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Abstract

This study presents a technique for determining the true light absorption spectrum of
a dense culture of the marine coccolithophore Chrysotila sp. using a single-beam MS 122A
spectrophotometer equipped with an integrating sphere. The main problem with standard
measurements is the distortion of the spectrum due to light scattering by cells, which is es-
pecially noticeable in the near-infrared region (750-800 nm), where the pigments are not
absorbed, but the signal is not zero. To compensate for the scattering effect, the authors
used an approach based on recording absorption spectra at two positions from the integrat-
ing sphere: standard (close to) and at a distance of 2 mm. The correction factor, independent
of wavelength, was calculated from data in the range of 750-800 nm. Its value was 3.77.
The true absorption spectrum, stripped of the scattering contribution, was calculated using
the proposed formula. The technique has shown its effectiveness for cultures with a high
cell density, providing zero absorption values in the near-infrared region. However, with
a low cell concentration, the technique is inapplicable due to a significant increase in errors.
Thus, the work demonstrates a practical way to correctly determine in vivo absorption spec-
tra using available equipment, which is important for ecological and physiological studies
of phytoplankton as well as for development of regional remote sensing algorithms.
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AHHOTAIUA

[IpencrapieHa MeToiMKa ONpPEEIeHUs] UCTUHHOTO CIIEKTpa MOMNIOIIEHUsT CBETa IUIOTHOM
KYIBTYpOil MOpcKoi KokkonuTopopuabl Chrysotila sp. ¢ MCTIONB30BaHHUEM OHOIYYEBOIO
criektpooromerpa MC 122A, ocHanieHHOro MHTErpupytomeii cdepoir. OcHOBHas Ipo-
Or11eMa CTaHJapTHBIX U3MEPEHUH 3aKITF0YAETCsl B ICKQKEHUH CIIEKTPa U3-3a CBETOPACCESIHUS
KJIETKaMH, 4TO 0COOEHHO 3aMeTHO B OnmxHell mHdpakpacHoit obnactu (750-800 HMm),
/i€ TMOMIOIICHNE MUTMEHTOB OTCYTCTBYET, HO H3MEpSEMbI CUTHAJl HE PaBEH HYIIIO.
st komneHcanmu dddexra paccesHHus MCIOIb30BaH MOIXOA, OCHOBAHHBII HAa perucrpa-
MU CIEKTPOB TOMIOUICHHS MPH JIBYX IMOJIOXKEHHUIX KIOBETHI OTHOCHUTEIbHO HMHTEIPUPYIO-
et cdepbl: cTranaapTHOM (BIUIOTHYIO) M Ha pacctosiHuu 2 MM. [lonpaBounsiii koadduim-
€HT, HE 3aBUCSIINNA OT JJIUHBI BOJHBI, PACCUUTHIBAIN MO AaHHBIM B obmactu 750-800 HwMm,
ero 3HaueHue cocTaBwio 3.77. VICTHHHBIA CHEKTp MOINIONMIEHHS, OYMIICHHBIM OT BKJIajaa
paccesiHusl, BEIYUCISUIN 110 TPEUIOKEHHOH (opmyne. Meroauka mokasana 3(heKTuBHOCTh
JUISl KYJIBTYP C BBICOKOM YHCIIEHHOCTBIO KIIETOK, OOecredrBas HyJIEBble 3HAYCHUSI MOINIO-
menns B Ommwkaeir MK-obnactu. OnHako NpU HU3KOM KOHIEHTPAIMK KIIETOK METOJ He-
MPUMEHUM HU3-3a 3HAUYUTENBHOr0 POCTa morpemHocteil. Takum oOpa3om, padora JAeMOH-
CTPHPYET NPAKTUYECKUIN CIIOCOO KOPPEKTHOTO OMpPE/eNIeHHUs CIIEKTPOB MOMIOIIEHHUS i1 VIvo
Ha JJOCTYITHOM OOOPYAOBAHUH, YTO BAXKHO JIJIs IKOJIOTHUYECKUX U (PU3UOIOrMIECKUX HCCIie-
JIOBaHUH (DUTOIUIAHKTOHA, a TAKXKE JUIS Pa3BUTHS PETHOHATBHBIX AJTOPHUTMOB JTHCTAHIIU-
OHHOT'O 30HAUPOBAHUSL.

KnrudeBble cioBa: crekrpodoToMerpus, MHTErpupyromas cgepa, MONIOLICHHE CBETa,
kokkonutopopuasl, Chrysotila sp., ICTUHHBIA CHEKTP MOIIONICHHS, MMOMPABOYHBIN KOA(-
(bunmenT, in vivo, in vitro, alleTOHOBBIN SKCTPaKT
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Introduction

Spectrophotometers are the primary tool for assessing the optical properties
of photosynthetic cells. However, the reliability of in vivo absorption spectrum
measurements is limited by the distorting effect of light scattering, the magnitude
of which depends both on the distribution of scattered light within the sample and
on the geometry of the cuvette and detector.

The most effective way to minimize the loss of scattered light is to use an inte-
grating sphere (IS) in spectrophotometers [1], the inner surface of which has a high
reflection coefficient. When the studied sample is placed inside such a sphere,
all scattered light reaches the photodetector, and the measured optical density is
determined only by the true absorption of light by the sample [2]. However,
in standard spectrophotometers equipped with an IS, the design typically does not
allow the sample to be placed inside the sphere, instead, the cuvette is positioned
in front of the entrance port. In this configuration, it is impossible to completely
eliminate the contribution of scattering.

Two approaches for correction have been proposed in the literature: the use
of correction factors and the method of recording spectra at different distances
from the IS [3, 4]. The second approach is based on the fact that changing the dis-
tance to the IS allows the fraction of scattered light in the recorded signal to vary.
Measurements at two distances (one close to and one far from the IS) make it pos-
sible to reconstruct the absorption spectrum compensated for scattering, which is
confirmed by values approaching zero in the 750-800 nm range, where pigment
absorption is absent [5].

Subsequently, such corrected spectra can be used in regional algorithms to
separate the contributions of coccolithophores, diatoms, and dinoflagellates from
multispectral measurements of the sea surface reflectance coefficient [6], obtained,
for example, from satellite data.

For the Black Sea, an urgent task is the development of regional algorithms for
interpreting satellite data, which allow the separation of the contribution of various
taxonomic groups of phytoplankton (coccolithophores, diatoms, and dinoflagellates)
to the total biomass [7]. Solving this problem requires reference absorption spectra
of pure cultures of dominant species. In 2023, a series of studies was initiated
to investigate the spectral features of the light absorption coefficient of individual
Black Sea phytoplankton species of different taxonomic affiliations. However,
the quality of the initial in vivo spectra obtained using the MS 122A spectropho-
tometer by the standard method remains unsatisfactory for reliable separation
of these contributions, making scattering correction mandatory.

The present paper aims to determine the true light absorption spectrum of
a batch culture of the marine coccolithophore Chrysotila sp. using a single-beam
MS 122A spectrophotometer and the method of measurements at two distances
from the IS. This work was carried out using materials from a report presented
at the XIII All-Russian Conference with International Participation “Current Prob-
lems in Optics of Natural Waters 2025 [8].
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Materials and methods

The study used an algologically pure culture of the coccolithophore Chrysoti-
la sp. P. L. Anand from the collection of living cultures of marine planktonic mi-
croalgae at A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS.

The algae were cultivated in 0.2 L conical flasks in f/2 medium [9] prepared
with pasteurized seawater. To maintain the culture in the exponential growth phase
and at a constant cell density, it was diluted daily with fresh nutrient medium.
The cultivation temperature was 18 + 1°C, which corresponds to the temperature
optimum for the studied species.

Absorption spectra were recorded in cuvettes with an optical path length of
1 cm in the range from 300 to 800 nm with a step of 1 nm using a single-beam
MS 122A spectrophotometer (SOL instruments, Minsk, Belarus), equipped with
a diffuse transmission and reflection attachment with an IS. During the measure-
ments, the cuvette was placed in the cuvette holder of the attachment in front of
the IS entrance port®. The inner diameter of the IS is 50.8 mm (2 inches). The inner
surface coating of the IS is BaSOa.

Measurements were carried out at two cuvette positions (Fig. 1): the standard
position — flush against the IS entrance port (» = 0); the distant position —
at the maximum possible distance for this setup, » =2 mm from the IS entrance
port. The design of the cuvette compartment of the MS 122A spectrophotometer
does not allow the cuvette to be placed at a distance greater than 2 mm (a limita-
tion imposed by the mirror in the optical system); therefore, this value was used
in the work.

Fig. 1. Top view of the MS 122A cuvette compartment:
a — in a position close to the integrating sphere (IS); b — at a distance
of 2 mm from the IS

D Available at: https://solinstruments.by/produkciya/spektrofotometry/mc-122/dopolnitelnoe-
oborudovanie/ [Accessed: 14 February 2025].
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The true absorption spectrum, compensated for scattering, was determined
by the formula [1]:

a(A) = agn(h; 1) — Ly (r; 0)-[apgn O 1) — apn (35 0))]. (1)

where ap(A; 7) is the light absorption coefficient of the sample located at a distance
from the IS; Lau(r; 0) is the correction factor; and au(A; 0) is the light absorption
coefficient at the standard cuvette position.

Experiments studying the influence of the distance from the IS to the sample
on absorption spectra are well described in [3].

It is assumed that the correction factor La.(r; 0) is wavelength-independent
and its value can be determined by considering the wavelength region where
the sample does not absorb light (i.e., the 750-800 nm region of the visible range):

a750-800(A; 7)
azso-s0o(As; 7) — azso-go0(A; 0)

Loy(r; 0) = (2)

For comparative analysis, pigments were extracted from the cells with 100%
acetone according to the method described in [10]. Absorption spectra of the ex-
tracts were recorded on the same instrument using standard 1 cm cuvettes.

Results and discussion

With the standard cuvette position (close to the IS), light absorption by the sam-
ple ay(h; 0) in the 750-800 nm range, where pigments are not absorbing, does not
reach zero values. In this region, light absorption increases monotonically with in-
creasing distance between the cuvette and the IS. This phenomenon is caused
by non-selective scattering by microbial cells, which arises from abrupt changes
in the refractive index at interfaces. Selective scattering likely also contributes,
associated with abrupt changes in the refractive index caused by pigments embed-
ded in thylakoid membranes within the spectral regions of their light absorption
[4].

Fig. 2 shows the light absorption spectra of a dense culture obtained with
the MS 122A spectrophotometer at two cuvette positions: the standard position,
apn(A; 0), and the position at a distance of 2 mm from the IS entrance port, apn(A; 7).

0.1 -
0.08 -
= 006 -
<
g 0041 an(Asr) . .
S - Fig. 2. Examples of light absorption spectra
0.02 - 20 of the Chrysotila sp. culture obtained at the stan-
(25 0) dard cuvette position, apn(A; 0), and at a dis-
0 ; s tance of »=2 mm from the IS input window,
400 600 800 apn(A; 1)
A, nm
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To correct for the scattering contribution, formula (2) was used, and calcula-
tions were performed for several A values:

B a(750; r) 00289
Lyso= a(750; ) — a(750; 0)  0.0289 — 0.0216 3.96,
a(775; ) 0.0276
L775 = = = 363,
a(775; 1) —a(775;0)  0.0276 — 0.02
a(800; ) 0.0268

3.72.

Lonn = = =
8007 4(800; ) —a(800; 0)  0.0268 — 0.0196

According to the methods described in [3], the correction factor L was deter-
mined as the average value in the 750—-800 nm region. For the studied Chrysotila sp.
culture, the average value of the coefficient La«(r; 0) for the three wavelengths was
3.77 in this work.

Using formula (1), the true absorption value was calculated for each wave-
length. As an example, the calculation for the wavelength A = 443 nm is presented:

4(443) = 0.0853—3.77 -[0.0853—0.0841] = 0.081.

Carrying out similar calculations for the remaining wavelengths, the true spec-
trum of the light absorption coefficient of the Chrysotila sp. culture, compensated
for scattering, was obtained (Fig. 3). A characteristic feature of this spectrum is
the absence of light absorption in the 750-800 nm range (Fig. 3), which confirms
the quality of the correction performed.

It should be noted that the described method is effective only at high cell
densities, when the culture in the cuvette exhibits a noticeable color, distin-
guishable visually. At low algae concentrations, the recorded spectra contain
(at apn(750; 0)>0.02 m™') a significant number of artifacts, which can be mistak-
enly interpreted as spectral peaks. An attempt to recover the true spectrum under
such conditions leads to the amplification of noise spikes and an increase in meas-
urement error. As an example, Fig. 4 shows spectra for two concentrations: the un-
diluted culture (570,000 cells/mL) (Fig. 4, @) and the culture after an eight-fold
dilution (71,300 cells/mL) (Fig. 4, b).

0.08 -
~ 006 -
'S 0.04 -

0.02 -

Fig. 3. True light absorption spectrum of 0
the Chrysotila sp. culture determined by ex- 400 600 200
pression (1)

A, M
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Fig. 4. Absorption spectra of the Chrysotila sp. culture normalized to 443 nm,
obtained at the standard position of the cuvette, ayn(A; 0), at a distance apn(A; 7)
from the IS input window and the true spectra a calculated using expression (1)
for a concentration of 570,000 cells/mL (/eft) and 71,300 cells/mL (right)

Fig. 5 presents a comparison of the true in vivo absorption spectrum (dashed
line) and the spectrum of the acetone extract (solid line) for the concentration of
570,000 cells/mL. The spectrum of the acetone extract of the algae is characterized
by a shift of the peaks towards shorter wavelengths [11, p. 304] relative to the in
vivo spectrum. This shift is mainly due to the destruction of pigment-protein com-
plexes during extraction with organic solvents, changes in the polarity of the medi-

um, and aggregation/dissociation of pigments in acetone.

a(h)a(443)

Fig. 5. Light absorption spectra of the Chry-

sotila sp. culture normalized to 443 nm, where

the dotted line is the true spectrum calculated
= using expression (1), the solid line is the spec-
800 trum of the acetone extract
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This fact is critically important for interpreting remote sensing data, since
the calibration of satellite instruments is often based on in vitro spectra, whereas
in situ measurements correspond to the in vivo state of pigments. The difference
in spectral characteristics is due to the fact that in acetone extracts, some pigments
(e. g., chlorophylls) can form aggregates (dimers, oligomers). Aggregation often
leads to splitting and shifts of absorption peaks. In the native state, the absorption
maximum of chlorophyll is around 660—680 nm (red region), while in acetone ex-
tracts the peak can shift to 650-665 nm (hypsochromic shift), which is associated
with the loss of interaction with proteins [7].

Conclusions

A method for correcting phytoplankton absorption spectra for scattering has
been adapted for the single-beam MS 122A spectrophotometer with an IS. It was
established that the maximum possible distance of the cuvette from the IS (2 mm)
is sufficient for calculating the correction factor and obtaining the true absorption
spectrum, confirmed by values approaching zero in the 750—800 nm range.

For the Chrysotila sp. culture, the average value of the correction factor
L =3.77 was calculated in the 750-800 nm region. Using this factor, the true
in vivo absorption spectrum, corrected for the scattering contribution, was obtained.

The applicability limits of the method were determined: it is effective only
at high cell densities, when the absorption coefficient at a wavelength of 750 nm
apn(750; 0) exceeds 0.02 m™'. At low concentrations (below 700,000 cells/mL),
correction leads to noise amplification and the appearance of artifacts.

It was confirmed that the spectra of acetone extracts of Chrysotila sp. pigments
are characterized by a hypsochromic shift (shift to shorter wavelengths) relative
to in vivo spectra, which is caused by the destruction of pigment-protein complexes
and pigment aggregation in acetone. This difference must be taken into account
when calibrating algorithms for remote sensing of phytoplankton from satellite data.
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