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INTRODUCTION

The quantitative description of optical radiation
interaction with cells and subcellular structures of pho-
tosynthetic organisms is crucial for understanding gen-
eral principles of solar energy assimilation in photosyn-
thesis [3], estimating condition and productivity of the
ecosystems [4

 

−

 

7], detecting the physiological state of
and stress in photosynthesizing microorganisms
[8

 

−

 

10], monitoring their growth during mass-cultiva-
tion [11, 12], revealing structural and conformational
changes of the photosynthetic apparatus [3, 13], etc.
The spectral analysis of photosynthesizing microorgan-
isms presumes access to information both on radiation
absorption by various pigments and the scattering char-
acteristics [1

 

−

 

7, 10, 14]. In most of the studies in the
field, attention is paid mainly to light absorption for fol-
lowing qualitative as well as quantitative changes in the
pigments and estimating their state within photosyn-
thetic membranes [3, 5]. Cells of microorganisms pos-
sess featureless nonselective scattering, which depends
on their size and shape and results from changes in the
refractive index at the interphase boundaries (e.g.
between medium, cell, cytosol, and intracellular struc-
tures) [4, 5]. In the cyanobacteria and microalgae, the
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: Chl—chlorophyll; 

 

D

 

—attenuance (optical den-
sity); IS—integrating sphere, NIR—Near Infra Red.
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cell spectra are also characterized by the presence of
selective scattering with pronounced spectral features
and related to sharp changes in the refractive index in
the region of light absorption by aggregated pigments
embedded in thylakoid membranes [2, 14-16].

Together with other approaches [17

 

−

 

20] for reduc-
ing the scattering contribution to the results of absorp-
tion measurement, integrating spheres (IS) are used,
with placement of a cuvette adjacent to the IS input
window. However, with strongly scattering samples
such a configuration does not provide complete elimi-
nation of scattering-dependent light losses [1, 21]. Fre-
quently, the measurements at wavelengths of
750

 

−

 

800 nm are ignored, and the attenuation spectra
(

 

D

 

(

 

λ

 

)) obtained in different laboratories, being depen-
dent on the geometry and the efficiency of light collec-
tion by a particular IS, are incommensurable. In this
respect, a method that allows approaching the “true”
absorption spectrum of cell suspensions  was
suggested [1, 22]. For this purpose the (

 

D

 

(

 

λ

 

)) spectra
are measured with the cuvette placed close to and at a
certain distance from IS, corresponding to different
solid angles of light collection, 

 

γ

 

0

 

 and 

 

γ

 

I

 

, respectively
(Fig. 1). When 

 

γ

 

0

 

 

 

�

 

 

 

γ

 

I

 

, the measurement of attenuance
in the spectral region with negligible pigment absorp-
tion provides a correction factor, making it possible to
obtain the spectrum  as an approxima-
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Abstract

 

— Absorption spectra of cyanobacteria (

 

Anacystis nidulans, Anabaena variabilis

 

, and 

 

Chlorogloeop-
sis fritschii

 

), red (

 

Cyanidium caldarum

 

 and 

 

Porphyridium cruentum

 

), green (

 

Dunaliella maritima

 

 and

 

Dunaliella salina

 

) and diatom (

 

Thalassiosira weisflogii

 

) alga cell suspensions are presented; the spectra were
obtained by using an approach developed earlier to compensate for scattering [1, 2]. In all species, the shapes
of the absorption spectra were independent of the cell concentration. For 

 

Th. weisflogii

 

 and 

 

D. maritima

 

, the
analysis of selective and nonselective scattering was carried out. The effect of mechanical cell disruption on
optical properties (absorption, scattering, and “package” effect) on 

 

D. maritima

 

 was studied. The character and
dynamics of optical changes in 

 

D. salina

 

 under the influence of sodium chloride were followed.
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tion to the light leaving the rear wall of the cuvette.
With this simple approach essentially scattering-free
absorption spectra for the cell suspensions of the
cyanobacterium 

 

Anabaena

 

 

 

variabilis

 

 [1, 23], the green
alga 

 

Parietochloris

 

 

 

incisa

 

 [10], the diatom 

 

Thalassiosira
weisflogii

 

 [9] and some other species [2] are reported.
Furthermore, we have carried out the analysis of scat-
tering, assuming a simple wavelength dependence of
nonselective scattering and the shape of selective scatter-
ing spectrum calculated from . This allowed a sat-
isfactory description of light scattering by subchloroplast
particles, isolated chloroplasts and cell suspensions of
some green, yellow-green, and diatom algae [2].

Here as a further step in the study of the fundamen-
tal optical properties of photosynthesizing microorgan-
isms, we present the principles of the measurements
and report scattering-compensated absorption spectra
for some cyanobacteria, red, green, and diatom algae
recorded at different cell concentrations. In addition,
we performed the analyses of the scattering spectra for
some microalgae.

MATERIALS AND METHODS

The cultures of the following microorganisms (for
cultivation conditions see corresponding references)
were used in the study: cyanobacteria 

 

Anabaena

 

 

 

vari-
abilis

 

 ATCC 29413, 

 

Anacystis

 

 

 

nidulans

 

 (

 

Synechococ-
cus

 

 

 

elongatus

 

 

 

Näg

 

.

 

 

 

IPPAS

 

 Ç-267)

 

, 

 

Chlorogloeopsis
fritschii

 

 

 

Äíëë 27193 

 

[23], green algae 

 

Dunaliella
maritima

 

 

 

MASSJuk

 

 IPPAS D-211, and 

 

D

 

. 

 

salina

 

 í

 

eod

 

.
IPPAS D-209 [24], diatom alga 

 

Thalassiosira

 

 

 

weisflogii

 

[9], and red algae 

 

Cyanidium

 

 

 

caldarum

 

 M-01 (Moscow
State University) [25], 

 

Porphyridium

 

 

 

aeruginosum

 

Geilt p-520, and 

 

P

 

. 

 

cruentum

 

 IPPAS (Ag) Näg. p-273
[8]. Before the analyses, the cell suspensions were con-
centrated by centrifugation.

When measuring the dependence on cell concentra-
tion, the suspensions were diluted by growth media to a
certain optical density, which was defined as maximal
(reciprocal dilution factor, 

 

f

 

 = 1). Then a set of samples
(from 6 to 9) with 

 

0.1 

 

≤

 

 

 

f

 

 

 

≤

 

 0.9

 

 was prepared. 

 

D

 

. 

 

mar-
itim

 

‡

 

 cells were disrupted in their cultivation medium
using a glass-glass homogenizer until no changes in the
attenuance spectra were detected.

The spectra of the cell suspensions were recorded in
standard 1-cm cuvettes against corresponding cultiva-
tion media, sampled at 2-nm intervals and treated in
spreadsheet software. Most of the spectral measure-
ments were made with a 150-20 Hitachi spectropho-
tometer (Japan) equipped with a 150-mm IS (Hitachi,
part 150-0901) covered with BaSO

 

4

 

. In some experi-
ments (mentioned in the text) a Specord 200 spectro-
photometer with 75-mm IS made of Spectralon (Analy-
tik Jena AG, Germany) was used.

For compensation for scattering, the method
described in [1] was used. For this purpose, the 

 

D

 

(

 

λ

 

)

 

spectrum was taken at the standard position of the

Ã λ( )

 

cuvette at the entrance window of the IS corresponding
to a large light collection angle, 

 

γ

 

0

 

. To measure the
spectra at smaller angles (

 

γ

 

I

 

) with the Hitachi spectro-
photometer, the cuvette was placed at certain distances
(ca. 1.1, 2.2, and 3.3 cm) from the IS (Fig. 1) defined as
collection angles 

 

γ

 

1

 

, 

 

γ

 

2

 

, and 

 

γ

 

3

 

, respectively [1]. With
the Specord spectrophometer, the spectra recorded in
the cuvette placed close to the photodetector (the option
for turbid sample measurements) and in the standard
cuvette position, 

 

γ

 

4

 

 and 

 

γ

 

5

 

, respectively.

Absorption spectra compensated for scattering were
calculated as

 

(1)

 

where 

 

D

 

NIR

 

 is light attenuance in the spectral range of
760

 

−

 

800 nm, in which pigments do not possess mea-
surable absorption (see [1] for more details).

The modeling of the measured spectra 

 

D(λ; γ) was
carried out as described in [2] using the absorption

spectrum, calculated with Eq. (1) and scattering
spectrum, S(λ), representing the sum of nonselective,

Ã λ( ) D λ;γI( ) DNIR
γI

/ DNIR
γI

DNIR
γ 0

–( )–=

× D λ;γI( ) D λ;γ0( )– ,

Ã λ( ),

γ0

γI

(‡)

(b)

Fig. 1. A scheme of light collection by an integrating sphere
with a scattering sample placed close to and at some dis-
tance from an integrating sphere. For simplicity only the
light leaving the rear cuvette surface is shown.
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SNS(λ), and selective, SSS(λ), ingredients. The model
attenuance spectrum, M(λ; γ), was modeled as

(2)

where α0–3 are constants. As previously [2], the nonse-
lective scattering was assumed to be inversely depen-
dent on wavelength, and the selective scattering spec-
trum was obtained from  spectrum using
Kramers−Kronig relations. The fitting parameters α
were adjusted using least square criterion and the
'Solver' tool in Microsoft Office Excel (Microsoft,

M λ;γI( ) Ã λ;γI( ) S λ;γI( ) +=

=  α1 Ã λ( ) α2SNS λ;γI( ) α3SSS λ;γI( ) α0+ + ,+

Ã λ( ),

United States) to minimize the difference between mea-

sured and modeled spectra 
for the whole spectral range (350-800 nm).

RESULTS AND DISCUSSION

Figure 2 demonstrates the spectra of a cell suspen-
sion of diatom alga Th. weisflogii, recorded with the
Hitachi spectrophotometer with the cuvette at different
distances from IS. As can be seen, even with the cuvette
placed close to the IS (γ0), scattering-related losses of
the incident light took place in the NIR (Fig. 2, curve 1).
In this spectral region, D underwent a monotonous
increase with increasing distance between the cuvette
and IS and with decreasing wavelength (Fig. 2, curves
2-4). At low γ, a considerable flattening of the spectra
was observed in the whole spectral range, and pigment
absorption bands were less distinct. In line with previ-
ous findings [1], the absorption spectra, compensated
for scattering by the use of Eq. (1), did not reveal any
absorption in the NIR and almost coincided with one
another (cf. Fig. 2, curves 5–7). In these spectra,
absorption by chlorophylls (Chl) a and c (in the red and
Soret bands) and between 480 and 570 nm by fucoxan-
thin, the dominant carotenoid of diatoms [9], was more
resolved as compared with the measured spectra, D(λ).

The scattering-compensated absorption spectra of the
same sample obtained with both spectrophotometers were
close (not shown): in the experiments with the cyanobac-
terium A. nidulans, the difference between the spectra did
not exceed 5% when D(λ) was higher than 0.2.

The use of Eq. (2) provided a good approximation to
Th. weisflogii attenuance spectra measured at different
distances from IS (Fig. 2a, 1–4, symbols). This made it
possible to analyze absorption and scattering spectra as
a function of the collection angle. Figure 2b shows that,
at smaller γ, the contributions of absorption and scatter-
ing underwent a considerable decreased and increase,
respectively. At γ0 the scattering curve was more or less
monotonous, slightly increasing up to 350 nm. At
smaller γ the scattering increased considerably and rel-
atively weak bands of selective scattering (see also [2])
were apparent in the red. This suggests that Th. weis-
flogii cell suspensions exhibited predominately nonse-
lective scattering, obviously due to the presence of
thick siliceous shells characteristic of diatoms.

The specific feature of the spectroscopy of microor-
ganisms possessing sizes comparable with wavelength
and high pigment content is so called 'package' or
'sieve' effect [3, 5, 26–28]. Due to this effect as well as
some other circumstances, pigment absorption in cell
suspensions differs considerably from that in true solu-
tions. In particular, this manifests itself as flattening of
the spectra in the regions of strong pigment absorption.
Mechanical homogenization (or other treatments lead-
ing to a decrease in the particle size) as well as a decline
in pigment content bring about the weakening of the
package effect [10, 27, 28,]. The spectra of D. maritim‡,
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Fig. 2. Optical spectra of Th. weisflogii cell suspension and
their modeling.
(a) Attenuance spectra, D(λ), measured at different dis-
tances from the integrating sphere (1–4 solid lines): (1) γ0,

(2) γ1, (3) γ2, (4) γ3, and (5−7)  spectra after compen-

sation for scattering. The  spectra (5-7) were obtained
from spectra 2–4 as compared with spectrum 1 using
Eq. (1). Symbols—model spectra for 1–4 calculated using

Eq. (2); (b)Absorption  (curves 1'–4') and scattering
S(λ; γ) (curves 1"–4") spectra for 1–4 in panel (a).
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which do not have cell walls and could be easily dis-
rupted by homogenization, are shown in Fig. 3. As

compared with intact cells, the  spectra of the
homogenate exhibited much more resolved bands of
pigment absorption, the Chl ‡ absorption maximum
was shifted from 677 to 672 nm, the Chl b band was
more expressed, and the ratio of Chl ‡ absorption in the
Soret band to that in the red increased to 1.56 (Fig. 3),
approaching values characteristic of the extract spectra
(data not shown). Similar changes of absorption spec-
tra, for example, have been described in Chlorella
pyrenoidosa cell suspension as a result of sonication
[27] and in the green alga Parietochloris incisa under
nitrogen starvation inducing a dramatic decrease in Chl
content [10]. The modeling Th. weisflogii attenuation
spectra both before and after homogenization using
Eq. (2) was successful (Fig. 3). In contrast to Th. weis-
flogii (Fig. 2) and D. salina (Fig. 4), the scattering spec-
trum of D. maritim‡ was characterized by a considerable
contribution of selective scattering (Fig. 3, curve 4). As a

Ã λ( )

result of homogenization, the scattering increased and
showed stronger dependence on wavelength that, in
part, could be explained by a reduction of particle size
and an enhancement of nonselective scattering [5]. At
the same time, selective scattering was pronounced in
the spectrum around pigment absorption bands. These
data suggest that even when using IS the contribution of
scattering in overall light attenuation could be consid-
erable and the light losses should be taken into account
in quantification of pigment absorption.

In the course of adaptation of halotolerant
Dunaliella species to salt stress, remarkable changes in
cell and chloroplast volume take place; these changes
are reversible due to subsequent intracellular synthesis
of high amounts of glycerol [24, 29]. Figure 4 demon-
strates the changes in optical spectra after addition of
50 mM sodium chloride to D. salina suspension. The
scattering underwent rapid changes within 15 min.
Under the influence of NaCl, the shape of the spectra
changed and the scattering showed a stronger wave-
length dependence, obviously as a result of cell volume
decrease under these conditions [24, 29]. Absorption
increased considerably, especially in Chl ‡ maxima. It
is noteworthy that the absorption curve intersections
near 502, 650, and 688 nm resembled isosbestic points.
In general, the spectral changes were similar to those
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occurring during D. maritim‡ cell disruption and sug-
gest a considerable weakening of the package effect
due to a decrease in chloroplast/thylakoid volume. It
should be noted that the changes in scattering occurred
more rapidly than those in absorption. Accordingly, this
makes it possible to suggest that, under osmotic stress
in D. maritim‡, the volume changes took place more
rapidly in the cells than in chloroplasts.

For further examination of the applicability of the
method [1], scattering-compensated absorption spectra
of some prokaryotic and eukaryotic microorganisms

differing in cell size and shape as well as in pigment
composition and localization were studied as a function
of suspension cell density (Fig. 5). The cyanobacteria
and red algae contained phycobilins (phycocyanin and
allophycocyanin); in addition, P. cruentum strain
520 possessed considerable amounts of phycoerythrin.
In these spectra between 450−520 nm, the bands of car-
otenoids (poorly distinguished on Chl b background in
green algae) were clearly observed. As a result of com-

pensation for scattering, the  curves in the NIR
were flat and the absorbance was close to zero. In a
wide dynamic range, in the red Chl a maximum
increased linearly (r2 ≈ 0.99) along with dilution factor
(proportional to cell density) for all species examined

(Fig. 5a). In all cases,  spectra taken at different
dilutions of cell suspensions after normalization were
close (Fig. 5b) with the coefficient of variation less than
2%. The coefficient of variation was higher with
Th. weisflogii suspension (5%), possibly due to more
rapid sedimentation of the diatom cells during mea-
surements. All these observations indicate the indepen-

dence of  characteristics of cyanobacterial and
microalgal cell suspensions on the quantity of absorb-
ing-and-scattering particles.

In conclusion, it appears that the application of the
method for compensation for scattering reduces uncer-
tainties in pigment absorption determination and the
analysis of scattering is able to provide additional infor-
mation on the properties of the photosynthesizing
microorganism cells.
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Ã λ( ),
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