorescence spectrum of Chla in mature pea leaves at 77 K has been
reported to have a main peak around 980–990 nm and a vibronic
progression peaking around 1100 nm [66]. On the other hand, it is also
possible that long-wavelength tail (vibronic progression) of the fluor-
escence bands (S1→ S0, main bands are peaking around 670–730 nm
depending on the spectral forms of Chla in cyanobacteria) give sub-
stantial contributions to the detected photoluminescence
(1017–1175 nm) in our study [63]. The nonlinear portion of the de-
tected photoluminescence (Table S6) can be attributable to the fluor-
escence of Chla, because the high intensity of the focused 976 nm laser
may induce two-photon direct excitation of some photosynthetic pig-
ments and/or multistep excitations consisting of heating effects by the
laser (generation of vibrationally excited states in S0 (hot S0)) and
single-photon excitation (hot S0→ S1). The heating can be caused by
absorption of the 976 nm photon at least in part by the water in the case
of the cyanobacterial cells [41], but there is no water in the Chla
powder (Fig. 4C). In the case of the powder of Chla, lattice vibrations of
the powder as well as combinations and/or overtones of molecular vi-
brations of the individual Chla may contribute to absorption of 976 nm
and rise of the local (vibrational) temperature.

The clear photoluminescence from matured A. variabilis heterocysts
(Table 1, Figs. 2D, 3, 5A) readily supports an idea that PSI is a strong
emitter of this photoluminescence under our experimental conditions.
Some discussion on relative contributions of PSI and PSII to the pho-
toluminescence is given in the Supplemental Text S1.

4.3. Side effects of the 976 nm excitation

The photoluminescence of Chla implies two possible disadvantages
of using the 976 nm laser for imaging of TM, as discussed in Section 4.2.
One is the possible production of harmful triplet excited states of Chla
leading to generation of singlet oxygen (1O2) [67]. The other is the
heating of water molecules, which should be certainly more substantial
than those at 1064 nm [41]. We may have to avoid using the 976 nm
excitation laser for repetitive examinations of physiological phenomena
of photosynthetic organisms, although long-term observations of or-
ganisms after the 976 nm excitation remains to be performed. When the
laser power at the sample position was 20mW or even higher, we
sometimes found bleaching of photosynthetic pigments of A. variabilis
cells and/or obvious changes of the cell shapes. On the other hand, pin-
point production of triplet states of pigments and/or singlet oxygen may
be useful for analyzing possible roles of signaling by such molecular
species as well as protection mechanisms of the photosynthetic systems
against harmful chemicals [68].

4.4. Properties of the heterocysts of Rivularia and Anabaena variabilis

Rivularia filaments were subcultured from a densely populated agar
medium to a freshly prepared one, which seemed to stimulate devel-
opment of hormogonia (relatively short motile filaments for the dis-
persal and relocation of the microorganism) from parental filaments
(Fig. S1) [69]. Even though the Rivularia filaments had been sub-
cultured over several agar media that did not originally contain fixed
nitrogen, hormogonia did not have obvious heterocysts. Hormogonia
are generally thought to consist of undifferentiated cells [70]. It is thus
possible that the terminal cells at the heterocyst position of Rivularia
analyzed in this study were situated at various transition stages from a
transient terminal vegetative cell to a matured heterocyst. Among the
two subgroups of Rivularia heterocysts (Table 2, Figs. 5D–F, S7), the
signal ratios of photoluminescence/carotenoid of the subgroup A are
similar to those of nearby vegetative cells. It is thus likely that the
heterocysts in the subgroup B are more matured ones and that those in
the subgroup A are relatively young heterocysts. The signal ratios of
phycobilins/photoluminescence of the subgroup B (postulated mature
heterocysts) are higher than those of subgroup A (postulated young
heterocysts). This trend is contrary to the one in A. variabilis, in which
phycobilins/photoluminescence ratio is clearly lower in heterocysts
than in vegetative cells (Fig. 5C). This situation probably reflects two
factors: (i) a high portion of PSI in the Rivularia heterocysts is bound to
phycocyanin [54], and (ii) Chla contents in the heterocyst subgroup B
(matured heterocyst) were on average lower than those in the subgroup
A (young heterocyst) (Table 2, Fig. S3). Based on our proposal that Chla
concentration, as measured by microscopic absorbance per unit depth
[54], is approximately proportional to the Chla-associated photo-
luminescence (Table S6), differences between heterocysts and vegeta-
tive cells of the Rivularia leads to the idea that the heterocysts in the
subgroup A observed here are similar to those analyzed in our previous
study (Table S8) [54]. Although the heterocysts in the subgroup A seem
to be relatively young in comparison with the subgroup B, their ab-
sorption and fluorescence features including PSII/PSI fluorescence in-
tensity ratio may be sufficiently distinct from those of vegetative cells
[54]. It is noteworthy that so many young heterocysts (16 among 34)
were clearly separated from matured heterocysts by the spectroscopic
indices, which suggests a relatively long lifetime of the young stage of
the heterocysts and swift drastic change in the intracellular pigments at
certain maturation/aging stages.

The low ratios of Chla-associated photoluminescence to carotenoid
in the subgroup B of Rivularia heterocyst (postulated matured hetero-
cysts) in comparison with the vegetative cells (~0.35:1, Fig. 5D) are not
simply explained by the decrease of PSII/PSI ratio from the vegetative
cells to the heterocysts, because Chla: carotenoid number ratio of PSI
(96:22≈4.36:1) is higher than that of and PSII (35:11≈3.18:1)
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(Tables S3, S4). The observed low ratio (~0.35:1) is actually even lower
than the lower limit (0.729:1≈3.18/4.36:1) given by a virtual con-
version from 100% PSI in vegetative cells to 100% PSII in heterocysts,
although these ratios are totally unrealistic for the two cell types (Table
S8). It is thus likely that the ratio of carotenoids other than those bound
in PSI or PSII have increased from vegetative cells to heterocysts of the
subgroup B in the Rivularia filaments. Changes in carotenoid composi-
tions of two heterocystous cyanobacteria (Anabaena sp. PCC7120 and
Calothrix sp. 336/3) upon deprivation of exogenous combined nitrogen
were reported [71]. Total β‑carotene (including both trans and cis
forms) was decreased from 37.6–42.5% to 27.4–31.5% while some of
the other carotenoids (echinenone in both the species, zeaxanthin in
only Calothrix) were increased. Although heterocysts and vegetative
cells were not separately analyzed in the reference [71], these results
may lead to the idea that the carotenoids not bound to PSI or PSII in the
subgroup B of Rivularia heterocysts may be echinenone and/or zeax-
anthin [72]. The frequency of the C]C stretching vibration (around
1520 cm−1) of echinenone has been reported to be down shifted by
about 5 cm−1 in comparison with β‑carotene and zeaxanthin [73–75].
However, we did not detect clear change in the frequency between
vegetative cells and heterocysts in both A. variabilis and Rivularia
(Figs. 3, S2), suggesting that there is no strong localization of echine-
none in the heterocysts. In spite of an elevated rate of respiration, thick
cell wall and substantial decrease of PSII in the heterocysts, diffusion of
O2 through the terminal pore into the heterocysts and concomitant
production of reactive oxygen species may be unavoidable [76]. The
carotenoids in the Rivularia heterocyst other than those bound in PSI or
small amount of PSII may be effective as a singlet oxygen quencher
[77].

In view of the relatively high correlations between photo-
luminescence and carotenoid signals of the Rivularia heterocyst sub-
groups, the negligibly small correlation coefficient in the corresponding
plot of A. variabilis heterocyst is remarkable (Fig. 5A, D). Some car-
otenoids not bound to PSI or small amount of PSII may accumulate in at
least a portion of A. variabilis heterocysts (see also Section 3.5). It is also
suggested that the ratio of total intracellular carotenoid to PSI in the
heterocyst is more tightly regulated in Rivularia than in A. variabilis.

4.5. Implications for physiological status of vegetative cells in filamentous
cyanobacteria

Some heterocystous cyanobacteria consist of vegetative cells with
varied shapes and sizes, as in the case of Rivularia filaments (Fig. S1)
[54,69,78]. In contrast, autofluorescence spectra as well as their sizes of
vegetative cells of Anabaena and Nostoc are mostly very similar to each
other [31,49,54,79]. For example, as far as we employed auto-
fluorescence spectral microscopy and absorption spectral microscopy to
analyze the individual vegetative cells near the heterocyst in A. var-
iabilis, we were not able to detect convincing spectral differences be-
tween veg1 and veg2 (Table S6) [31,54]. On the other hand, some
works reported at least transient appearance of abnormal vegetative
cells [4,80]. Overall, our results and some previous studies indicate that
transient and/or steady differences in the properties of thylakoid
membranes between apparently similar vegetative cells are induced
under some conditions.

All A. variabilis heterocysts we analyzed seemed to be already ma-
tured, because amounts of phycobilins in the heterocysts were on
average only 6% of the average vegetative cell (Table 1, Fig. 5B, Table
S2) [31]. PSI in some of the heterocysts may be decreased by aging of
the heterocysts, because heterocyst is a terminally differentiated state
(no possibility of division) and its lifetime is finite. The veg1 cell should
be the candidate for the next terminal heterocyst cell, in which decrease
of PSII-related photosynthetic pigments is expected if it is time for the
terminal heterocyst to be replaced. Due possibly to the lack of syn-
chronization in the culture and relatively long incubation time from the
inoculation to the microscopic measurements (5–74 days for A.

variabilis), we did not find correlation between the incubation time and
the quantities of photosynthetic pigments in the heterocysts or veg1
cells (Fig. S6). More systematic tracking of the maturation or aging
process of heterocysts is necessary to understand the physiological
meaning of the special status of veg1 cell.

The mechanisms for the formation of the semiregularly spaced
heterocyst positions among vegetative cells have been extensively stu-
died [46,81]. Although many genes are involved in the differentiation
process [82], the essential pattern formation and maintenance has been
successfully reproduced by computer simulations considering several
key genes and factors [83,84]. However, subtle differences between
vegetative cells have not been paid much attention. The special status of
the vegetative cells nearest to heterocysts (veg1) that we found
(Table 1) may reflect a delicate balance among inhibitions of heterocyst
differentiation in the vegetative cells, exchange of metabolites and
signaling molecules between heterocysts and vegetative cells, aging of
the heterocyst and cell division cycles in the vegetative cells [50,85].

5. Conclusions

The photoluminescence of Chla (around 1017–1175 nm) in A. var-
iabilis cells induced by the continuous wave laser at 976 nm seems to be
fairly proportional to the concentration of Chla. The photoluminescence
spectrum was found to be almost common among the two cyano-
bacteria (A. variabilis and Rivularia), green alga and plant. Our analysis
of the Raman bands of carotenoids, phycobilins and photoluminescence
of Chla supports the view that the phycobilisomes remain substantially
in the Rivularia heterocysts, but only almost negligibly in A. variabilis
heterocysts. At least two distinct physiological states of the terminal
heterocyst in Rivularia filaments were distinguished by the correlations
between the Raman bands of carotenoids and Chla-associated photo-
luminescence, in which one state seems to be matured heterocyst and
the other is relatively young heterocyst. The photoluminescence we
observed by the continuous wave excitation at 976 nm is not something
to be subtracted and neglected, but signals useful for analysis of
chloroplasts and cyanobacteria on a single-cell basis. Some special roles
of carotenoids other than those bound to PSI or small amount of PSII in
both A. variabilis and Rivularia heterocysts are suggested through the
photoluminescence/carotenoid correlations.
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