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The growth of Chlamydomonas reinhardtii microalgae cultures was successfully monitored,
from classic oû-line optical techniques (optical density and ûuorescence) to on-line
analysis of digital images. In this study, it is shown that the chlorophyll ûuorescence ratio
F685/F740 has a linear correlation with the logarithmic concentration of microalgae.
Moreover, with digital images, the biomass concentration was correlated with: the
luminosity of the images through an exponential equation, and the length of penetration of
a superluminescent blue beam (»=440 nm), through an inversely proportional function.
Outcomes of this study are useful to monitor both research and industrial microalgae
cultures.
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2Cinvestav – Unidad Mérida, Departamento de Fı́sica Aplicada,A.P. 73, Cordemex,6

Mérida, Yucatán, México. C.P. 973107
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ABSTRACT14

The growth of Chlamydomonas reinhardtii microalgae cultures was successfully monitored, from classic

off-line optical techniques (optical density and fluorescence), to on-line analysis of digital images. In this

study, it is shown that, the chlorophyll fluorescence ratio F685/F740 has a linear correlation with logarithmic

concentration of microalgae. Moreover, with digital images, the biomass concentration was correlated

with: the luminosity of the images through an exponential equation, and the length of penetration of a

super luminescent blue beam (λ=440 nm) through an inversely proportional function. Outcomes of this

study are useful to monitor both research and industrial microalgae cultures.
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INTRODUCTION22

Photosynthesis is a biophotonic mechanism by which green plants, cyanobacteria and algae, transform a23

fraction of the solar energy, to produce their own food. This is the foundation of life on Earth. Photosyn-24

thesis occurs in the chloroplasts, which are those cell organelles that contain the photosynthetic pigments25

(chlorophyll a, chlorophyll b, carotenoids, etc.). They absorb light and use it to drive photosynthetic26

light reactions and associated electron transport reactions to reduce CO2 and oxidize H2O in the Calvin27

cycle (Allen, 1992). The net result of photosynthesis is the production of carbohydrates and the release of28

molecular oxygen to the atmosphere. Environmental factors such as temperature, irradiance, humidity29

and salinity are known to affect photosynthesis (Rym, 2012).30

Currently, microalgae cultivation has been widely studied, due to the potential of microalgae as a31

source of food, biofuel and various bioactive compounds useful for important processes such as the32

cleaning of residual waters, CO2 capture, and H2 synthesis. All these are valuable products, which33

contributes to the balance and growth of human activity on a global scale (Gupta et al., 2015). Although34

there are several models of photobioreactors, in most cases the performance of measurements requires the35

extraction of samples by syringes or pipettes, which could pollute the culture, disturb algae physiological36

state, modify the volume of the medium, to mention only a few disadvantages. Another challenge37

for real-time measurements is the range increment in the concentration of microalgal cultures, which38

commonly increase of up to three times the original order of magnitude, which is out of range of most39

devices (Antal et al., 2019). Therefore, it is currently a challenge, to implement non-invasive real-time40

methodologies, for monitoring microalgal cultivation conditions and photosynthetic parameters (Antal41

et al., 2019).42

Chlorophyll(Chl) molecules are organized into two groups of pigments, called Photosystem I (PSI)43

and Photosystem II (PSII), both spatially separated in thylakoid membranes of the chloroplasts (Breijo44

et al., 2006). Every photosystem contains an antenna light-harvestig complex (LHC) and central Chl45
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molecules. The photosystems differ from each other in their proportions of Chl a and Chl b, in the46

characteristics of the reaction centers, and in the electron carriers in their processes. In PSI, the reactive47

center is called P700 and is formed by two Chl a molecules which are attached to each other. PSII48

also contains a reactive center called P680, formed also by two Chl a molecules. The nomenclature is49

associated with the maximum wavelength (λ ) absorption of both PSI and PSII: λ=700 nm and λ=68050

nm, respectively (Gouveia-Neto et al., 2011). According to the origin and kind of Chl, culture medium,51

the environmental conditions and the measurement equipment, the maximum fluorescence wavelength52

may vary. As an example, at room temperature, Chl a fluorescence around λ=685nm is largely emitted by53

PSII antenna, and fluorescence around λ=740 nm is emitted by PSI antenna (Krause and Weis, 1984;54

Roháček et al., 2008; Gouveia-Neto et al., 2011). In the fluorescence emission spectra of healthy dilute55

suspensions of thylakoid membranes or isolated chloroplasts, a sharp peak around λ=685 nm with a broad56

shoulder at about λ=740 nm is observed (Krause and Weis, 1991). Although isolated Chl b dissolved in57

organic solvent exhibits fluorescence, this does not happen with in vivo cultures, because the excitation58

energy is transferred completely to the Chl a (Gouveia-Neto et al., 2011).59

The main function of the LCH is to transfer excitation energy to the photosynthetic reaction centers,60

where photochemical reactions take place; however, a part of absorbed light energy is dissipated as61

heat or emitted as fluorescence (Misra et al., 2012). In other words, to return to the ground state, the62

exited Chl molecule undergoes one of three fates: it can be (i) used to drive photochemical reactions63

(photosynthesis), (ii) dissipated as heat (thermal de-excitation), or (iii) re-emitted as light (fluorescence).64

These processes occur in competition, so that any increase in the efficiency of one will result in a decrease65

in the yield of the other two. Chl fluorescence represents an intrinsic signal emitted by plants, algae66

and cyanobacteria, which can be employed to monitor their physiological state, including changes in the67

photosynthetic apparatus, developmental processes, state of health, stress events, stress tolerance, and68

also to detect diseases or nutrient deficiency (Gouveia-Neto et al., 2011; Hák et al., 1990). Hence, by69

measuring the yield of Chl fluorescence, information about changes in the efficiency of photosynthesis70

and heat dissipation can be obtained (Maxwell and Johnson, 2000; Krause and Weis, 1984). Therefore,71

the simultaneous measuring of Chl fluorescence at λ=685 nm (F685) and at λ=740 nm (F740), allows for72

an approximate determination of Chl content in a non-destructive way, using the Chl ratio (F685/F740)73

(Hák et al., 1990).74

Depending on the type of study and the suitability of the photosynthetic system, different fluorescence75

techniques have been used (Mauzerall, 1972; Olson et al., 1996; Kolber et al., 1998; Gorbunov and76

Falkowski, 2004; Johnson, 2004; Chekalyuk and Hafez, 2008). At present, Chl fluorescence approaches77

are used to monitor photosynthetic efficiency in microalgae mass cultures: rapid fluorescence induction78

and the saturation-pulse method (Masojı́dek et al., 2011), which are well known successful methods.79

Regarding outdoor algae cultures, specific fluorimeters have been used: pulse amplitude modulation (PAM)80

fluorimeter provides rapid light responses curves of PSII; otherwise, dual PAM fluorimeter estimate PSI81

and PSII yields and Induction Kinetics fluorimeter measure fluorescence induction curves (Sukenik et al.,82

2009; Kromkamp et al., 2009; Masojı́dek et al., 2010). However, real-time non-invasive methodologies are83

still needed to monitor the growth conditions of the microalgae culture. Therefore, two methodologies are84

proposed in this study, in order to measure the Chlamydomonas reinhardtii (C. reinhardtii) culture growth,85

through fluorescence measurements at room temperature: an analytic off-line optical technique and a86

on-line analysis of digital images. Microalga (C. reinhardtii), is considered one of the most promising87

eukaryotic H2 producers (Torzillo et al., 2015), reason why its study is relevant. The methodologies88

proposed here were applied to study the growth of the C. reinhardtii, although it could be easily adapted89

to measure fluorescence in other photosynthetic microbial cultures.90

1 MATERIALS AND METHODS91

1.1 Microalgae cultures92

The C. reinhardtii (CC-124) microalgae were purchased from the Chlamydomonas Resource Center93

(USA) and grown photoautotrophically in Sueoka medium (Sueoka, 1960). Growth conditions include94

continuous air bubbling (1VV M = 1L2air/min/L2medium) under controlled room temperature con-95

ditions (298± 2) K. Experiments were performed in two series: firstly for the off-line optical density96

and fluorimetry measurements (Experiments A and B), and then for the on-line techniques using digital97

images (Experiments 1 to 5). A portable spectrometer (StellarNet, EPP2000) was used to measure optical98

density, fluorescence and color of the microalgae cultures, with a detection range between 200 and 85099
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nm. The corresponding Spectrawiz software (StellarNet, OS V5.0 c�2011) was used for measurements100

with the spectrometer. In order to follow the cell growth, optical density (OD) measurements at λ = 640101

nm were taken; each measurement was repeated three times for every sample. In a previous work, the dry102

weight of the microalgae was correlated with the OD of the algae cultures (del Campo et al., 2014).103

For the off-line experiments, three 12L Roux culture bottles were used, each with 0.9L of algae culture,104

with continuous air bubbling (1L/min), under controlled room temperature conditions (298±2K (figure105

1a). The cultures were illuminated continuously with two fluorescent lamps (Philips, F20T 12/D20W ).106

To assess the microalgae growth kinetics, every 12 hours during five days, three samples of 3mL each107

were taken from every bottle; additionally, a final control measurement was taken on the seventh day. OD108

and fluorescence measurements were taken for every sample. Two experiments were performed with109

the only difference for the initial microalgae concentration, x0: Experiment A,x0 = (34±2)mg/L, and110

Experiment B,x0 = (42±2)mg/L.111

For the on-line experiments, a 32L column photo-bio-reactor (PBR) was used. A transparent acrylic112

tube with 25 mm of thickness and inner diameter of 95 mm, was used to build the 952 cm length PBR.113

Four fluorescent lamps (Tecno Lite, T 46500K20W ) were used to illuminate at the center of the column114

with around 100 µmol photons m22s21, avoiding external sources of light (figure 1b). Five experiments115

were performed, each during five days: three experiments with continuous illumination (Experiments116

1, 2, and 3), and two experiments with 12-h light/12-h dark cycles (Experiments 4 and 5). Both off-line117

samples and digital images were taken every 6 or 12 h. A webcam (Logitech, Carl Zeiss Tessar HD 1080118

p) connected to a PC was used to capture digital images of the PBR. For the color analysis, the images119

were captured with two fluorescent lamps turned on behind the PBR and the other two lamps turned off.120

For the fluorescent images, the pictures were captured in darkness and only illuminated with a blue beam121

from a super luminescent diode (maximal wavelength of 440 nm) and a light filter (LSR-GARD ARGON,122

model 2204) with a protection range in 190-520 nm. At least 15 min of darkness was assured before the123

fluorescent stimulation. The images were analyzed in a LCD screen with an Integrating cube (StellarNet,124

IC2) and the portable spectrometer. The International Commission on Illumination (CIELAB) scale was125

used for color measurements, and five measurements were taken from different regions for every image.126

(a) (b)

Figure 1. (a) The three Roux bottles for the off-line experiments (A and B), and (b) the column

photo-bio-reactor (PBR) for the on-line experiments (1-5); see Materials and Methods

1.2 Fluorescence cabin127

The experimental system to measure fluorescence is composed of two main parts: a fluorescence cabin and128

the portable spectrometer. Based on the spectrometer, the fluorescence cabin was designed, manufactured,129

and coupled to the system using an optical fiber (StellarNet, F400). Through this fiber, light was guided130

from the sample cuvette to the spectrometer detector. The fluorescence cabin configuration is shown in131

2a. The main components are: a dark cabin, a cylindrical (14 mm i.d.) glass sample cuvette (4 mL),132

light emission diodes (LED), feed and switching electronic circuits, an AC/DC electric current converter133

(output 5.4 V) and a multi-modal optical fiber connector. The dark cabin is a space where light does not134

come in from external sources. Inside the dark cabin, a base was put to fix the cuvette in a normal position135

(at 90 degrees) relative to the floor. Parallel to the floor, as exciting radiation, six LEDs were placed136
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(Steren, Ultra Blue), three to the right side of the sample cuvette and three to the left. This configuration137

allows an homogeneous illumination. In 2b, a representative spectrum of the six LEDs is shown, with a138

maximum wavelength emission around λ=464 nm, luminosity of 7 cd and 400 mW as maximum power.139
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Figure 2. (a) Fluorescence cabin diagram, with optical fiber connector and glass sample cuvette; six

Ultra Blue LEDs were installed as exciting source. (b) Spectrum of the exciting radiation source (Ultra

Blue LEDs, λ max = 464 nm)

To improve the quality of the fluorescence measurements, the optical fiber was positioned on the top140

of the glass sample cuvette, at 90ç relative to the LEDs radiation. Traditionally, fluorescence is measured141

through the sample cuvette wall. Instead of that, fluorescence measurements were taken on the uncovered142

top of the cuvette, thus achieving diminishing losses by reflection and refraction in the interface of the143

cuvette. The cuvette used for the samples was a 4-mL glass cylinder, but with this fluorescence system,144

the material and the geometry of the cuvette are not important. The light information is processed and145

digitalized by the spectrometer SpectraWiz software. To start measurements, zero level must be defined,146

setting the spectrometer with Sueoka medium; then, the fluorescence measurement is performed on the147

microalgae sample. Direct fluorescence of C. reinhardtii culture samples, at room temperature, were148

successfully measured throughout seven days with this experimental setup. The ratio of fluorescence149

intensity between λ=685 and λ=740 nm was calculated.150

1.3 The F685/F740 fluorescence ratio151

At low Chl concentrations, fluorescence emissions increase with increasing quantity of Chl. At higher152

concentrations, the increase of fluorescence with the increment of Chl is mainly detected around 740 nm.153

For in vivo cultures, fluorescence emission at 740 nm is favored (and fluorescence emission at 685 nm is154

not favored), because of (i) the re-absorption of photons from the fluorescence emitted by neighboring155

molecules, (ii) the light interference between the short (685 nm) and long wavelengths (740 nm), and156

(iii) the increment of Chl (the new Chl molecules preferentially absorb energy at 685 nm) (Gouveia-Neto157

et al., 2011).158

There is a good inverse correlation between photochemistry and Chl fluorescence. The ratio of159

fluorescence intensity between maxima wavelengths (F685/F740) is influenced by the photosynthetic160

activity. In mature microalgae cultures, the chloroplast structure, CO2 uptake rate, carbon metabolism,161

etc., are better than in the younger cells. Higher F685/F740 values, indicate young cultures or cultures162

with photosynthetic apparatus not yet fully developed. Low values indicate mature cultures with a fully163

developed photosynthetic apparatus. In other words, the decrement in F685/F740 value is indicative164

of increased photosynthetic activity. Measured through induction fluorescence, F685/F740 exhibits a165

curvilinear relationship with the cells concentration, x, which can be successfully expressed by equation166

1, where c and d are constants (Hák et al., 1990):167

F685

F740
= cx2d (1)

This technique has been applicable to all kinds of leaves, chloroplast suspensions and acetone extracts168
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of photosynthetic pigments. In this work, it is demonstrated that this technique is also applicable to169

microalgae cultures.170

2 RESULTS AND DISCUSSION171

2.1 Microbial growth172

It has been established in a previous work that the Gompertz model represents the C. reinhardtii growth173

better than the classical Monod model (del Campo et al., 2014). Actually, the Monod and Gompertz174

models can be seen as particular cases of a more universal growth model (Castorina et al., 2006). For the175

experiments in the Roux bottles (A and B), as well as in the PBR (1-5), the Gompertz specific growth176

rate is reported in table 1. For the PBR experiments, it is possible to observe that Gompertz model is best177

fitted when the light regime is continuous (see R2 for experiments 1-3) than when light/dark cycles are178

performed (experiments 4-5). Moreover, the specific growth rate is favored when the PBR is used, in179

contrast with the cultures in the Roux bottles.180

Reactor Experiments µ(day21) R2

Roux bottles

AI 0.5472 0.9981

AII 0.5856 0.9989

AIII 0.5424 0.9889

0.56 ± 0.02

BI 0.3360 0.9843

BII 0.4032 0.9965

BIII 0.3696 0.9944

0.37 ± 0.03

PBR

1 0.7824 0.9954

2 0.6720 0.9771

3 0.6192 0.9656

0.69 ± 0.08

4 0.3384 0.9180

5 0.4776 0.9312

0.41 ± 0.10

Table 1. The Gompertz specific growth rate of microalgae in seven experiments, with the corresponding

correlation values. The mean value and the standard deviation are reported for the cultures with

continuous illumination (experiments A and B in the Roux bottles, and 1, 2, and 3 in the PBR) and with

light/dark cycles (experiments 4 and 5 in the PBR).

2.2 Fluorescence measurements181

The variations in fluorescence intensity were successfully measured, according to the increment in the182

C. reinhardtii concentration. Some selected spectra are shown in Figure 3 for experiment A. Fluores-183

cence Dataset for experiments A and B are shown in suplementary material file (S1). In all cases, Chl184

fluorescence exhibits a peak around λ=685 nm and a broad shoulder around λ=740 nm; this is a general185

observation at room temperature for Chl a (Gouveia-Neto et al., 2011; Krause and Weis, 1984). The186

fluorescence around λ=685 nm is attributed to the PSII antenna, and the fluorescence around λ=740187

nm is due to the PSI antenna (Gouveia-Neto et al., 2011). The fluorescence signal/noise ratio in our188

measurements was around 7 at λ=740 nm and 14 at λ=685 nm.189

In Figure 4, the fluorescence evolution at λ=685 nm and at λ=740 nm is shown for all bottles of190

experiments A. The plots include trend lines. In both experiments A and B, the maximum fluorescence191

intensity at λ=685 nm occurs between 48 and 60 hours: after that time, fluorescence decreases. Regarding192

fluorescence at λ=740 nm, in Experiment A, the maximum value occurred at 72 hours in all cultures;193

and in Experiment B, the maximum value happened between 96 and 108 hours. For both experiments,194

the maximum fluorescence at λ=685 nm occurs before than at λ=740 nm; and maximum fluorescence195

at λ=740 nm occurs at the highest concentrations of algae. In general, the results are consistent with196

those described in the literature for fluorescence in plants (Gouveia-Neto et al., 2011). Namely, at low197

5/11PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27744v1 | CC BY 4.0 Open Access | rec: 19 May 2019, publ: 19 May 2019



Wavelength (nm)

P
o

w
e

r 
(m

W
)

12 h
60 h

108 h
168 h

0

10

20

30

40

50

630 645 660 675 690 705 720 735 750 765 780 795 810

Figure 3. Microalgae fluorescence emission spectra (298±2K): evolution throughout seven days (168

h). Experiment A,x0 = (34±2) mg/L

Chl concentrations, the fluorescence emissions increase with increasing Chl concentration. At higher198

concentrations, the increase of fluorescence with the increment of Chl was detected only around λ=740199

nm.
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Figure 4. Experiment A:C. reinhardtii Fluorescence evolution trend at λ = 685 nm and λ = 740 nm

200

Regarding the F685/F740 ratio, it is possible to observe a similar behavior in every culture of both201

experiments, regardless of the initial concentration. For that reason, in Figure 5 it is shown the average of202

the three cultures for each of the two experiments, over five days and a final measurement on the seventh203

day. As time went by, the F685/F740 fluorescence ratio decreased, and that means that the photosynthetic204

processes were improved. The same trend has been reported for green leaves in plants, as stated in205

equation 1 (Hák et al., 1990).206

Based on information in Figure 5, and considering the data from 168 hours as the minimum possible207

(aged crops), we figured that cultures in both experiments reached around 70% of maturity at 96 hours.208

Therefore, every culture is evolving successfully, which means that the conditions are appropriate to209

grow the microalgae and keep them in a good state of health. In addition, the cultures that reached the210

lowest F685/F740 values, that is, the highest photosynthetic activity, were those of Experiment A, which211

were started with the lowest initial concentration. Moreover, after 72 hours, these values did not change212

significantly and this is the moment when illumination may not be enough for the culture because the213

concentration of cells reduces the path of light. Finally, a very useful linear correlation occurs for the214

logarithmic concentration of microalgae and the F685/F740 ratio through time (Figure 6):215

ln

(

x

x0

)

= 3.2720.7084(F685/F740) (2)
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Figure 6. Linear correlation for the logarithmic microalgae concentration and the fluorescence ratio

F685/F740(r =20.966578)

2.3 Digital images216

When the PBR was used, digital images of the cultures were taken to follow the change in color and to217

measure the penetration of a fluorescent beam during the microalgae growth. A selection of images is218

presented in Figure 7 for a typical experiment. It is possible to observe that cultures get darker with time219

due to the increase of biomass concentration in the PBR, which avoid the pass of light throughout the220

reactor. For the fluorescence measurements, the flashes due to the blue super-luminescent diode were221

filtered in order to measure only the fluorescence ligth contribution, which diminishes with time due to a222

shadow effect by cells when the microalgae concentration gets denser.223

Day 1 Day 2 Day 3 Day 4 Day 5

Figure 7. Representative images of the PBR captured every day during an experiment
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CIELAB measurements include three values to characterize the color of a sample: L is the luminosity,224

the parameter “a” for colors from green to red, and the parameter “b” for colors from blue to yellow. Both225

“a” and “b” parameters, rest almost constant along the time of the experiment during microalgae growth.226

This means that, technically, color does not change, which is expected since the photosynthetic pigments227

are always the same. In fact, luminosity is what diminishes importantly during cell growth, since cells228

deviate or shadow light sources. In Figure 8, it is possible to observe the logarithmic correlation between229

the microalgae concentration x, and the luminosity L for experiments 1-3. For these experiments, the230

equation 3 is proposed to get x from on-line measurements of L from digital images:231

ln

(

x

x0

)

= (1.6±0.2)2 (0.44±0.04)(L/W ) (3)

In this equation, the intercept and the slope values are presented as the mean and the corresponding232

standard deviation from the individual correlations in the three experiments (see Figure 8). However, this233

same correlation was not observed in experiments 4-5, where light/dark cycles were performed (data not234

shown). Calculation of the correlations between the values of the three experiments confirms that the235

experiments are reproducible, which gives confidence to the study. Table 2 shown L(W ) values correlation236

and Table 3 shown correlation between ln(x/x0) values.237

L(W)

x
x

0
ln

( 
   

   
   

 )

-0.993474
-0.988218
-0.965445

Correlation

Figure 8. Logarithmic dependence of cell concentration with the luminosity (L) value in the CIELAB

scale of colors, for the PBR experiments with continuous illumination. The colors correspond to

experimental values: black (experiment 1), red (experiment 2), and blue (experiment 3); the lines

correspond to the mean-squares correlations

E1 E2 E3

E1 1.000000 0.963332 0.942350

E2 0.963332 1.000000 0.973427

E3 0.942350 0.973427 1.000000

Table 2. L(W ) Correlation

E1 E2 E3

E1 1.000000 0.973283 0.948333

E2 0.973283 1.000000 0.985426

E3 0.948333 0.985426 1.000000

Table 3. ln(x/x0) Correlation

Finally, the fluorescence beam penetration was characterized as an image changing with time: both238

surface area of the beam (data not shown) and the distance of the beam penetration, were used to follow239
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these changes. Similar results were obtained when comparing the cell concentration with the changes in240

the fluorescent images; therefore, only the distance beam penetration was used since its measurement is241

much simpler than the surface area. In Figure 9, it is possible to observe the correlation of this distance242

measured for the fluorescent beam penetration with the inverse of the OD. As stated before, the OD is243

already related with the biomass concentration (Martı́n del Campo, 2014). It is important to notice that244

the linear correlations were obtained for all 1-5 experiments, with the equation 4 proposed to calculate the245

OD of the culture directly from the on-line measure of the beam penetration:246

OD =
1

beam penetration / cm
(4)

This simple equation is proposed since the values for the mean and the corresponding standard247

deviation for the intercept and the slope in the individual linear correlations for the five experiments are,248

respectively, (0.0±0.5) and (1.0±0.1)cm21.249

Bean penetration (cm)
10

0.999214
0.984075
0.970045

Correlation

0.972543
0.965449

(O
.D

.)
-1

Figure 9. The inverse of the optical density (OD) for the microalgae cultures, as a function of the

fluorescent beam penetration in the PBR. The colors correspond to the experimental values: black

(experiment 1), red (experiment 2), green (experiment 3), blue (experiment 4) and light green (experiment

5); the lines correspond to the least-squares correlations.

3 CONCLUSIONS250

Growth of C. reinhardtii cultures were successfully monitored throughout off-line and on-line optical251

techniques at affordable cost. It was confirmed that, as evidenced in green plants, the maximum fluores-252

cence around λ=685 nm occurs before than that happening at λ=740 nm. The maximum fluorescence253

at λ=740 nm occurs at a higher concentration, compared to what is needed at λ=685 nm. Once the254

maximum fluorescence at λ=685 nm has been reached, its decrement occurs before and at a faster rate255

that the fluorescence at λ=740 nm. Although the F685/F740 fluorescence ratio is a method that has been256

well known, here is demonstrated for C. reinhardtii cultures. A very useful linear correlation occurs257

between logarithmic concentration of C. reinhardtii and the F685/F740 ratio through time.258

Moreover, the on-line analysis of digital images was shown to be also useful to track the C. reinhardtii259

growth. The luminosity measurements in the CIELAB scale were linearly correlated with the microbial260

concentration for cultures under continuous illuminations; however, for the cultures in a light/dark regime,261

this correlation was not found. Nevertheless, for the fluorescent beam penetration images, both the262

distance and the surface captured for the beam, were linearly correlated with the optical density and,263

consequently, with the microalgae culture density for all the illumination regimes. Indeed, a simple264

reciprocal equation can be used to calculate the optical density as the inverse of the measured distance of265

the beam penetration.266

The on-line techniques proposed here, are very practical to study both research and industrial microal-267

gae cultures, including remote sensing applications.268
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Kromkamp, J. C., Beardall, J., Sukenik, A., Kopeckỳ, J., Masojı́dek, J., Van Bergeijk, S., Gabai, S.,313

Shaham, E., and Yamshon, A. (2009). Short-term variations in photosynthetic parameters of nan-314

nochloropsis cultures grown in two types of outdoor mass cultivation systems. Aquatic Microbial315

Ecology, 56(2-3):309–322.316
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