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Abstract: (1) Background: In search of a rapid and representative method for the approximate cal-
culation of culture density and cell content of useful pigments, the study of absorption spectra of
cultures of the dinoflagellate Amphidinium carterae, the haptophyte Isochrysis galbana, the chloro-
phyte Nephroselmis sp. and the filamentous cyanobacterium Anabaena sp. were selected as repre-
sentative species of different taxa. (2) Methods: The experimental cultures were established in small
volumes by the discontinuous method under specific conditions in each case, and the absorbance
spectra, density of the culture and concentration of the pigments chlorophyll, total carotenoids and
phycocyanin were recorded during culture. (3) Results: Algal density can be predicted sufficiently
correct because the regression equation of the correlation of the OD value of 750 nm from each ab-
sorption spectrum and the measured algal biomass was very strong. The same is true for the corre-
sponding correlations between OD 750 nm and the detected pigments. (4) Conclusions: Absorption
spectra of microalgal cultures can be a simple, inexpensive and non-invasive method to obtain the
necessary information for predicting the right time to collect an ideal combination of maximum
biomass and useful pigments, provided that the interpretation of the spectra is done taking into
account that they are reasonably applicable for this purpose in relation to the species and the pre-
vailing conditions.

Keywords: microalgae; pigments; Amphidinium; Isochrysis; Nephroselmis; Anabaena; absorption spec-
trum

1. Introduction

Microalgae are widely grown throughout the world to either produce raw biomass that can be
fed to other organisms (such as rotifers in fish farms, mollusks, and crustaceans) or processed biomass
that can be used to extract useful chemical molecules (such as biological pigments, biofuels, proteins,
etc.) from the biomass [1-3]. It is essential to precisely and efficiently quantify the biomass of culti-
vated algae in order to assess their growth performance and gather information on their physiological
and biochemical processes. An algae culture's growth can be monitored using both invasive and non-
invasive methods, whether it's in a lab for research or an industrial plant for production. Which ap-
proach is more efficient relies on how carefully the operators use the techniques and how sensitive
they are. Noninvasive methods include measuring optical absorbance in a spectrophotometer [10],
determining dry weight after filtering, drying, and weighing, and quantifying cells with a hemocy-
tometer [4-9]. Any other method that necessitates smashing cells and chemically analyzing their con-
tents (such as those involving pigments, lipids, proteins, etc.) is intrusive. The algal mass can be pre-
cisely calculated by counting the cells with a hemocytometer [11-12] or by filtering and weighing the

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202306.1594.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 June 2023 doi:10.20944/preprints202306.1594.v1

sample after it has dried. Cell counting is considered the most accurate method, although it takes a
long time, is prone to misinterpretation, and is not suitable for microalgae that are filamentous, con-
catenated, or agglomerated [11]. In addition, both cell counting and weighing require some time to
prepare and perform, and the challenge increases when there are many samples. Although cell count-
ing based on the principle of suspended particle counting has recently been simplified and made
more accurate with a flow cytometer [13,14], the method still requires an expensive, fine calibrated
instrument, trained personnel, and can be used mainly only with unicellular microalgae [15,16].
However, the determination of the optical density of the sample using a spectrophotometer greatly
simplifies the problem, since the optical density value can be very easily related to either dry weight
or cell density if the necessary regression equations have been developed beforehand [9,17,18]. But
in addition to biomass estimation at a single wavelength, the absorption spectrum can also be used
to obtain relevant information about the composition of photosynthetic pigments. In order to harvest
the biomass from a practical and cultural standpoint, it is essential to understand when the desired
pigment reaches its peak concentration in the cells. Continuing the cultivation would be a waste of
time, effort, and resources with no added benefit. We have no doubt that by simply looking at the
absorption spectra, we can determine the density of the culture, the time at which certain pigments
reach their peak, and the best time to harvest. This is based on our extensive observations of absorp-
tion spectra over a long period of time in various microalgal species. Estimating peak pigments from
spectra can save growers time and money, even though it cannot entirely replace a full analytical
methodology. However, prior research on individual microalgal species is necessary for the proper
application of this method in order to understand how their culture develops under different envi-
ronmental conditions and how their pigment concentration changes over time. In the current work,
we have examined a number of microalgae (eukaryotic and cyanobacterial), all of which have been
preliminary shown to be easily cultured and produce useful amounts of pigment. We investigated
how the absorption spectra change during the cultivation period for a given set of environmental
factors (salinity, temperature, white light intensity) for each particular species. As illumination is a
highly representative and influential condition for cultivation, we evaluated the change in spectra
during the cultivation period, by comparing two different lighting situations in the case of the cya-
nobacterium Anabaena sp. The results of the current study can be used as a planning tool for mass
production of the microalgae described here, as well as other microalgae that are first subjected to a
similar study. The growers using white or colored light and the absorption spectra can determine the
best time to achieve the perfect combination of microalgae quantity and pigment content by evalu-
ating the absorption spectra.

2. Materials and Methods

The species of marine microalgae used were the chlorophyte Nephroselmis sp., the dinophyte
Amphidinium carterae, the haptophyte Isochrysis galbana and the cyanobacterium Anabaena sp. All 4
species were isolated from a survey in the lagoon of Messolonghi (W. Greece, 38°20'05.16" N,
21°25'28.51" E) [19, 20] and were kept in the laboratory as monocultures. All were batch cultured
indoors (Figure 1) in air-conditioned room at 20-21 °C, at salinity of 30 ppt (Amphidinium) or 40 ppt
(Nephroselmis, Isochrysis, Anabaena) and 8000 lux white light intensity while for Anabaena 2000 lux
were also used. One-liter glass Erlenmeyer flasks or specially configured 1 L plastic bottles (for Am-
phidinium) were used, , filled to the 0.9 L mark with previously sterilized water enriched with Walne’s
medium. Walne's medium formula consists of 3 final stock solutions A, B, and C, each of which was
employed in a ratio of 1 mL per liter of culture water. Basic nutrients N, P and K comprise solution
A made by dilution of 300 g of NaNOs, 20 g of NH4Cl, and 30 g of KH2POs (Merck, Germany) in 1 L
of distilled water. Trace elements (Merck, Germany) in solution B include ZnSO+H:0 (30 g),
CuSO04.5H20 (25 g), CoSO+.7H20 (30 g), and MnSO4+.H20 (20 g) diluted in 1 L of distilled water. Vita-
min B12 (100 mg), biotin (100 mg), and thiamine (10 mg) (Merck, Germany) diluted in 1 L of distilled
water make up solution C. Cultures and measurements of the various analyses were done in tripli-
cates.
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Figure 1. Representative photos of the cultures of the 4 microalgae shot at various days of their cul-

ture period. A and B: Amphidinium carterae at 2" and 10t day, respectively. C and D: Isochrysis gal-

bana at 2r4 and 9% day, respectively. E and F: Nephroselmis sp. at 2" and 8t day, respectively. G and
H: Anabaena sp. at 3+ and 9% day, respectively.

White light emitted by an array of 20 Watt 1600 Im LED lamps was used and the desired inten-
sities of 40 and 160 umol photons/m?/s (2000 and 8000 lux, respectively in the case of Anabaena) were
attained by properly placing the vessels at the proper distance from the lamps. Intensity was meas-
ured at the middle of the outer surface of the vessels by means of a luminometer (BIOBLOCK LX-
101, Panasonic). The illumination period of 16hL:8hD was controlled by an electric timer switching
on/off appropriately the lamps. The cultures were kept in suspension by means of bubbling air (with
its natural COz2 level) through a 2-mL glass pipettes (one in every vessel) at a rate of half culture
volume/min. The pipettes were connected through sterilized plastic hoses to the 0.45 pm filtered cen-
tral air supply system fed by a blower.

A known volume of culture was filtered using 0.45 m GF/C filters in a vacuum pump (Heto-
SUE-3Q) to determine the dry weight. The filters were washed with ammonium formate to remove
salts and then placed in a 100 °C oven for two hours. The dry weight was then calculated as g/L after
they had been weighted to the fourth decimal digit.

Chlorophyll-a and total carotenoids in the case of the cyanobacterium Anabaena sp. were ex-
tracted with absolute methanol from centrifuged culture samples. In brief, 2mL of cyanobacterial
culture was centrifuged at 5000 rpm for 7 min and then 2mL of methanol pre-cooled at 4 °C was
added to the sediment and vigorously homogenized. Then the tube was covered with foil and incu-
bated for 20 min. at 4 °C. The mixture was centrifuged at 5000 rpm at 4 °C for 7 min and the superna-
tant was measured in the spectrophotometer. Their concentrations (ug/mL) were determined using
the following equations [21]:

chl-a =12.9447 (A665-A720)

1000(A470 — A720) — 2.86 chlor —a
221

Total carot. =

where: (A) stands for the absorbance (or optical density-OD) of the processed sample at the indicated
wave length using a Shimadzu UVmini-1240 UV-visible (Kyoto, Japan) spectrophotometer.

Chlorophyll-a, chlorophyll-b and total carotenoids in the case of the chlorophyte Nephroselmis
sp. were extracted with DMSO from centrifuged culture samples. In brief, 2mL of algal culture was
centrifuged at 5000 rpm for 7 min and then 2mL of prewarmed at 60 °C DMSO was added to the
sediment and vigorously homogenized. Then the tube was covered with foil and incubated for 10
min. at 50 °C. The mixture was centrifuged at 5000 rpm for 5 min. and the supernatant was measured
in the spectrophotometer. Their concentrations (ug/mL) were determined using the following equa-
tions [6]:
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chl-a = 12.47(A665)-3,62(A649)
chl-b = 25.06(A649)-6.5(A665)

1000(A480) — 1.29(chlor. —a) — 53.78(chlor. —b)

220
Chlorophyll-a and total carotenoids in the case of the dinophyte A. carterae and the haptophyte

I. galbana were extracted with DMSO and determined as above, butfor  chlorophyll-c, the extraction

Total carot. =

was done with methanol at 20 °C and its concentration (pg/mL) was determined according to the
equation [22]:
chl-c =23.5902(A630)-7.8516(A647)- 1.5214(A664)-1.7443(A691)

The phytocyanin (PC) content was extracted by freezing (-20 °C) for 24 hours a concentrated
known amount of culture in 0.1 M sodium phosphate buffer (pH 7.1) as solvent at a ratio of 1:10 (algal
mass: solvent), and then thawing at 4 °C in the dark. The freezing and thawing process was repeated
over the period of two days. The sample's slurry was then centrifuged for 5 minutes at 3000 rpm, and
the supernatant's concentration of phycocyanin (measured in mg/mL) was calculated using the for-

mula.:
A615 —0.474 A652

5.34
From the above equation the yield in phycocyanin (PC) in mg PC/g dry weight was calculated

PC =

using the equation [23]: (mg)
PC (=) x V(mL)
mL

D.W.(g)
Where: PCyield = mg of phycocyanin per g algal dry weight

PCyield =

V = volume of solvent used (mL)

D.W. = grams of dry weight of the algal mass used
Daily cell counting with a Fuchs-Rosenthal haematocytometer for single-celled species and drying-
weighing a sample filtrate of the filamentous cyanobacterium every 3—4 days were used to measure
algal growth, which was measured as either cells/mL for single-celled microalgae or dry weight (g/L)
for the filamentous cyanobacterium. At the same time, the optical density at 750 nm was recorded in
the spectrophotometer (for all species). Using untreated culture samples, the absorption spectra of
the cultures at different stages of maturation were recorded in a Shimadzu UV-1800 (Kyoto, Japan)
spectrophotometer, and the data were transformed using its UVprobe 3.2 software.3. Statistical cal-
culations of regression lines, Pearson’s correlation coefficient, standard deviation (SD) and standard
error (SE) were made with Excel (Microsoft, USA). For comparisons of pigment content ANOVA was
used followed by pair wised Tukey’s test using the free PAST3 software.

3. Results

3.1. Amphidinium carterae

A. carterae was cultured for 15 days in 1 L plastic bottles with a salinity of 30 ppt and 8000 lux of
illumination. From the second to the fifteenth day of culture, six absorption spectra were recorded,
with cell densities ranging from 485,000 cells/mL on the second day to 3,050,000 cells/mL on the fif-
teenth day (Figure 2). Based on the plot of each spectrum's optical density (OD) at 750 nm versus the
corresponding algal densities (Figure 3A), a regression line with R?=0.986 and its first order equation
was produced: “cell density (cells/mL) = 3,000,000 x OD750nm - 317,746" .

The overall picture of the spectra displays a uniform shape of the curves with virtually flat shape
for the first (2nd day), and then, in the following days, a gradually increasing peaking at the wave
lengths that distinguish the different pigments (675 and 440 nm for chlorophyll-a, 465 nm for carote-
noids and 590 nm for chlorophyll-c). In the final spectrum (of the highest algal density), peaks for all
the aforementioned wave lengths became significantly more pronounced. Figure 4 shows the values
of each pigment for each spectrum's associated wave length and algal density. All pigments clearly
increased as the culture matured, and this rise was especially noticeable in the last two spectra with


https://doi.org/10.20944/preprints202306.1594.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 June 2023 doi:10.20944/preprints202306.1594.v1

algal densities of 2,460,000 and 3,050,000 cells/mL. Chlorophyll-a was always much higher than chlo-
rophyll-c or total carotenoids at all densities. At the density of 3,050,000 cells/mL, the maximum con-
centration of all pigments was recorded as: 5.863+0.322(SE) ug/mL chlorophyll-a, 2.183+0.019(SE)
pug/mL chlorophyll-c and 4.517+0.099(SE) ug/mL total carotenoids. Using the pigment values, their
plot against their corresponding values of 750 nm are depicted in Figure 3B. The regression equations
for pigment — OD 750 nm relation: ”Chlor.-a (ug/mL) = 6.0279x(OD 750 nm) - 0.8847” (R? = 0.9833),
“Total carot. (ug/mL) = 5.26x(OD 750 nm) - 1.2923” (R? = 0.9865) and “Chlor.-c (ug/mL) = 2.4032x(OD
750 nm) - 0.5071” (R? = 0.9843), are all very predictive as indicated by their very high Pearson’s coef-
ficient (R2>0.98).

e = =-435,000 cells/mL ==2330,000 cells/mL
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Figure 2. Absorption spectra of Amphidinium carterae culture at different cell densities.

7.00 4

3500,000. 1 Amphidinium carterae Chlor-a {pg/mL) = 6.0279 (OD 750 nm) - 0.8847
? - 0.9833
Cells/mL = 3E+06 (OD 750 nm) - 317746 6.00 ]
3,000,000 - / 2 ( ) . Total carot. (pg/mL) =5.26 (OD 750 nm) - 1.2923
R* =0.9866 R? = 0.9865
+ 500 3 Chlor.-c (ug/mL) =2.4032 (OD 750 nm) - 0.5071
2,500,000 g R? =0.9843 +
— 2,000,000 1 A é 200 3 B
= Q = @ Chlor.a é
© 1500000 - ® 0D 750 nm Ec 00 A Total. Carot. *
0 A Chlor.c i
1,000,000 A 2.00 3 QA
500,000 1 . A A
A
o T . ———
0.00 020 0.40 0.60 0.80 1.00 1.20 o6 abd 00 .
OD 750 nm oD 750 nm

Figure 3. Correlation of algal density (A) and pigment concentration (B) with absorption (Optical
Density-OD) at 750 nm in Amphidinium carterae culture. Values are means of 3 replicates + SD.
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Figure 4. Pigment content in pug/mL + SE of Amphidinium carterae culture at different cell densities.
Values are means of 3 replicates + SE.

3.2. Isochrysis galbana

I. galbana was cultured for 18 days in 40 ppt salinity, 8000 lux illumination, and 1 L glass Erlen-
meyer flasks. From the second to the sixteenth day of culture, 8-day absorption spectra were rec-
orded, with cell densities ranging from 1,420,000 cells/mL on the second day to 17,000,000 cells/mL
on the sixteenth day (Figure 5). The plot of each spectrum's optical density (OD) versus the corre-
sponding algal densities at 750 nm (Figure 6A) produced a regression line with R?=0.996 and was
described by the first order equation: “cell density (cells/mL) = 107 x OD750nm — (6x10°)”.

The overall appearance of the spectra displays a uniform shape of the curves with an almost flat
shape for the first spectrum (2" day), followed by gradual increases in the following days (4t, 6th, 7th,
and 9%) and then an abrupt increase (11th, 13%, and 16t day) in the peaking at the wave lengths that
are indicative of its various pigments (680 and 435 nm for chlorophyll-a, 500 nm for carotenoids, 590
and 640 nm for chlorophyll-c). The final spectrum (with the greatest algal density of17 x 10¢ cells/mL,
16t day) showed peaks for all of the aforementioned wave lengths that were significantly more pro-
nounced. The values of each pigment for every corresponding wave length and algal density of each
spectrum are depicted in Figure 7. There is an obvious increase of all pigments along the maturation
of the culture which became much prominent in the last two spectra of algal densities of 10,400,000
and 17,000,000 cells/mL. The value of chlorophyll-a at all densities was always higher than either
chlorophyll-c or total carotenoids (P<0.05). The maximum content in all pigments was recorded at the
density of 17 x 106 cells/mL with: 11.977+0.052(SE) ug/mL chlorophyll-a, 7.987+0.084(SE) pug/mL chlo-
rophyll-c and 10.113+0.074(SE) pg/mL total carotenoids. Using the measurent pigment concentra-
tions, their plot against their corresponding values of 750 nm are depicted in Figure 6B. The regres-
sion equations for pigment — OD 750 nm relation: ” Chlor.-a (ug/mL) = 5.3491x(OD 750 nm) + 2.5417”
(R?2=10.9879), “Total carot. (ug/mL) = 6.399x(OD 750 nm) - 1.2655” (R? = 0.9856) and “Chlor.-c (ug/mL) =
3.8151x(OD 750 nm) + 1.3218” (R? = 0.9721), are all very predictive as indicated by their very high
Pearson’s coefficient (R2>0.97).
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Figure 5. Absorption spectra of Isochrysis galbana culture at different cell densities.
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Figure 6. Correlation of algal density (A) and pigment concentration (B) with absorption (Optical
Density-OD) at 750 nm in Isochrysis galbana culture. Values are means of 3 replicates + SD.
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3.3. Nephroselmis sp.

Nephroselmis sp. was cultured for 20 days in 1 L glass Erlenmeyer flasks at a salinity of 40 ppt
with 8000 lux illumination. From the second to the nineteenth day of culture, seven absorption spec-
tra were recorded, with cell densities ranging from 6,350,000 cells/mL on the second day to
28,4000,000 cells/mL on the nineteenth day (Figure 8). The plot of each spectrum'’s optical density
(OD) at 750 nm versus the corresponding algal densities (Figure 9A) produced a regression line with
R?=0.9947 and was explained by the first order equation: “cell density (cells/mL) = 3x107 x OD750nm -
107",

The overall appearance of the spectra reveals a consistent unique shape of the curves with barely
perceptible peaks in the first one (2" day), and then, in the following days, a gradually increasing
peaking at the wave lengths that distinguish the different pigments (682 and 440 nm for chlorophyll-
a, 491 nm for carotenoids and 627 nm for chlorophyll-b). In the last two spectra, peaks for all of the
aforementioned wave lengths became considerably more noticeable (of days 17 and 19 with the high-
est algal densities). Figure 10 shows the values of each pigment for each corresponding algal density
of each spectrum. There is an obvious increase of all pigments along the maturation of the culture
which became much prominent in the last two spectra of algal densities of 26,900,000 and 28,400,000
cells/mL. The value of chlorophyll-a at all densities was always higher than either chlorophyll-b or
total carotenoids (P<0.05). The maximum content in all pigments was recorded at the density of
28,400,000 cells/mL with: 12.487+0.273(SE) pg/mL chlorophyll-a, 3.733+0.033(SE) pg/mL chlorophyll-
b and 7.99+0.064(SE) pg/mL total carotenoids. Using the pigment values, their plots against their cor-
responding values of 750 nm are depicted in Figure 9B. The regression equations for pigment — OD
750 nm relation: ”Chlor.-a (ug/mL) = 10.205x(OD 750 nm) — 3.166” (R? = 0.9793), “Total carot. (ug/mL) =
8.516x(0OD 750 nm) — 4.9908” (R? = 0.987) and “Chlor.-b (ug/mL) = 4.429x(OD 750 nm) — 3.0029” (R? =
0.9716), are all very predictive as indicated by their very high Pearson’s coefficient (R2>0.97).

doi:10.20944/preprints202306.1594.v1
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Figure 8. Absorption spectra of Nephroselmis sp. culture at different cell densities.
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Figure 9. Correlation of algal density (A) and pigment concentration (B) with absorption (Optical
Density-OD) at 750 nm in Nephroselmis sp. culture. Values are means of 3 replicates + SD.
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Figure 10. Pigment content in ug/mL of Nephroselmis sp. culture at different cell densities. Values are
means of 3 replicates + SE.

3.4. Anabaena sp.

The culture of Anabaena sp. lasted 17 days and was done in 40 ppt salinity, illumination of 2000
and 8000 lux and using three 1 L glass Erlenmeyer flasks for each set of illumination. All parameters
were examined and recorded separately for each of the light intensities except for the correlation of
the dry weight — OD 750 nm where pooled data from both intensities were used.

Absorption spectra of 5 days were recorded covering the period from the 274 till the 16* day of
culture, with recorded dry weights from 0.45 and 0.407 g/L the second day up to 1.141 and 1.727 g/L
the sixteenth day for low light (L) of 2000 lux and extra light (XL) of 8000 lux, respectively (Figure
11). Based on the 750 nm value of optical density (OD) of each spectrum, their pooled plot against the
corresponding dry weight (Figure 12A) resulted in a regression line with R?>=0.9989 and described by
the first order equation “dry weight (g/L) =1.2368 x OD750nm + 0.0754" .

The overall picture of the spectra shows a uniform overall shape of the curves with slightly dis-
cernable peaks for the first one (24 day) and afterwards, in the next days, a gradual increase in the
peaking at the wave lengths that characterize the various pigments (679 and 439 nm for chlorophyll-
a, 490 nm for carotenoids and 630 nm for phycocyanin). Peaks for all the above wave lengths became
much prominent in the last two spectra (of days 12 and 16 with the highest algal densities). The values
of each pigment for every corresponding algal density of each spectrum are depicted in Figure 13.
There is an obvious increase of all pigments along the maturation of the culture which became much
prominent in the last two spectra of algal densities of 1.424 and 2.089 g/L in L and 1.510 and 1.784 g/L
in XL.

The value of chlorophyll-a at all densities of both light conditions was always higher than that
of total carotenoids. The maximum content was recorded at the dry weight of 2.089 g/L with: 9.713 +
0.123(SE) pg/mL chlorophyll-a and 4.839 + 0.095(SE) pg/mL total carotenoids in “L” and at 1.784 g/L
with: 8.75 + 0.323(SE) pg/mL chlorophyll-a and 4.742 + 0.091(SE) ug/mL total carotenoids in “XL”,
values statistically equal (P>0.05) for carotenoids between the two light regimes and higher (P<0.05)
in the case of chlorophyll in the “L” regime. In the case of phycocyanin the situation was totally
different as the proportion of phycocyanin content in either concentration (mg/mL) or yield (mg/g
dw), was significantly higher (P<0.05) in the final stages of the cultures in the condition of low (L)
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Dry weight (g/L)

light (2.126 + 0.078 mg/mL and 29.785 + 1.687 mg/g d.w.) as compared to high (XL) light (0.943 +
0.102 mg/mL and 24.697 + 0.366 mg/g d.w.) (Figure 13).

Using the pigment values, their plot for chlorophyll-a and total carotenoids against their corre-
sponding values of 750 nm using pooled data from both light regimes are depicted in Figure 12B. The
regression equations for pigment — OD 750 nm relation: ” Chlor.-a (ug/mL) = 7.6403x(OD 750 nm) —
0.8902” (R? = 0.9847) and “Total carot. (ug/mL) = 4.3358x(OD 750 nm) — 1.1666” (R? = 0.9907), are both
very predictive as indicated by their very high Pearson’s coefficient (R2>0.98). The corresponding
equations for phycocyanin — OD 750 nm relation (Figure 12C) were calculated separately for “L” and
“XL” illumination and resulted in: ” Phycocyanin (mg/mL) =1.7797x(OD 750 nm) —0.2299” (R? =0.9687)
in “L” and ”Phycocyanin (mg/mL) = 0.6984x(OD 750 nm) + 0.0765” (R? = 0.9897) in “XL”, both very
predictive as indicated by their very high Pearson’s coefficient (R%>0.965), much higher than their
respective one using pooled data from both light regimes (R? = 0.6389).
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Figure 11. Absorption spectra of Anabaena sp. culture at different dry weights and light intensities,
A:2000 lux (L), B: 8000 lux (XL).
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Figure 12 Correlation of dry weight (A), chlorophyll-a and total carotenoids (B) and phycocyanin (C)
under low (2000 lux-L) and high (8000 lux-XL) illumination, with absorption (Optical Density-OD) at
750 nm in Anabaena sp. culture. Values are means of 3 replicates + SD.
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Figure 13. Pigment content in pug/mL (chlorophylls, total carotenoids) or mg/mL (phycocyanin) and
phycocyanin yield in mg/g d.w. of Anabaena sp. culture at different dry weights and light intensities,
A:2000 lux (L), B: 8000 lux (XL). Values are means of 3 replicates + SE.

4. Discussion

The ability of each alga to photosynthesize depends on (and is influenced by) the composition
of pigments in its photosynthetic system [24] and more generally on the size and shape of cells, espe-
cially those of phytoplankton species. Therefore, when two microalgal species are compared in mon-
oculture, their absorption spectra can be expected to have (and do have) a particular shape that dis-
tinguishes them from each other. There are many reasons to study the absorption spectra of different
microalgae [25]. For example, one can identify the pigments they contain or compare the location and
height of a pigment's peak between a live culture sample and the extracted pigment to calculate the
extent to which the pigment's absorption properties are altered by coupling to proteins. Applying the
absorbance spectrum of a culture sample of a particular microalga to the calculation of important
culture parameters (such as culture density, amount of pigment, etc.) cannot be done with absolute
precision. This is because various factors, such as turbidity or other water constituents, either mask
or introduce "noise" to the true shape of the spectrum as it would be produced by the pigments pre-
sent alone. Although such a method may be considered inferior to the highest precision of a biochem-
ical analysis, under production conditions it is critical to have a rapid and repeatable means of deter-
mining when the maximum algal biomass should be harvested or when the level of a desired pigment
reaches its peak. When analyzing an absorption spectrum, two important things can be discovered.
First, whether the culture density is expressed as cells/ml or as grams of dry weight per liter, the
absorbance value at 750 nm has been shown to be the most accurate in numerous experiments [6, 9]
as this wavelength avoids the absorption of light by the photosynthetic pigments, which can affect
this parameter, and only allows the measurement of the optical density of the cells. The spectra of all
varieties of microalgae in the current study were examined and the values around 750 nm were found
to have no peaks, making them the best predictors of biomass. The second component is to determine
how the pigment peaks changed as the culture successively matured. This allows the grower to de-
cide, or even predict, the best time to harvest the highest yield from the crop. In the current work, it
was shown that the correlations between the concentration values of each pigment and the corre-
sponding absorbance values at 750 nm for each absorbance spectrum of a given culture density can-
not be ignored. But the next point must be noted. According to this, each absorption spectrum has its
own characteristics and predictive value only under certain circumstances (phytoplankton species,
temperature, and illumination)since the spectra are shaped differently depending on the conditions
with respect to the critical values of absorption at 750 nm and the various other wavelengths that
characterize the different pigments. This, together with the fact that not all pigments give rise to the
same intense and obvious change in their peaks in the spectra, must make us particularly cautious
when applying the predictive power of the spectra in relation to the concentration of the pigments,
as shown by the present study. The case of the cyanobacterium Anabaena, where two different
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illumination intensities were applied, is the most illustrative example supporting the aforementioned
claim. While the correlations between dry weight and 750 nm and between chlorophyll-a or total
carotenoids and 750 nm with pooled values for both intensities show a very strong relationship with
an apparent predictive value, in the case of phycocyanin such a strong correlation is shown only
when the correlation of phycocyanin-750 nm is applied separately for the spectral values of each light
intensity. The results on the effects of illumination on cyanobacteria in recent works [21,26,27] can
also be seen as confirming this phenomenon although culture parameters (light, temperature, salin-
ity, aeration, pH) have a significant effect on cell growth of a given microalgal species and the same
is true for pigment content [24,29-31], this should not deter researchers from exploring the predictive
potential of absorption spectra. However, this should be done only after sufficient time and effort has
been invested in the basic biochemical studies in the culture of an algae under conditions found to be
suitable so that they can be recorded as reference values in the respective environments. In the current
study, selected species of microalgae from different taxa were examined, and it was shown that anal-
ysis of absorption spectra can be predictive for all of them, even when pigment content varies. While
other researchers have found similar predictive power for cell density and pigment content using the
corresponding wavelengths [7,8,32-35] without looking at the absorption spectra, our study uses sim-
ilar techniques and an integrated approach that uses the absorption spectra as a comprehensive pre-
dictive tool for both qualification and quantification of biomass and pigment content.

5. Conclusions

The measurement of the biomass growth efficiency of 4 microalgae under laboratory circum-
stances was made possible by spectrophotometric analyses employing the absorption spectra. Mon-
itoring of cell density or dry weight is made possible by using the optical density at 750 nm while
also figuring out how much pigment is present in the microalgae that have been developed. On the
basis of the data gathered, conclusions about different stages of the growth of the algae population
can be made. By analyzing the absorption spectrum of a particular species’ culture, under a particular
set of conditions, and at a particular stage of growth, the optical density value of 750 nm and the
various respective values at the wave lengths characterizing various pigments of each particular spec-
trum can be used as a reliable predictor of algal biomass and pigment content.
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