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Abstract: Due to the possible depletion of fossil fuels in the near future and the necessity of finding
new food sources for a growing world population, marine microalgae constitutes a very promising
alternative resource, which can also contribute to carbon dioxide fixation. Thus, seven species
(Chaetoceros calcitrans, Chaetoceros gracilis, Isochrysis galbana, Nannochloropsis gaditana, Dunaliella salina,
Tetraselmis suecica, and Tetraselmis chuii) were grown in five serial batch cultures at a bench scale under
continuous illumination. The batch cultures were inoculated with an aliquot that was extracted from
a larger-scale culture in order to obtain growth data valid for the entire growth cycle with guaranteed
reproducibility. Thus, measurements of optical density at several wavelengths and cell counting with
a haemocytometer (Neubauer chamber) were performed every one or two days for 22 days in the five
batch cultures of each specie. Modeling of cell growth, the relationship between optical density (OD)
and cell concentration and the effect of wavelength on OD was performed. The results of this study
showed the highest and lowest growth rate for N. gaditana and T. suecica, respectively. Furthermore,
a simple and accurate discrimination method by performing direct single OD measurements of
microalgae culture aliquots was developed and is already available for free on internet.

Keywords: modelling; culture; spectrophotometry; biomass concentration; marine microalgae;
discrimination

1. Introduction

In the last decade, the great surge of interest in the microalgal world has been focused on the
massive cultivation of microalgae for promising products, first and foremost among which has been
microalgal fuel due to the possible depletion of fossil fuels in the near future and the idea of microalgae
as a food source for a growing world population [1]. Marine microalgae constitutes a very promising
biomass resource because their culture require neither available land nor freshwater [2,3]. Thus,
there are microalgae species, such as the oleaginous Nannochloropsis gaditana, which has been proved
to have high potential for biofuel production due to its high lipid content [4]. Novel processing
technologies for the disintegration and extraction of microalgae to produce lipids and biofuels have
been recently developed [5]. Furthermore, the fatty acid profile of algae can be significantly enhanced
by the heterologous expression of exogenous genes [6] and using plant growth regulators [7].
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Regarding the use of microalgae as a food source, the United Nations Advisory Committee has
predicted a future extreme protein deficiency and encouraged researchers to work in this scientific field
to avert hunger. In fact, a deficiency of 10 wt.% of polyunsaturated fatty acids (PUFA) is envisioned,
and an increased in food prices is thus to be expected in fish meal without satisfying the world’s
growing demand [8]. Furthermore, microalgae culture can contribute simultaneously to both carbon
dioxide fixation and wastewater treatment because they can be grown utilizing CO2 from point sources
such as power plants, cement manufacturing facilities and waste water from industrial, municipal,
and dairy facilities [9,10].

On the other hand, marine microalgae constitute an almost exclusive live food for the larvae in
the hatchery production of commercially valuable fish and shellfish. Among many microalgae that
were identified for the aquaculture purposes, the genera of Isochrysis and Chaetoceros have extensively
been used as food in most shrimp hatcheries in the last decades [11]. Microalgae species that were
studied in this work, such as Isochrysis galbana, Tetraselmis suecica, and the diatoms Chaetoceros calcitrans,
and Chaetoceros gracilis are widely cultured in applications of the bivalve aquaculture industry [12,13].
Diatoms are eukaryotic cells with cell walls containing very particular silica structures [8], which render
these type of microalgae very promising for many applications, such as photonics, materials science,
and nanotechnology [14].

In the last years, some microalgae species are gaining much attention in the marine drug
research field for its high amount of Fucoxanthin [15] and other known and studied carotenoids,
such as β-carotene from Dunaliella salina [16]. A number of studies have examined the metabolism,
safety, and bioactivities of these carotenoids, including its anti-cancer, anti-obesity, antioxidant,
anti-inflammatory, anti-diabetic, and anti-angiogenic activities [17,18].

One of the characteristics of microalgae is their different colours because each phylum usually
has its own particular pattern of pigments and individual colour. However, some species, such as
rhodophyta (red algae), can appear green (e.g., Mastocarpus stellatus) [19]. In view of their phylogenetic
age, they have developed additional pigments that are unique to them [8]. It has been announced
that the photosynthetic pigments and carotenoids that determine algal coloration are probably the
constituents responsible for the antioxidant activity of this biomass source. However, the concentration
of microalgal pigments may vary depending on the species and the activities of certain microalgae may
also differ from one another [20]. Furthermore, other than antioxidant activity, it has been showed that
some of the microalgae species that were studied in this work possess a biochemical content that would
be very beneficial to humans and animals [8]. In fact, the European leading microalgae production
company named Fitoplancton marino S.L. has recently achieved the European Novel Food approval
for the marine microalgae species Tetraselmis chuii with excellent nutritional value and antioxidant
activity [21]. In addition, most microalgae contain high levels of omega-3 polyunsaturated fatty acids
(PUFA), omega-6 PUFA, and a high composition of essential amino acids [22].

Evaluating the cell growth cycle of algae is crucially important for algal applications [23]. In these
studies, optical density (OD), also known as absorbance or turbidity, is frequently used as a rapid
and non-destructive measurement of biomass in cultures of bacteria and other microorganism [24,25].
However, in the case of phytoplankton biomass, very significant inaccuracies can be introduced
when the pigment content of the cells changes leading to significant errors in biomass quantification
over the course of a growth cycle, due to the change in absorbance [26]. Nevertheless, algal density
has been assessed by spectrophotometry for unicellular Pseudokirchneriella subcapitata [27] and other
important species, such as Chaetoceros calcitrans, Isochrysis affinis galbana (T-Iso), Nannochloropsis gaditana,
and Phaeodactylum tricornutum [28]. In these studies, the spectrophotometric equations were defined
by choosing the wavelength producing maximum absorbance in order to determine cell density with
maximum sensitivity. However, the purpose of the present study consisted of developing a multiple
regression growth model that wsa based on direct OD measurements at different wavelengths of
culture aliquots, which do not require performing any extraction procedure, and cell counting in a
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haemocytometer for seven important marine microalgae species that were grown at bench scale under
continuous illumination: C. calcitrans, C. gracilis, I. galbana, N. gaditana, D. salina, T. suecica, and T. chuii.

The use of a logistic function to represent cell growth over time has been proved to be successful
in many studies during the last decades [29–31]. However, when the Gompertz model has been
compared with the logistic function or other alternative models, such as the exponential or polynomial
ones, it has been usually confirmed as a more flexible and accurate method to fit growth data [32].
For that reason, in this work, the Gompertz model was chosen to model the cell growth of the seven
mentioned marine microalgae.

The development of a new accurate discrimination method, which is specifically designed for the
identification and classification of microalgae, is very desirable for many bioengineering fields such as
biofuel production, food industry, aquaculture, etc. In this research line, identification methods
have been developed based on spectral fluorescence measurements [33] and microscopy image
analysis [34,35]. However, absorbance data can also be utilised to design classification algorithms
that are capable to discriminate between different microalgae species [36,37]. Thus, the last goal of
the present study was focus on the development of a new prediction method for the recognition of
these seven important marine microalgae species by means of a classification algorithm, which require
direct OD measurements of culture aliquots (with no previous extraction) at any wavelength.

2. Materials and Methods

2.1. Microalgal Culture

Seven important marine microalgae species (C. calcitrans, C. gracilis, I. galbana, N. gaditana, D. salina,
T. suecica, and T. chuii) were grown in 250 mL Erlenmeyer flasks in batch cultures using f/2 autoclaved
medium [38] with a salinity of 35 g/L under continuous fluorescent illumination (6400 k cool white
type; two tubes of 18 W) with a light intensity of 166.60 µmol·m-2·s-1 in a temperature controlled room
at 27 ± 2 ◦C.

These marine microalgae species were obtained from the microalgae collection of the Institute of
Environment and Marine Science Research at the Universidad Católica de Valencia San Vicente Mártir.

The carbon source was provided via bubbling of air enriched with 1% of CO2 into the culture
medium at a flow rate of 6.67 L/min.

Five serial 250 mL batch cultures were performed with each marine species. Thus, every day,
during five days, 50 mL of inoculum were taken from a running 3 L fed-batch culture to be poured into
a 250 mL Erlenmeyer flask. Subsequently, 200 mL of f/2 autoclaved medium was added to make the
250 mL of batch culture. The cultures utilised for the experiments were unialgal, but were non-axenic.

On the other hand, every day, 300 mL of fed-batch culture were harvested after taken the 50 mL
of inoculum. Therefore, every day, 350 mL of fresh f/2 autoclaved medium had to be added to the
fed-batch culture to keep it always with 3 L of microalgae culture in the exponential growth phase.

Every day, cell counting of the 3 L fed-batch culture was performed in order to check that the
growth of this culture was kept in exponential phase during the five consecutive days.

The cellular density of the 3 L fed-batch culture and the five 250 mL batch cultures were
determined by counting aliquots of cultures fixed with Lugol solution in a haemocytometer (Neubauer
chamber) every one or two days until reaching the death cellular phase. Spectrophotometric
measurements were performed in a Perkin Elmer lambda bio+ spectrophotometer. Thus, the direct
spectrophotometric method followed in this work consisted of measuring optical density at several
wavelengths that are similar to those used in the APHA method [39]. In this standard method,
the optical density readings at 664, 647, and 630 nm are used to determine chlorophyll a, b, and c,
respectively, and the absorption at 750 nm is a correction for turbidity. However, in this study,
readings at more wavelengths were performed in order to have additional absorption values inside
the absorption band of more types of pigments. Thus, OD measurements were performed at 480, 510,
and 650 nm for carotenoid [40], fucoxanthin [41], and allophycocyanin [42] pigments, respectively.
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However, to simplify the procedure, absorption measurements were performed directly in aliquots of
cultures without carrying out any chemical extraction of pigments.

Some microalgae species tend to aggregate, especially the diatoms because their cell walls contain
silica encased in an organic matrix [8]. Therefore, the culture aliquots of the seven microalgae species
were homogenized with a vortex before OD measurements and cell counting.

2.2. Software

The R programming language (3.4.1 version, R Development Core Team, Vienna, Austria) [43]
was utilised to perform the modelling and statistical analysis of the experimental results. Thus,
the ggplot2 (plot creation), imputeTS (time series missing values imputation), nls (non-linear model
fitting), nnet (multi-class logistic regression fitting), shiny (app creation), and TSClust (time series
dissimilarity distances computation) R packages were chosen for this work.

2.2.1. Growth Modelling

Cell concentration evolution was modelled using the Gompertz Equation (1) [44].

σ(t) = Ke−ae−rt
(1)

In this equation, the parameter K is the maximum value that is attainable by the function,
r represents the growth rate of the curve, and a is the displacement along the x-axis.

The graphical representation of this equation is a characteristic sigmoid curve, which can model
the entire cell growth cycle with the cell concentration that was obtained from the five serial 250 mL
batch cultures (5 replicates) of each marine species. However, in this study, only the number of cells
per mL during the lag and exponential phase were modelled as a function of time for each replicate of
each microalgae species. The lag and exponential phase were determined as the period that comprises
the beginning of the experiment and the maximum concentration of cells.

The nls (Nonlinear Least Squares) function of the R programming language [43] was utilised to
perform the mathematical modelling [45]. Due to the fact that some of the available time series misses
the measure of the concentration of cells for one or two days, an imputation process based on Kalman
filtering was applied to the missing values before setting the model [46].

2.2.2. Relationship between OD Measurements and Cell Concentration

A multiple regression model was fitted to the observed concentration of cells per mL for the whole
growth cycle (lag, exponential, stationary, and death phases) in order to obtain a global explanatory
model of microalgae cell density at any time (days) of the cell growth cycle. The optical densities
measured at the seven wavelengths and the type of microalgae was used as numerical covariates and
as a factor respectively. The temporal variable was included in the form of a 4th degree polynomial to
allow for the model to capture the underlying non-linear trend existing in a cell growth cycle.

2.2.3. Effect of the Wavelength on Optical Density

Consistency between OD measurements at the seven selected wavelengths (480, 510, 630, 647, 650,
664, and 750 nm) during the whole growth cycle was tested for all of the experiments. An imputation
process that was based on Kalman filtering was also applied here at the missing values.

For all of the selected wavelengths, the Pearson correlation (ρ) between each combination of
OD vs time series associated to each experiment was calculated. Assuming, x and y are two time
series evaluated at n times, the Pearson correlation between x and y is computed in the following
Equation (2).



Energies 2018, 11, 1089 5 of 13

ρ(x, y) =
∑n

i=1(xi − x)(yi − y)√(
∑n

i=1(xi − x)2 ∑n
i=1(yi − y)2

) (2)

Notice that the ρ value ranges from 0 (absence of correlation) to 1 (perfect correlation).

2.2.4. Microalgae Type Prediction from OD Measurements

A multi-class logistic regression model was defined to predict the seven probabilities of belonging
an OD measurement to each of the seven microalgae studied.

In order to fit this prediction model for each of the OD measurements obtained, regardless of the
type of microalgae, replicate, or wavelength, its average ρ value with the measurements belonging to
each microalgae was computed for the five replicates and seven wavelengths.

Therefore, a multi-class logistic regression was fitted to the average ρ values between each OD
measurement and type of microalgae with the function multinom of the R package nnet [47].

In addition to the ρ values, for purposes of comparison, two other important time series
dissimilarity distances were used: Euclidean and dynamic time warping (DTW). The DTW distance
can be implemented in the TSClust R package [48].

An R-shiny based web application [49] has been implemented to render possible the utilization of
this algorithm to classify a specie of microalgae grown in similar conditions, as described in Section 2
of this study. The OD measurements used as input data should belong to a wavelength in the interval
480–750 nm, which correspond to the OD measurements employed to design the algorithm. However,
the flexibility of the algorithm allows for the use of OD measurements at any wavelength. Moreover,
the number of days of measurements should be as representative as possible to the microalgae growth
cycle evolution.

The aforementioned application is allocated and is available for free on [50].
The only necessary input to run the application is a text file with columns to introduce the days

of measurement and OD measurements. Once the text file is uploaded, the algorithm calculates the
probability of belonging to each microalgae species for every introduced OD measurement introduced.
After that, these results are shown on screen.

3. Results and Discussion

3.1. Growth Performance

The estimated average values of K, r and a, and the number of days after which the maximum
concentration of cells was attained for the five replicates that were determined with the Gompertz
Equation (1) are shown in Table 1. The width of a 90% confidence interval for these estimations,
according to the five replicates, is also shown. Due to the small sample size, a 95th percentile of the
t-Student distribution with four degrees of freedom was used.

Table 1. Estimated values of K, r, a, and the time in days to reach the maximum concentration of cells
for the seven marine microalgae species that were determined with the Gompertz equation.

Species K r a Days

C. calcitrans 7,105,495 ± 102,350 0.39 ± 0.17 1.45 ± 0.32 6.0 ± 2.24
C. gracilis 3,403,165 ± 533,786 0.28 ± 0.08 1.58 ± 0.24 6.4 ± 1.09
I. galbana 14,033,908 ± 3,057,825 0.37 ± 0.18 2.01 ± 0.32 9.6 ± 1.98
T. suecica 1,781,854 ± 427,530 0.26 ± 0.15 1.69 ± 0.62 6.6 ± 2.49
T. chuii 1,980,891 ± 452,539 0.46 ± 0.41 2.55 ± 1.88 4.4 ± 0.52

D. salina 2,051,137 ± 433,004 0.41 ± 0.18 3.71 ± 1.29 5.8 ± 1.95
N. gaditana 17,729,210 ± 1,525,530 0.49 ± 0.16 1.49 ± 0.57 6.2 ± 1.71
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Table 1 shows the fastest and slowest growth rate for N. gaditana and S. suecica, respectively
(see their r values). This rapid growth of N. gaditana and the absolute lipid yield of Nannochloropsis
strains, usually much higher than other marine microalgae [2], render this marine strain very promising
specie for biofuel production at large scale in good agreement with a recent study [4].

The high growth rate of T. chuii (see its r value in Table 1), excellent nutritional value and
demonstrated antioxidant activity [21], render this species very promising to be grown at large scale as
a new food source necessary for the current growing world population. However, the low level of
confidence that was determined with the Gompertz equation in this microalgae (see its r value) does
not ensure a faster growth than the other six marine species. Furthermore, other mathematical models,
such as the logistic function [30], were applied to the growth data of this species and showed similar
results with a very wide confidence interval (results not shown).

The growth rate of D. salina was optimal at this laboratory conditions using a salinity of 3.5%
(w/v), as expected [51], and has also been demonstrated to be a very suitable microalgae for biofuel
production at large scale [52,53]. Table 1 shows that the Gompertz a value of D. salina was the highest,
which can be attributed to a higher displacement along the x-axis, indicating that this species needed
more time to start the exponential growth phase.

It can be observed how I. galbana required much more days to reach the maximum concentration
of cells. However, I. galbana is widely used in aquaculture hatcheries because it grows faster than other
species, such as T. suecica and C. gracilis (see their r values in Table 1) commonly utilised also in this
nutritional field. I. galbana provides healthy growth for shellfish, because they are easy to maintain in
large volume cultures, and produce significant amounts of PUFAS [54].

However, it is important to mention that all of these results were determined from experimental
growth data obtained at bench scale under continuous illumination and thus cannot be directly
extended to large-scale production.

Figure 1 shows the Gompertz curves of each marine microalgae species. These curves were
obtained by averaging the Gompertz parameter estimates for the five replicates of each type of
microalgae during the lag and exponential growth phases.

Figure 1. Gompertz fittings for the cellular growth of the indicated seven marine microalgae species
during the lag and exponential growth phases. Curves obtained by averaging the Gompertz parameter
estimates for the five replicates of each type of microalgae.
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3.2. Explaining Cell Concentration from OD Measurements

The fitted multiple regression model showed a significant R2 of 0.8748. The coefficients associated
to each type of microalgae showed significance at the usual level (p-value < 0.05). Furthermore,
the coefficients representing the polynomial effect of the number of days elapsed were all significant,
and their estimates alternated their signs. Finally, and more interestingly, the absorbance at 480 nm
appeared to be the only necessary OD measurement to model cell concentration. The high concordance
that was showed by the absorbance at different wavelengths must have led to this fact.

When considering only the significant parameters of the model, a final explanatory Equation (3)
can be determined.

Cells = −2.594 × 106 C. calcitrans − 2.585 × 106 C. gracilis + 2.283 × 106 I. galbana
− 2.599 × 106 T. suecica − 2.817 × 106 T. chuii − 2.341 × 106 D. salina+3.698 × 106 N. gaditana
+ 9.773 × 105 Day − 1.740 × 105 Day2 + 1.171 × 104 Day3 − 2.781 × 102 Day4 + 5.632 × 105 Abs480

(3)

In this Equation (3), the names of the seven microalgae represent indicator variables, that is,
variables with only two possible values: 0 or 1. In order to obtain the cell concentration estimation for
a day in the growth cycle, it is necessary to choose 1 for the microalgae of interest and 0 for the rest of
microalgae species.

Figure 2 includes the plots of the explanatory equations that fit the available data of the complete
growth cycle for the seven marine microalgae species. The high level of smoothness for some of the
curves indicates a robust and likely estimation of the whole growth cycle of the microalgae species.
However, the more erratic curve estimated for T. Suecica could represent some lack of accuracy on the
OD measurements for some of the experiments that were performed with this species.

Figure 2. Cell growth for the indicated seven marine species based on the multiple regression equation.

It is of note that the extreme days of the growth cycle can show negative values in Figure 2 for some
species, which should be taken into consideration if the model is employed with forecasting objectives.

Although the objective of fitting this model was only explanatory, it could also be utilised as
a predictor of the evolution of biomass concentration as a function of time for the seven marine
microalgae species that were grown in similar laboratory conditions.

3.3. Intra-Experiment OD Measurements

The average correlation values (ρ) for every different combination of wavelengths for each type of
microalgae and replicate were computed. These values oscillated from 0.6 to 1, with a mean value of
0.95 and a standard deviation of 0.07, suggesting a very high agreement between the OD measurements



Energies 2018, 11, 1089 8 of 13

at different wavelengths. In fact, the highest average discrepancy between wavelengths showed a
mean ρ value of 0.92 in the 35 experiments that were produced (Table 2).

These results support the consistency of the OD measurements because they showed very similar
performance for most of the cultures regardless the selected wavelength.

Table 2. Correlation values (ρ) between optical density (OD) measurements at 480, 510, 630, 647, 650,
664, and 750 nm for all the performed experiments: five serial batch cultures of the seven marine
microalgae species (35 correlations). Data shown as average ± standard deviation.

nm 480 510 630 647 650 664 750

480 1 0.96 ± 0.05 0.96 ± 0.06 0.95 ± 0.07 0.95 ± 0.07 0.94 ± 0.08 0.92 ± 0.09
510 0.96 ± 0.05 1 0.96 ± 0.07 0.95 ± 0.06 0.96 ± 0.05 0.95 ± 0.07 0.92 ± 0.08
630 0.96 ± 0.06 0.96 ± 0.07 1 0.96 ± 0.06 0.96 ± 0.06 0.97 ± 0.05 0.94 ± 0.08
647 0.95 ± 0.07 0.950.06 0.96 ± 0.06 1 0.96 ± 0.06 0.96 ± 0.05 0.95 ± 0.07
650 0.95 ± 0.06 0.96 ± 0.05 0.96 ± 0.06 0.96 ± 0.06 1 0.97 ± 0.06 0.94 ± 0.08
664 0.94 ± 0.08 0.95 ± 0.07 0.97 ± 0.05 0.96 ± 0.05 0.96 ± 0.06 1 0.95 ± 0.09
750 0.92 ± 0.09 0.92 ± 0.09 0.94 ± 0.08 0.95 ± 0.07 0.94 ± 0.08 0.95 ± 0.09 1

Table 3 shows the correlation values (ρ) between OD measurements at any of the seven selected
wavelength for the five serial batch cultures (Replicates 1–5) of each marine microalgae species.

Table 3. Correlation values (ρ) between OD measurements at any wavelength (480, 510, 630, 647, 650,
664, and 750 nm) for each replicate of each marine microalgae species. Data shown as average ±
standard deviation.

Species Replicate 1 Replicate 2 Replicate 3 Replicate 4 Replicate 5

C. calcitrans 0.98 ± 0.02 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00
C. gracilis 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00
I. galbana 0.99 ± 0.01 0.97 ± 0.04 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.01
T. suecica 0.95 ± 0.03 0.89 ± 0.05 0.96 ± 0.02 0.92 ± 0.06 0.93 ± 0.04
T. chuii 0.89 ± 0.05 0.83 ± 0.06 0.86 ± 0.07 0.95 ± 0.04 0.92 ± 0.06

D. salina 0.91 ± 0.05 0.89 ± 0.09 0.93 ± 0.05 0.96 ± 0.02 0.93 ± 0.07
N. gaditana 0.98 ± 0.01 0.90 ± 0.13 0.91 ± 0.09 0.93 ± 0.09 0.91 ± 0.10

For example, Figure 3 represents the OD measurements as a function of time at the selected
seven wavelengths (480, 510, 630, 647, 650, 664, and 750 nm) for the second batch culture of T. chuii.
This culture showed the lowest average ρ between wavelengths (see Table 3).

Figure 3. OD measurements as a function of time for the indicated seven wavelengths that were used
in the second batch culture (Replicate 2) of the Tetraselmis chuii species.
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However, some replicates, such as the first one of I. galbana, presented a ρ value that was very
close to 1 for all of the wavelengths (see Figure 4 and Table 3).

Figure 4. OD measurements as a function of time for the indicated seven wavelengths that were used
in the first batch culture (Replicate 1) of the Isochrysis galbana species.

3.4. Inter-Experiment OD Measurements

The high level of robustness observed for the intra-experiment OD measurements at different
wavelengths does not hold for some of the species when the correlations between OD measurements
of the different experiments are checked for the same microalgae.

The correlation value is close to 1 for the OD measurements of C. calcitrans (0.98), I. galbana (0.97),
and C. gracilis (0.86), regardless of the considered replicate and wavelength (see Table 4). The D. salina
and N. gaditana species showed intermediate results, with a correlation value of 0.593 and 0.615.
However, the level of agreement for T. suecica and T. chuii is far from good showing an inter-experiment
correlation value below 0.5.

The high consistency for some of the species allows the establishment of groups of similar OD
measurements, which correlate with the type of microalgae involved. This fact has been utilised in this
work to define a classification algorithm for the seven marine microalgae species, whose performance
is shown in the next section.

Table 4. Correlation values (ρ) between OD measurements of different replicates associated to the
same microalgae specie, for each indicated wavelength. The last column includes the global correlation
between OD measurements of different replicates of the corresponding microalgae species, regardless
of wavelength. Data shown as average ± standard deviation (SD).

Species 480 nm 510 nm 630 nm 647 nm 650 nm 664 nm 750 nm Mean ± SD

C. calcitrans 0.99 ± 0.01 0.96 ± 0.0 0.99 ± 0.01 0.99 ± 0.01 0.98 ± 0.01 0.98 ± 0.01 0.98 ± 0.01 0.98 ± 0.01
C. gracilis 0.84 ± 0.10 0.84 ± 0.10 0.84 ± 0.10 0.84 ± 0.10 0.83 ± 0.11 0.84 ± 0.09 0.84 ± 0.10 0.84 ± 0.09
I. galbana 0.97 ± 0.02 0.97 ± 0.03 0.96 ± 0.02 0.97 ± 0.02 0.97 ± 0.03 0.97 ± 0.02 0.96 ± 0.02 0.97 ± 0.02
T. suecica 0.15 ± 0.27 0.17 ± 0.30 0.17 ± 0.23 0.14 ± 0.32 0.15 ± 0.22 0.25 ± 0.21 0.21 ± 0.25 0.18 ± 0.21
T. chuii 0.44 ± 0.14 0.49 ± 0.15 0.46 ± 0.18 0.47 ± 0.15 0.40 ± 0.18 0.38 ± 0.27 0.47 ± 0.23 0.45 ± 0.27

D. salina 0.58 ± 0.17 0.61 ± 0.21 0.57 ± 0.23 0.61 ± 0.21 0.56 ± 0.16 0.60 ± 0.22 0.61 ± 0.17 0.59 ± 0.22
N. gaditana 0.65 ± 0.23 0.61 ± 0.23 0.65 ± 0.20 0.68 ± 0.20 0.66 ± 0.214 0.57 ± 0.19 0.48 ± 0.24 0.62 ± 0.19

3.5. Classification Algorithm Performance

The quality of the classifier was tested by k-fold cross-validation using a k value of 7. This implies
the partition of the complete set of time series (a total of 245) in a train set of 210 series and a test set
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of 35. The cross-validation process was repeated 1000 times, so that the estimated parameters could
reach convergence.

Therefore, the classification algorithm was successful for all the species. Even though some
of them presented higher error rate than the rest of the species. Table 5 contains the classification
distribution (by rows) for each of the seven marine microalgae that were involved and the ρ method.
The values in the diagonal entries also represent the level of sensitivity for each of the species.

Table 5. Distribution of values for the classification associated to each marine microalgae. Each row
contains the percentage of cases that were assigned to each of the species for the microalgae OD
measurements that the row represents.

Species C. calcitrans C. gracilis I. galbana T. suecica T. chuii D. salina N. gaditana

C. calcitrans 97.43 2.57 - - - - -
C. gracilis - 96.95 - - 2.16 - -
I.galbana - - 98.04 - - 1.96 -
T. suecica - - - 98.69 1.31 - -
T. chuii - 0.77 - 5.14 86.90 - 7.19

D. salina - - - - 1.70 97.28 1.02
N. gaditana - 2.91 - 3.44 6.47 0.63 86.54

Table 5 shows that T. chuii and N. gaditana presented more cases of misclassification than the rest
of the species. Thus, most of the times, T. chuii was predicted instead of N. gaditana or the opposite,
and the misclassification of these two species as T. suecica also occurred.

These results are even outperformed by the Euclidean method and DTW with an average correct
classification rate of 99.21 and 96.60, respectively.

Despite the excellent performance of the algorithm, it is important to mention that the OD
measurements must be taken at similar growing conditions to those that are reported in this paper in
order to keep its predictive capacity as much as possible.

This prediction method is very useful because it only needs to use a simple spectrophotometer
to perform single direct OD measurements of culture aliquots, without the need of performing any
chemical extraction procedure, at any wavelength. Therefore, it is very simple in comparison with
other more complex methods developed by other authors, which require previous extraction and
fluorescence spectra [36] or sophisticated equipment to obtain Fourier Transform InfraRed (FTIR)
data [37].

4. Conclusions

Seven marine microalgae species (C. calcitrans. C. gracilis. I. galbana. N. gaditana. D. salina.
T. suecica, and T. chuii) were grown at bench scale under continuous illumination from a larger-scale
fed-up culture in exponential phase in order to measure optical density at several wavelengths (480,
510, 630, 647, 650, 664, 750 nm) and cell counting (cells·mL−1) every one or two days for 22 days
in five serial batch cultures of each specie. The results of this study showed the highest and lowest
growth rate for N. gaditana and T. suecica, respectively, through the Gompertz mathematical modelling.
A specific study about the effect of wavelength choice on OD measurements and the relationship
between OD measurements and cell concentration was performed. Thus, a very high agreement
was found between the OD measurements corresponding to the same experiment, downplaying the
importance of the wavelength choice when only one replication is being considered. However, the
lack of coherence appeared for some of the species. Finally, the high level of agreement found between
the OD measurements of different replicates for some of the microalgae has led to the construction of
an accurate microalgae classification algorithm that is able to discriminate microalgae by performing
direct single OD measurements of culture aliquots.

The results of this study can be of great interest when the studied strains are intensively cultivated
at larger scale under solar illumination for applications, such as biofuel, food, or feed production.
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However, it is important to mention that these results have been obtained at bench scale under
continuous illumination and thus cannot be directly extended to large scale.
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