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Supplementary Materials and Methods 

 

Microalgal cultivation: Two separate cultivation systems were used. With the first system 

(exp. 1 – 16 in Table S1), monoculture of Nannochloropsis sp. strain was grown indoors in 15 

L transparent blue carboys at room temperature under cool white illumination of 100-150 

µmol/ m2/ s with a 14:10 h light:dark cycle. The carboy was supplied with 0.21 vvm of 

filtered compressed air. The system was operated semi-continuously with 80% of the working 

volume harvested on day 14 and the remaining 20% replenished with fresh medium to an 

OD750 of ~0.3 to restart cultivation. Under these conditions, nitrate was depleted by day 12. 

Microalgal harvest was concentrated using a disc-stack centrifuge (Separator OTC 2-02-137, 

GEA Westfalia, Germany).  

With the second system (exp. 17 – 20 in Table S1), N. gaditana monoculture was grown 

under axenic conditions in an indoor 25 L bubble-column photobioreactor (PBR) at 21 C 

with permanent white illumination (from 120 to 370 µmol / m2/ s). The reactor was aerated 

with 0.15 vvm of filtered CO2-enriched air (CO2 : air = 1/100 v/v). To achieve axenic 

cultivation, the PBR was filled with seawater and steam sterilised (100°C and 1 atm) for 20 

min prior to the introduction of previously sterile-filtered medium components (0.22 μm) and 

culture inoculum (prepared axenically). The PBR was harvested on day 14 (nitrate depleted 

on day 10) and the harvest concentrated using a bucket-swing centrifuge.  

 

Solid phase extraction (SPE): Aliquots (700 μl) of lipid solution (containing ~ 32 mg of 

lipid) were separated into its constituent fractions (neutral lipid NL, glycolipid GL and 

phospholipid PL) by sequential elution with different solvent systems in a SampliQ pre-

packed silica cartridge (Agilent Technologies, USA) as previously described 24.  

 

Lipid transesterification and gas chromatography: An aliquot (600 μl) of lipid solution 

(containing ~27 mg of lipid) was mixed with 600 μl of methanol and 50 μl of C17:0 TAG 

internal standard solution (containing 2.8 mg of TAG in chloroform). To this new solution, 

300 μl of 10 wt% H2SO4 in methanol was then added. The acid methylation reaction, intended 

to esterify free fatty acids (FFA) and to transesterify triacylglycerols (TAG), was carried out 

at 55°C and 200 rpm for 3 h. At the end of the acid methylation step, 1 ml of 25 wt% KCH3O 

in methanol was added to initiate the alkaline methylation step (pH value after alkaline 

addition = 13). Alkaline methylation, carried out at 55°C and 200 rpm for 2 h, was intended 

to quench any interfering water contaminants and to completely esterify TAG and polar 

lipids. For both methylation steps, the reaction vial was sealed to prevent solvent evaporation. 

At the end of alkaline methylation, 40 μl of C15:0 FAME internal standard solution 

(containing 1.3 mg of FAME in chloroform) was added to the solution. FAME solution was 



filtered (0.2 µm nylon syringe filter) to remove any solid precipitate formed during the 

methylation reactions and stored at -20°C.   

4 μl of the FAME solution was manually injected into an Agilent 7890B GC-FID unit 

(Agilent Technologies, USA) equipped with a DB23 methylpolysiloxane capillary column 

(30 m x 0.32 mm id x 0.25 μm) (Agilent Technologies, USA). Helium was used as the carrier 

gas at a split ratio of 80:1 and a flow rate of 56.171 ml/min . The detector temperature was set 

at 300°C. The following oven configuration was used: an initial temperature at 50°C for 1 

min, a linear ramp at 20°C/min to 180°C and a second linear ramp at 2°C/min to 210°C. 

Individual FAME was identified by retention-time comparison with a mixed FAME 18917 

Supelco standard (Sigma Aldrich, USA) and quantified using a 4-point linear calibration 

curve. 

 

Amino acid analysis: Lyophilised and ground biomass powder (50 – 100 mg) of untreated or 

incubated cells were added to 2.5 mL of 20% HCl, flushed with nitrogen and heated at 110°C 

for 24h. The hydrolysate was spiked with norvaline (internal standard) and diluted 25x prior 

to 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) derivatisation with AccQ-Tag 

Ultra derivatisation kit (Waters Corporation, USA) in accordance to the supplier’s manual. 

Chromatographic separation and quantitation of 18 free amino acids in the hydrolysate were 

performed on an ACQUITY Ultra- Performance Liquid Chromatography unit (Waters 

Corporation, USA) with a UV detection system (260 nm) and a BEH RP C18 column (2.1 x 

100 mm, 1.7 µm) (Waters Corporation, USA) at 57°C. 

 

Total pigment analysis: Microalgal slurry was weighed in a small glass mortar before being 

ground with 2-3 ml of 100% acetone. The mixture was sonicated in an ice-water bath for 20 

min and left at 4 °C for approximately 15 h. Both sonication and resting period took place in 

darkness. The mixture was pelleted via centrifugation and the supernatant decanted. The 

extraction cycle was repeated with a shorter resting period of 3 h. To the pooled supernatant 

from both steps, water was added to make a solution with a final composition of 90:10 

acetone:water (v/v). Pigment solution was filtered (0.2 µm) prior to analysis using a Waters-

Alliance HPLC system that comprised of a 2695XE separations module, a Zorbax Eclipse 

XDB-C8 stainless-steel 150 mm x 4.6 mm ID column with 3.5 µm particle size (Agilent 

Technologies, USA), a column heater and a 2996 photo-diode array detector. The mobile 

eluent was 28 mM tetrabutyl ammonium acetate: methanol mixture.  

 

SEM: Coverslips (22 mm glass) were smeared with 0.1% (v/v) polyethyleneimine (PEI) and 

dried under a flame. Cells (200 μL) were placed on the PEI-coated glass coverslips for 1 h. 

The excess culture was drained and coverslips with adhered cells were further immersed in 



2.5% glutaraldehyde in PBS for 1 h. After immersion, the coverslips were dehydrated in 

increasing concentrations of ethanol consisting of 10, 30, 50, 70, 90 and 100% ethanol in 

water for 10 min each step. The coverslips were then dried in a Balzers CPD030 critical point 

dryer (Balzers, Germany) before being mounted onto 25 mm aluminium stubs with double-

sided carbon tabs and coated with gold using a Xenosput sputter coater (Dynavac, Australia). 

A Philips XL30 field-emission scanning electron microscope (Philips, the Netherlands) at a 

voltage of 2.0 kV and spot size of 2 was used to image the cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Figures and Tables 

Figure S1.  Experimental scheme for the study. The study has two distinct objectives. For the 

first objective, we studied the underlying fermentation mechanism that triggered the induction 

of autolysis in Nannochloropsis cells. For the second objective, we investigated the impact of 

autolysis on downstream processing (extent of cell rupture and lipid extraction yield). Several 

pathways (HPH, alkali treatment and acid treatment) were examined.  

 

 

 

 

 



 

Figure S2. Algorithm for automated image analysis with ImageJ Software. The algorithm was 

able to selectively calculate the area occupied by whole cells on the microscope image 

(apparent cell area) while filtering out the area attributed to cell debris and agglomerates. 
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Figure S4. (a) Total protein content of Nannochloropsis sp. biomass as a function of 

incubation time. In order to evaluate total protein, the biomass was subjected to NaOH 

hydrolysis followed by Lowry’s analysis of the hydrolysate. (b) Amino acid composition of 

Nannochloropsis sp. biomass as a function of incubation time. In order to evaluate amino acid 

composition, the biomass was subjected to HCl hydrolysis followed by HPLC analysis of the 

hydrolysed and derivatised free amino acids. Both Figures present results (mean ± std) for 

incubation at 38°C and 0 rpm: exp. 14, 15 and 16. In Figure a, * denotes statistical 

significance (p-value < 0.01). For Figure b, Cysteine and Tryptophan were destroyed by the 

acid treatment and thus not included in the composition analysis.  

 

 

 



 

 

Figure S5. The total glucose content and total cellulose content of Nannochloropsis sp. 

biomass as well as the thickness of the cellulose layer of the cell wall as a function of 

incubation time. Values for total glucose content were extracted from the results of total sugar 

analysis. In order to evaluate cellulosic glucose content (glucose yield attributed only to 

cellulose), the biomass was subjected to enzymatic digestion (with cellulase) followed by 

HPLC (at the RI detector) analysis of the released glucose in the hydrolysate. The Figure 

presents results (mean ± std) for incubation at 38°C and 60 - 120 rpm: exp. 11, 12, 13.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S6. The amount and profile of organic acids secreted by Nannochloropsis sp. cells 

autolysis. In order to obtain organic acid composition, we washed microalgal slurry collected 

at different time points of the incubation treatment with DI water and analysed the wash 

solution with HPLC at the UV-Vis detector. Only 5 of the most abundant organic acids are 

shown. The Figure presents results (mean ± std) for incubation at 38°C and 60 - 120 rpm: 

exp. 1, 2, 3.  
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Figure S8. Representative TEM images showing overviews of the population of untreated and 

incubated Nannochloropsis sp. cells. (a) untreated, exp. 1. (b) untreated, exp. 1. (c)  24-h 

incubated (38°C, 120 rpm), exp. 1 (d) 24-h incubated (38°C, 120 rpm), exp. 1. Scale bar (a-d) 

= 5 μm. (e) Summary table outlining the shape (circularity) of Nannochloropsis sp. cells as a 

function of incubation time. TEM images were analysed with ImageJ software in order to 

generate the shape analysis. 

 

 

 

 

 

 



 

Figure S9. SEM images of untreated and incubated Nannochloropsis sp. cells. (a) untreated, 

exp. 13. (b) 24-h incubated (38°C, 120 rpm), exp. 13. (c) 72-h incubated (38°C, 120 rpm), 

exp. 13. Scale bar (a-c population) = 5 μm. Scale bar (a-c single cell) = 1 μm.  
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Figure S11. The viability of Nannochloropsis sp. cells as a function of incubation time. Cell 

viability was assessed with Sytox green staining followed by flow-cytometer analysis. The 

Figure presents results (mean ± std) for incubation at 38°C and 0 rpm: exp. 1, 2, 3, 4, 5, 9, 10, 

11, 12, 13. * denotes statistical significance (p-value < 0.01). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S12. Comparison of the kinetics of critical parameters associated with autolysis. The 

Figure presents results (mean ± std) for incubation at 38°C and 0 rpm: exp. exp. 1, 2, 3, 4, 5, 

9, 10, 11, 12, 13. 
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