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A B S T R A C T 
This study investigated the use of Pulse Amplitude Modulated (PAM) fluorometer to detect the effect of nitrogen stress on growth and 

neutral lipid accumulation in the green microalga Chlorella sorokiniana. Two stages cultivation strategy have been applied to cultivate 
Chlorella sorokiniana in a plastic bag column bioreactor with 10L working volume to accumulate high density biomass with relatively 

high lipid content under different nitrogen stress regimes (50% and 0.0 NaNO3) for the production of biodiesel and biogas. A significant 

reduction in the photosynthetic yield of photo-system II (Fv/Fm) was detected under nitrogen deficiency and high light intensity using 
PAM fluorometry. Cellular neutral lipids increased with (46.7% and 83.5 %) and the growth decreased by (16% and 24%) under 50% and 

complete nitrogen deficiency (0.0%) respectively as compared with the positive control. Chlorella sorokiniana has been isolated from 

Nile River (Giza/Egypt) and molecularly identified using 18S rDNA. 
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INTRODUCTION 

 

Microalgae are considered one of the most efficient alternative renewable energy feedstock which will 

reduce our dependency on the fossil-based fuels [1, 2, 3, 52, 53, 54]. Many microalgal species have the potential 

to accumulate high amounts (20–60%) of lipid in form of triacylglycerols (TAGs) under certain stress 

conditions [4]. Till date, microalgae-based biofuels are not considered as sustainable process because of the 

imbalance between biomass accumulation and lipid productivity [1]. Therefore, Maximum biomass and lipid 

production should be achieved to be an economically feasible production of microalgae biofuels [5].  

Two stages cultivation system is widely recognized as a promising solution to address this issue because it 

can manipulate maximum biomass accumulation in the first cultivation phase under nutrients rich conditions 

followed by lipid trigger in the accumulated biomass in the second phase under stress conditions [6]. Nitrogen 

stress (limitation and starvation) is the most frequently applied stress for increasing lipid accumulation in the 

algal cells, as this technique is cheap, easy to apply and has a reliable and strong effect in oleaginous species 

[7,8,9,10,11,12,13,14].  
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Nitrogen is one of the most important growth fsctors as it is a major component of the biological 

macromolecules like DNA, chlorophyll, and protein [14]. Although continuous nitrogen starvation increases 

lipid and carbohydrate contents of microalgae, it decreases their growth rate, consequently reducing their overall 

productivities [15]. Neutral lipids which are almost in a form of TAGs are synthesized as a defense under 

unfavorable conditions to act as energy storage source and can be easily detected as green droplets by 

florescence spectrophotometer using Nile red stain as reported by [2].  

Physical stress factors, such as light, pH, temperature, and pressure, also considerably affect the 

biosynthetic pathways in microalgae [16]. Light intensity is one of the key factors influencing the 

photosynthetic efficiency, cell growth and metabolic activity of microalgae [17]. For instance, the high intensity 

of light (400µmol photons m-2 s-1) drives carbon to neutral lipids (NL, 71.7% of total lipid) in Chlorella sp. 

Light stresses have been combined with nitrogen stress [18 ,19], salinity [16], and temperature [20]. 

Nowadays, remote controlling of the algal culture without destroy the accumulated biomass can be 

achieved by detecting the photosynthetic energy conversion (yield) in PSII as stated by [21]. Chlorophyll 

fluorescence analysis was performed using a phyto-PAM fluorometer to detect the influence of nitrogen stress 

on photosynthesis based on the pulse modulation principle [22].  

Light energy that absorbed by chlorophyll in the light-harvesting antennae of the chloroplast thylakoid 

membranes can either be absorbed to do photochemical work or re-emitted as heat, or fluorescence. These 

pathways compete for the light energy absorbed. Thus the proportion of energy used to do photochemical work 

is inversely related to the amount of fluorescence emission from chlorophyll a [23].The capacity for 

photochemical work is influenced by the stress of cells and any damage to the photochemical apparatus caused 

by photo-inhibition[24].  

The variable fluorescence of PSII is determined via comparison of the minimal fluorescence after dark 

incubation (F0), reflecting a state in which all PSII centers are open, the maximal fluorescence as observed 

when PSII is saturated with an intense pulse of light (FM), reflecting a state in which all PSII centers are closed,  

and the modulated fluorescence signal in the presence of actinic light (F) which ranges in between both limits 

[25].The values further change under stress conditions. Y(II) is essentially the ability of the cells to use the 

quantum light energy of incoming photons for cellular metabolism and photosynthesis [6].  

The Fv/Fm values are known to vary from 0.1 to 0.9 according to the strain and the growth conditions [25]. 

Any improvements in the Fv/Fm values for a particular strain further indicate at its improved photosynthetic 

efficiency which in turn transcribes into its better growth profile and improved productivity. Therefore Fv/Fm is 

considered as an important PSII parameter to understand the photosynthetic efficiency of any photosynthetic 

system and also to understand the impact of stress on the photosynthetic machinery of the cell [6].  

PAM fluorometry has become an effective tool that can help in identifying the optimal cultivation 

conditions by studying their impact on the photosynthetic parameters and thus can be utilized to maximize 

biomass and neutral lipid synthesis by investigating the extent of stress induced under environmental conditions 

such as light, temperature and salinity [6]. 

The use of the PAM fluorometry has been widely used by ecologists to determine phytoplankton 

photosynthetic efficiency [26, 27, 28, 29] and physiological stress which includes temperature [24], salinity [30, 

31], nutrient [32, 33] and irradiance [24]. However, the application of PAM fluorometry to monitor stress for the 

production of lipids and other value added products has not been well established in the algal biotechnology 

industry. 

In the present study, the isolated Chlorella sorokiniana strain was cultivated in BG11 media with different 

nitrogen concentrations in column bioreactors using natural sources of temperature and light intensity with the 

aim to produce high biomass and lipid yield. In addition, PAM flourometry was used to remote detecting the 

effect of nitrogen stress and high temperature and high intensity during the cultivation process. 

 

MATERIALS AND METHODS 

 

2.1. Sample collection: 

Fresh water samples were collected on September 2013 from Nile River, Giza region – Cairo - Egypt. 

Collections were carried out from the top and bottom layer of water at each location to obtain the dominant 

microalgal species present in this particular area. All the field samples were collected in sterile 50-mL tubes and 

maintained in refrigerator then transferred to our lab at University of Applied Sciences, Bremen, Germany. 

 

2.2. Isolation of microalgae: 

In order to isolate a single microalgal species from the water sample, serial dilution was done in 10 ml 

sterile test tubes each contain 10 ml BG11 medium [34] and incubate at 25°C  with a 12:12 h light: dark cycle 

and light intensity of 105 ± 2.5 µmol photons m-2 s-1 for 14 day. One milliliter of the diluted sample was 

transferred to sterile Petri plates containing approximately 15–20 mL of BG11 agar medium and spread evenly 

across the surface using thirteen-streak-method and zigzag technique.  
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The inoculated Petri-dishes were incubated under the same conditions mentioned above where the algae 

were allowed to grow for 14 day. Grown algal colonies were streaked several times a gain on agar plates till 

pure culture were obtained (Fig. 1). The obtained uni-algal strains were suspended in liquid BG11 medium and 

labeled till be identified on a molecular level. 

 
 

 
 

Fig. 1: (a) Water samples after adding fresh BG11 medium and incubated at room temperature for 2 weeks 

under continuous shaking (b) Separate colonies on agar plate (c) Unialgal cultures under 40X 

magnification power. 

 

2.3. Algae identification: 

The most promising strains were characterized and identified on a molecular level. DNA extraction carried 

out using the DNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany). The amplifying of the 18S rDNA and 

16S rDNA sequences of the eukaryotic and prokaryotic cells were done in a T3 thermocycler (Biometra, 

Gottingen, Germany) with the primer pair EukA /EukB (Table 1). 

For prokaryotic target sequences with primer pair CSIF/ULR (Table 1) without G-C clamp [35, 36] for 

euokaryotic target sequences [37]. The PCR products were purified using QIAquick PCR Purification Kit 

(Qiagen, Germany). Sequencing was done using the Sanger sequencing technique by GATC (Biotech AG 

Konstanz, Germany). The strains names were finally identified from the results of BLAST analysis on NCPI 

data base. 

 
Table 1: The oligonucleotide primers used for amplification and sequencing of 18S and 16S rDNA of selected microalgae strains. 

Primer Sequence (5' to 3') Source 

CSIF G(T/C)C ACG CCC GAA GTC (G/A)TT AC [35] 

ULR CCT CTG TGT GCC TAG GTA TC 

Euk A AAC CTG GTT GAT CCT GCC AGT [37] 

Euk B TGA TCC TTC TGC AGG TTC ACC TAC 

 

2.4. Photobioreactor: 

Six plastic bags handmade column bioreactors were designed using colorless polyethylene column with 

10L working volume each. Aeration with atmospheric air using air pump was adjusted from the bottom of the 

reactors to mix the cell upside down and to supply the culture with CO2. 
The whole reactors filled with normal BG11 media (1.5g/L NaNO3) and in incubated in the glass house 

under nature conditions of light and temperature with continuous aeration using air pump to achieve the 

maximum biomass accumulation. After reaching the early stationary phase, 5 L dropped out and new medium 

with different NaNO3 concentration  were added as follow, 2 columns with 1.5g/L NaNO3 (100% NaNO3), 2 

columns with 0.75g/L NaNO3 (50% NaNO3) and the other 2 columns with 0.0 g/L NaNO3 (0.0% NaNO3) to 

trigger more lipid inside the accumulated biomass. 
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Fig. 2: Photobioreactors (A) with 10L working volume (1; HOBO instrument for continuous recording of 

temperature and light intensity, 2; Air pump and 3; is a siring for taking samples),  Chlorella 

sorokiniana (B) under light microscope with magnification power 40X. Photo is taken by Ahmed 

Mohamed 2016. 

 

Sampling were performed from the beginning of the experiment every 3 or 4 days taking 5mL of each 

treatment in triplicate and measuring the optical density at 700 nm using a Thermo SpectronicGenesys 20 Model 

4001/4 (Thermo Electron Corporation, USA), the cell count using the Thoma counting chamber (Paul 

Marienfeld GmbH + Co. KG, Lauda-Königshofen, Germany), pH (using a wtw pH315i (WTW 

WissenschaftlichTechnischeWerkstätten GmbH, Germany), photochemical efficiency of photosystem II using 

phyto-PAM with phyto-EDF (Walz, Germany) and lipid content using Nile red stain technique. Temperature 

pattern as well as light intensities along the experiment were recorded using HOBO Data Logger (Onset, 

Linnich, Germany).  

 

2.5. PAM fluorometry: 

Phyto-PAM Fluorometry (WalzTM, Germany) was used to measure the photosynthetic parameters of photo-

system II (PSII). The samples were transferred in a 1.5 ml cup, mixed for 1 minute and the perspex-rod sensor 

tip was 0.2 mm immersed into the algae suspension. Samples were completely dark adapted for 10 minutes 

before measurement (Settings: gain was adjusted to F 645 nm values above 200 and below 400, measuring light 

intensity 0, saturation light intensity 10, saturation pulse length 400 ms; For introduction, see [38]. 

Saturation pulse can cause complete reduction of the PSII acceptor pool and, hence, induce an increase of 

fluorescence yield (dF) from its current level (F = Ft) to its maximal value (Fm). Based on such measurements, 

the effective quantum yield of photosynthetic energy conversion in PSII can be determined, using the simple 

relationship:  

 

Yield = (Fm-F)/Fm = dF/Fm 

 

2.6. Nile red staining: 

Nile red is a lipophilic fluorescent dye and has been used as a fast and feasible method to detect and 

quantify the neutral lipid content of many microalgae strains [2, 39]. Depending on our validation of NR assay 

[2], we used a modified method for [40] by using 25% DMSO, 2µg/ml Nile red and 30 min. incubation period 

in dark. A HITACHI Fluorescence Spectrophotometer F-2500 (Hitachi, Germany) was used with excitation and 

emission wavelengths 530 and 575 nm respectively using FL Winlab software as data analysis [41].  
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Standard lipid curve: 

To calculate lipid percent per algal cell, several standard lipid curves were done using glyceryltriolate 65% 

(SIGMA-ALDRICH) with different dilutions 1:10, 1:100, 1:1000 and 1:10000 triolen: glycerol respectively, 

using the same method mentioned above. Data were presented as the mean ± standard deviation (SD) of 

triplicate for all experiments. 

 

RESULTS AND DISCUSSION 

 

3.1. Characterization of Chlorella sorokiniana: 

The sequence for the 18S rRNA gene covered 1060 bases. This date received as chromatograms which 

visualized by a special software (Chromas 2,4). For the selected strain we received two chromatogarms, 

basically the unrestricted peaks at the beginning and ending of the chain were deleted using MEGA 6 software 

then the two sequences were merged using EMBOSS software. After BLAST [42] analysis a similarity of100 % 

with an E value of 0.0 to Chlorella sorokiniana CMBB 151 was got.  

 

3.2. PAM Fluorometry for PSII efficiency determination: 

The chloroplast is the fundamental unit for most photosynthetic plants and algae; hence the content of 

chlorophyll and the vitality of the photosynthetic machine are critical physiological indicators through which we 

can inspect the algal cell adaptation when exposed to nutrient-deficiency [5]. 

PAM fluorometry now considered as an effective tool that can help in identifying the optimal cultivation 

conditions by studying their impact on the photosynthetic parameters, therefore can be used to maximize 

biomass and neutral lipid synthesis by indicating the extent of stress induced under several environmentaland 

nutritional conditions [6]. 

White et al. [43] reported that, physiological stress can be detected using PSII activity of microalgal cells, 

likeY(II), ETR and Fv/Fm. A significant change in any of these parameters indicates the onset of stress 

conditions that could further lead to lipid induction [44].  

Under environmental stress conditions, the microalgal cell changes its lipid biosynthesis pathways to 

produce neutral lipids as a defense mechanism for these kinds of stress, mainly in the form of triacylglycerol 

(TAGs) [45]. Since cellular yields, growth rates and biomass productivity of the photosynthetic cells are 

primarily impacted by the PSII activity, therefore for the purpose of this study only the parameters of PSII that 

had direct impact on cellular productivity of the microlagal cells were put in consideration. 

 

 
 

Fig. 3: Photosynthetic yield of Chlorella sorokiniana under 3 different NaNO3 concentrations over time. Control 

(100% NaNO3)1.5 g/L (filled squares), 50% % NaNO3 (filled triangle) and 0.0% NaNO3 (filled circles). 

Before dilution (day 0 till day 17) the three bioreactors contain normal amount of NaNO3of the BG11 

medium 1.5g/L. Each point is an average of five measurements using PAM. 
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In the present study, the phtotosynthetic yield of photo-system II (YII) increased gradually from day 1 to 

day 13  (fig. 3) and this due to the gradual increase in the accumulated biomass as the optical density increased 

from 0.3 to 0.86 in day 13 (fig.4) and cell/ml also increased in the same pattern.  

 

 
Fig. 4: Growth of Chlorella sorokiniana under 3 different NaNO3 concentrations over time.  Control (100% 

NaNO3) 1.5 g/L (green line), 50% % NaNO3 (blue line) and 0.0% NaNO3 (red line). Before dilution 

(day 0 till day 17) the threes bioreactors contain normal amount of NaNO3 of the BG11 medium 1.5g/L. 

Error bars represent three times the standard deviation. 

 

This increase in biomass enables the culture to accept more photons (light energy) and enhance the 

photosynthetic machinery which resulted in an increase in YII [6]. Between day 13 and 17 the accumulated 

biomass continued in increasing but the photosynthetic yield seems to be stable. Now the culture has the same 

yield value from higher biomass concentration. This decrease in yield value was due to the high light intensity 

which increased about 3 times from 167.8 µmol photonsm-2s-1 at day 13 to 457.8µmol photonsm-2s-1 at day 15 

(fig. 5)in addition to the high temperature which reached its maximum value 48.15°C at the day which in turn 

evolved stress on the culture led to decrease in the photosynthetic yield. Our results also was in line with the 

previous reports in literature [6] whom suggest that under temperature stress the Fv/Fm values decreased 

because the degree of ‘‘OPENESS” of the stroma/antenna to accept the light photons were lower than their 

value under normal temperature (28 °C). 

 

 
Fig. 5: Development of temperature and light intensity during the experimental time. Filled squares (mean light 

intensity, only daylight hours used for calculation), filled circle (mean temperature), filled triangle 

(maximum temperature).Temperature and light intensity were measured inside the bioreactors culture 

media. 
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As reported by [46, 47] light intensity more than 200 µmol photons/m-2/s-1  decrease The Fv/Fm values 

because light intensities above 200 µmol photons m-2 s-1 are detrimental to the photosynthetic machinery of the 

cell. On exposure to high intensity light the stoma and thylakoid of the cells (PSII) are known to activate their 

internal photo-protection mechanism that in turn leading to the shutdown (closing) of the light accepting 

membranes of the cells and thus decreasing their overall photosynthetic efficiency (Fv/Fm).After the 17 th day 

50% (5 litters)of the culture in the 3 reactors were harvested and a dilution with fresh media containing three 

different NaNO3 concentrations (100%, 50% and 0.0%) were added.  

Starting from day 18 we have 3 different nitrogen concentrations as mentioned with 3 different 

photosynthetic behaviors. The yield has sharp decrease in day 21in the 3 different cultures due to the sharp 

reduction in accumulated biomass resulted from the harvesting after day 17. The Fv/Fm continued in increasing 

in the bioreactor with normal NaNO3 concentration (100%) this might be due to the gradual increase in the 

biomass and the partial stability in light intensity till day 35 which mean that there were neither  biotic nor a 

biotic stress factors affecting the growth of Chlorella sorokinianain this culture. On the other hand, the other 

two reactors (50% and 0.0% NaNO3) have different behavior than the control (100% NaNO3) as the 

photochemical efficiency of photo-system II was significantly decreased after subjected to nitrogen deficiency 

and/or limitation conditions (fig. 3).  

During the first three days of nitrogen deficiency there were not significant decrease in the photosynthetic 

yield, and these results went parallel with [1]. The exposure of algal cells to nutrient starvation led to more 

dramatic decline than in the control. N-deficient cells (50% and 0.0% NaNO3)  exhibited an early declining 

pattern with the terminal value equal to 0.44 and 0.39, respectively as compared with 0.61 of the control at late 

stationary phase day 31 . 

The decline in the Fv/Fm ratio value under all nutrient deficiencies indicates that the photosynthesis 

efficiency of algal cells was undermined due to lack of constructional matters for maintaining the photosynthesis 

machinery. It has also been demonstrated that nutrient stress would lead to a decline in the Fv/Fm ratio; when 

the limiting nutrient was added into the medium it would increase markedly [48] and this matched our results in 

the control culture after dilution with fresh medium. In addition, as reported by [49], that Fv/Fm value has been 

found to be constant in stress free cultures and this value has a significant decrease in nutrient stressed cultures. 

Nitrogen depletion was detrimental to the photosynthesis efficiency, mainly due to the large demand for this 

element in cell growth. Additionally, drastic down regulation in the abundance of light harvesting complexes 

might be another reason that contributes to reduction of photosynthesis activity [50]. 

 

3.1. Biomass and lipid yields using Nile red stain in 10L bioreactors: uncontrolled cultivation conditions: 

Lipid productivity is of particular importance in large-scale microalgal lipid production process because it 

takes into account both lipid content and biomass production rate. To overcome such problem, two-stage 

cultivation strategy has been done. The first step was the biomass accumulation step, for the whole reactors 

normal BG11 media with normal nutritional concentrations were added. The second step was lipid induction 

step by harvesting 50% of culture and refill it again with different concentrations of sodium nitrate, 100% 

(control), 50% and 0,0 %NaNO3  to trigger more lipid in the accumulated biomass. 

 
 

Fig. 6: Effects of nitrogen deficiency and starvation on lipid contents of Chlorella sorokiniana over time.  

Control (100% NaNO3)1.5 g/L (green line), 50% % NaNO3 (blue line) and 0.0% NaNO3 (red line). 

Before dilution (day 0 till day 17) the threes bioreactors contain normal amount of NaNO3 of the BG11 

medium 1.5g/L. Error bars represent three times the standard deviation  
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As reported by many researchers, under nitrogen stress, many microalgae alter their lipid biosynthesis to 

produce neutral lipids, in the form of triacylglycerol (TAGs). In our study the corresponding neutral lipids 

produced in stressed cultures (50% and 0,0 %NaNO3) were observed using the Nile red stain (Fig.6). Lipid 

content started with high value at the first 5 days of incubation, this might be due to more than one reason. First 

of all the inoculum conditions itself were not the same in the bioreactor in term of aeration and nutrients 

availability. In addition, both light intensity and temperature (a biotic factor) were very high at the first 5 days 

which in turn subjected the culture to sever stress and force the cells to accumulate large molecules as TAGs as 

a response of temperature stress.  

Triggering of lipid bodies as a response to temperature stress has been reported by many scientists, [2] 

proved that neutral lipid bodies have been stained by Nile red and visualized as a green droplets using confocal 

fluorescence microscopy as a response of subjection to elevated temperature.  From the six day to the day 

thirteen, lipid content dropped down due to sufficient nutrients in addition to partial stable temperature and light 

intensity. Therefore, the cells subjected all the metabolic activity toward cell divisions and here the gradual 

increase in growth rate (optical density and cells/ml) witnessed an impressive increase in growth and decrease in 

lipid content. 

On the other hand, lipid content start in increasing  after day 13 (fig. 6) and continued till day 21 afterward 

start in decreasing till reach the minimal value at day 34 and gave an indication for further increase at the last 

day of the experiment. This increase and decrease in lipid was due to nitrogen deficiency.  

At day 13 the cells used most of the added NaNO3 from the medium therefore cells started to accumulate 

lipid bodies as defense mechanism against nitrogen deficiency as nitrogen limitation led to decrease in growth 

rate and increase in lipid content [7, 8, 9, 10, 11, 12,13, 14]. 

During nutrient sufficient conditions (day 24 to 34)in control culture (100% NaNO3) the nitrogen reservoir 

could sustain the cell growth for several days and the lipid decreased. After the day 34, the cell growth was 

severely hindered; meanwhile, the total lipid content increased. These results agreed with that reported by [51, 

5].  

 

Conclusions: 

PAM fluorometry can be an effective tool to detect the nutrient stress which is nitrogen deficiency in our 

study in outdoor column bioreactor. Furthermore, we can also detect some other environmental stress like high 

temperature and high light intensity by means of reduction in the photochemical efficiency of photosystem II. 

There is a direct correlation between nitrogen deficiency and neutral lipid accumulation using Nile red method 

and the efficiency of the photosynthetic machinery using PAM fluorometery but it still need more investigations 

to be well-established in the algal biotechnology industry.   

Two stages cultivation regimes are the best in large scale applications to accumulate high biomass and 

trigger more neutral lipid.  Future studies will investigate the extent of stress induced under other environmental 

and nutritional conditions and its correlation with photosynthetic efficiency.  
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