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Abstract
Cultivation of diatoms may help alleviate the pressure on wild fish stocks for marine nutrient availability in aquaculture feed and
for human consumption. However, the lipids in microalgae biomass are easily deteriorated, both trough lipolysis and degradation
of polyunsaturated fatty acids (PUFA). Proper storage conditions are therefore necessary to maintain the lipid quality.
Additionally, the storage conditions must have a low cost and facilitate further processing of the biomass. In this study, we
investigated the formation of free fatty acids, changes in lipid classes, and fatty acid composition of the psychrophilic marine
diatomPorosira glacialis under storage. The wet biomass was stored for 14 days at 4 and 20 °Cwith either heat treatment, formic
acid, or benzoic acid addition, and a control sample. Heat-treated and formic acid samples had the lowest rate of free fatty acid
formation during storage.Mainly, polar lipids were hydrolyzed to free fatty acids and this occurred fastest at 20 °C. The fatty acid
composition remained stable in heat-treated samples during storage, whereas a loss of PUFA was observed in the other treat-
ments. The lack of effect from benzoic acid indicates that the loss of lipid quality stems from endogenous enzymes rather than
exogenous organisms. Heat treatment and formic acid appeared to effectively reduce lipase activity, and potentially lipoxygenase
and similar enzymes that affect the fatty acids. The low pH of the formic acid samples seems to have a negative effect on the
PUFA content, in particular at 20 °C.
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Introduction

The limit for sustainable utilization of wild fish stocks has
been reached (FAO 2020), and there is a need for novel

sources of marine nutritional components, especially the
long-chain polyunsaturated omega-3 fatty acids (LC-PUFA
n-3). Marine microalgae are the main de novo producers of
the LC-PUFA n-3, eicosapentaenoic acid (EPA, 20:5n-3), and
docosahexaenoic acid (DHA, 22:6n-3) (Khozin-Goldberg
et al. 2011), which are important components in aquaculture
feed (Tocher 2015; Sprague et al. 2016) and for human health
(Kris-Etherton et al. 2009; Salem and Eggersdorfer 2015). In
addition to omega-3 fatty acids, marine microalgae contain
valuable pigments and other bioactive compounds (Cuellar-
Bermudez et al. 2015; Kuczynska et al. 2015). Diatoms, the
largest group of microalgae, have potentially high growth
rates and can be cultivated in bioreactors using seawater, light,
inorganic nutrients, and CO2 at a wide range of temperatures
(Artamonova et al. 2017b; Botte et al. 2018; Svenning et al.
2019). Large-scale industrial production of microalgae bio-
mass could help alleviate the pressure on wild fish stocks by
substituting some of the fishmeal and fish oil in the aquacul-
ture feed (Shah et al. 2018) and also be used to produce health
supplements for humans (Barkia et al. 2019).

One of the main challenges of large-scale utilization of
diatoms is post-harvest storage. The diatom fatty acids are
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often highly unsaturated (Dunstan et al. 1994; Chen 2012;
Svenning et al. 2019), which makes them prone to oxida-
tion. In addition, endogenous enzymes in the biomass
may deteriorate the lipids through lipolysis and oxidation
(Fontana et al. 2007; Cutignano et al. 2011). The anti-
grazer defense mechanism of diatoms, which is wound-
activated, involves breaking down thylakoid lipids to pro-
duce volatile polyunsaturated aldehydes and other
oxylipins (Pohnert 2002; Cutignano et al. 2006;
Caldwell 2009). Cell rupture, which can occur during har-
vesting or because of autolytic reactions during storage,
may initiate these processes. Another consequence of cell
rupture is the formation of exudates, which may act as a
growth medium for other microorganisms such as bacteria
and fungi. Optimizing storage conditions are therefore es-
sential for large-scale utilization of microalgae.

The storage conditions must be cost-effective for the
microalgae to be a viable replacement for fish products
in aquaculture feed. Large-scale freezing facilities are ex-
pensive and freezing and thawing the biomass for further
processing may pose a challenge due to cell lysis. Pre-
treatment of the biomass before storage in refrigerated
rooms may be a more feasible solution to the storage
problem. However, pre-treatments such as drying are
costly (Hosseinizand et al. 2017; Wendt et al. 2019),
and evaluation of cheaper alternatives are therefore impor-
tant. Inhibition of enzyme activity could be a potential
solution for storage of microalgae biomass. Cheap ways
of denaturing and inhibiting enzymes are heat treatment or
lowering of pH by adding an acid (Budge and Parrish
1999; Seyhan et al. 2002). Previous studies have found
reduction in lipase activity by adding boiling water direct-
ly to the biomass (Berge et al. 1995; Budge and Parrish
1999) or by heating sample tubes in a water bath
(Balduyck et al. 2019). Organic acids, such as formic acid
and benzoic acid, may also inhibit bacterial and fungal
growth (Heasman et al. 2000; Olsen and Toppe 2017;
Cabezas-Pizarro et al. 2018).

In this study, the large centric psychrophilic diatom
Porosira glacialis was cultivated using CO2-containing
flue gas from an industrial plant. The fatty acid profile
of this diatom is highly unsaturated (Svenning et al.
2019) and could therefore be a valuable source of marine
fatty acids for aquaculture feed and human consumption.
The goal of this study was to investigate the best storage
conditions, applicable for industrial use, to reduce lipid
deterioration. The pre-treatments with formic acid (en-
zyme inhibiting and antimicrobial), benzoic acid (antimi-
crobial), and heat treatment (denaturing of endogenous
enzymes) was compared with control samples without
pre-treatment during storage for 14 days at 4 and 20 °C.
The lipid quality was assessed in terms of lipolysis, lipid
class, and fatty acid composition.

Materials and methods

Materials

Dichloromethane (DCM) (≥ 99.9%), hexane (≥ 99%), sulfuric
acid (95–97%)were from Sigma-Aldrich (USA). LC-MS grade
methanol (MeOH)was from Fisher Scientific (UK). Acetic acid
(≥ 99.8%) was from Honeywell Fluka (USA). Sodium bicar-
bonate, sodium acetate, isooctane (LC-grade), ethyl acetate
(LC-grade), acetone (LC-grade), and isopropanol (LC-grade)
were obtained from Merck (Germany). Kristalon Flower®
was obtained from Yara (Oslo, Norway). Sodium metasilicate
pentahydrate was obtained from Permakem A/S (Norway).

Lipid standards for HPLC analysis DGTS (1,2-dipalmitoyl-
sn-glycero-3-O-4′-(N,N,N-trimethyl)-homoserine), SQDG
(sulfoquinovosyldiacylglycerol), and phosphatidylinositol were
purchased from Sigma Aldrich. Phosphatidylcholine (PC; 1,2-
d imyr i s toy l - sn -g lyce ro-3-phospha t idy lchol ine) ,
phosphatidylglycerol (PG; 1,2-dimyristoyl-sn-glycero-3-
phosphatidylglycerol Na salt), phosphatidylserine (PS; 1,2-
dipalmitoyl-sn-glycero-3-phosphatidylserine Na salt), phosphati-
dylethanolamine (PE; 1,2-dimyristoyl-sn-glycero-3-phosphati-
d y l e t h a n o l a m i n e ) , M GDG ( h y d r o g e n a t e d
monogalactosyldiacylglycerol), DGDG (hydrogenated
digalactosyldiacylglycerol), ergosterol, triolein, diolein, and
monoolein were purchased from Larodan AB. Ethyl elaidate,
11-eicosenol, and behenyl arachidate were purchased from Nu-
Chek-Prep, Inc. Standards for the GC analysis, GLC-502 as free
acids, were purchased from Nu-Chek-Prep, Inc.

Cultivation of Porosira glacialis

Biomass was harvested from a continuous culture maintained
in the exponential growth phase on two occasions to obtain
sufficient material for the experimental procedure. Briefly, the
monocultures were cultivated in a 6000-L fiberglass vertical
column photobioreactor using seawater collected at 25 m
depth in the Indre Finnfjordbotn water reservoir. The water
was filtered using 1 μm polypropylene filters (Model GX01-9
7/8, GE Power & Water, USA) and added inorganic nutrients
in the form of 0.25 mL L−1 Substral and 1 mL L−1 dissolved
silicate (3.5 g Na2O3Si.9H2O L−1 in miliQ water). The strain
of P. glacialis used in this experiment was isolated from arctic
waters and identified using SEM (Uradnikova 2020). The re-
actor, placed outdoors, was subjected to the natural environ-
ment of Finnfjordbotn (N 69° 13.76′, E 018° 05.02′), but illu-
minated with continuous artificial light (LED) at a scalar irra-
diance of 150–200 μmol quanta m−2 s−1. The culture was
aerated with either pressurized air or flue gas containing 6–
12% CO2, and maintained at pH 7.4–8.1. Temperature varied
between 4 and 8 °C during the entire cultivation, reflecting the
ambient seawater temperatures at Finnfjordbotn. The culture
condition was monitored on a daily basis by cell counts in
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2 mL Nunc-chambers (Nunc A/S, Denmark) and harvested
when the density of the culture reached approximately 15
million cells L−1. The harvesting was performed using a con-
tinuous solid bowl centrifuge (Model PTDC, Nanjing
Kingreat Machinery Company, Jiangsu, China) operated at
835×g, the resulting biomass was collected using a spatula.

Storage conditions

Samples with 20% DM were given different pretreatments; a
batch of microalgae biomass was added 0.1% benzoic acid
(pH 6.9) and divided into 24 samples, another batch of
microalgal biomass were added formic acid to a pH of 3.0
and divided into 24 samples; 24 samples were heated to
70 °C for 30 min and 24 samples were untreated (control).
Triplicates of the samples were stored in capped 15 mL cen-
trifuge tubes (VWR International, USA) at 4 and 20 °C for 1,
3, 7, and 14 days before lipid extraction and analysis.

In a follow-up study, higher temperature pre-treatments
were investigated to see how it would affect lipolysis in the
samples during storage. Frozen biomass was divided into
15 mL centrifuge tubes and heated for 30 min at 70, 80, or
90 °C. The samples were stored in triplicates for 7 and 14 days
at 20 °C along with triplicates of untreated control samples.

Lipid extraction and analysis

The extraction procedure was adapted from Folch et al.
(1957), using a mixture of dichloromethane and methanol
as the solvent (Cequier-Sanchez et al. 2008). Briefly, sam-
ples were freeze-dried and divided into triplicates of 100 mg
in 15 mL centrifuge tubes. Each tube was added 2 mL
dichloromethane/methanol (2:1 v/v) and 2 mL 5% NaCl in
MiliQ water. The tubes were gently shaken for 30 s by hand
and then centrifuged for 10 min at 2000×g (Heraus
Multifuge 1S-R, Germany). Following centrifugation, the or-
ganic phase was transferred to a pre-weighed vial. The ex-
traction procedure was repeated twice and the organic phases
were pooled before evaporation using nitrogen. Finally, the
extracted lipids were dissolved in dichloromethane/methanol
(2:1 v/v) to a concentration of 10 mg mL−1, before
methanolysis and methylation using a method adapted from
Stoffel et al. (1959) with sulfuric acid as the catalyst.
Dissolved extract (100 μL) was transferred to a test tube
(Duran, Millville, USA) along with 100 μL internal standard
(0.1 mg mL−1) and 800 μL dichloromethane. The samples
were then added 2 mL 10% H2SO4 in methanol and placed
at 100 °C for 1 h. Finally, 3 mL hexane and 3 mL 5% NaCl
in MiliQ water were added and the samples were shaken.
The resulting organic phase containing the fatty acid methyl
esters (FAMEs) was evaporated and dissolved in 100 μL
hexane before GC-FID analysis.

The GC conditions were as follows: helium as carrier gas
(1.6 mL min−1), select FAME column (L 50 m, ID 0.25 mm,
and FT 0.25 μm, Agilent J&W GC Columns), the inlet tem-
perature was 240 °C (split 1:50), and the FID temperature was
250 °C. Initially, the GC oven was held at 60 °C for 1 min,
then ramped up to 130 °C (30 °C min−1), further up to 195 °C
(1.3 °C min−1) and finally up to 240 °C (30 °C min−1) for
10 min. To quantify the fatty acids, calibration curves were
made by analyzing the ratio between individual fatty acids at
concentrations 7.8125–2000 μg mL−1 of GLC 502 free acids
(Nu-Chek-Prep, USA) and heptadecanoic acid (Sigma-
Aldrich, USA) as internal standard; every concentration was
analyzed as triplicates.

Free fatty acids and other lipid classes were separated
and quantified using HPLC-ELSD based on a method by
Abreu et al. (2017). HPLC analyses were performed on a
Waters e2795 separations module, using a SupelcosilLC-
SI 5 μm (25 cm × 4.6 mm) column (Supelco, USA) set to a
working temperature of 40 °C and 40 μL injection volume.
The lipids were quantified using a Waters 2424 ELS de-
tector with the following settings: gain 100, nebulizer 30%
heating power level, drift tube 45 °C, and pressure 40 psi.
The total run time was 41 min and the gradient profile can
be seen in Table 1. Standard curves were made by analyz-
ing 12.5–400 μg mL−1 of the lipid classes in triplicates.
Both samples and standards were dissolved in mobile
phase A/chloroform (4:1).

Table 1 Gradient profile for the HPLC program used for lipid class
analysis. Mobile phase A = isooctane/ethyl acetate (99.8:0.2), mobile
phase B = acetone/ethyl acetate (2:1) 0.15% acetic acid, and mobile phase
C = isopropanol/H2O (85:15)

Time (min) Mobile
phase A

Mobile
phase B

Mobile
phase C

Flow
(mL/min)

Curve

0.0 100 0 0 1.5 1

1.5 100 0 0 1.5 6

1.6 97 3 0 1.5 6

6.0 94 6 0 1.5 6

8.0 50 50 0 1.5 6

8.1 46 39 15 1.5 6

14.0 43 30 27 1.5 6

14.1 43 30 27 1.5 6

18.0 40 0 60 1.5 6

23.0 40 0 60 1.5 6

24.0 0 100 0 1.5 6

25.0 0 100 0 2.0 6

27.0 0 100 0 2.0 6

27.1 100 0 0 2.0 6

36.0 100 0 0 2.0 6

36.1 100 0 0 1.5 6
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Statistical analysis and data availability

All analyses were performed in triplicates. The data in tables
are presented as means ± standard deviation. All analyses and
figures were prepared using R v3.6.1. Means were considered
statistically significant if P < 0.05 using the pairwise Tukey
test. All data and the R markdown for this experiment are
available from the Open Science Framework (OSF (https://
osf . io/6nu9t/?view_only=a6a240b97c3c4d518a2e
2222de901772)) under the name “Stability of lipids during
wet storage of the marine diatom Porosira glacialis under
semi-preserved conditions at 4 and 20 °C.” Supplementary
data containing heat maps of statistical test results can be
found in the supplementary data folder using the OSF link.
All changes within and differences between treatments pre-
sented in the text part of the “Results” section are statistically
significant (P < 0.05).

Results

The lipid yield for each sample varied between 6.4 and 8.8%
of dry weight (DW), see Table 2. There was no trend for loss
of lipids during storage.

Figure 1 shows the evolution of formation of free fatty
acids (FFA) content over time; day 1 represents 24 h of stor-
age. At 4 °C day 1, the control samples contained 31% FFA,
which increased to 66% after 14 days of storage. In the
benzoic acid samples, the amount increased from 29 to 65%
in the same time span at 4 °C. The formic acid and the heat-
treated samples at 4 °C had the lowest relative amount of FFA
at day 1 with 14 and 16%, which increased to 35% in formic
acid samples after 14 days. After 24 h of storage at 20 °C, the
control and benzoic acid samples contained as much as 70 and
65% FFA, which after 2 weeks increased to 79 and 81%,
respectively. The FFA of the formic acid treated samples at
20 °C increased from 26 at day 1 to 53% after 14 days. The
corresponding values in the heat-treated samples were 12 and
60%. In a separate experiment, P. glacialis biomass was

heated to 70, 80, or 90 °C for 30 min (Table 3). The control
samples contained 7% FFA at day 0, which increased to 84%
after 7 days of storage at 20 °C. After storage at 20 °C for
7 days, the FFA content was 68% in lipids extracted from
samples heated to 70 and 80 °C. The samples heated to
90 °C contained 25 and 40% FFA after 7 and 14 days of
storage at 20 °C, respectively.

The lipid class composition for each time point and treat-
ment is presented in Table 4 to study which lipid class was
more prone to lipolysis (day 1 represents 24 h of storage). The
polar lipid classes appear to be the main origin of the free fatty
acids formed during storage. The control and the benzoic acid
samples at 4 °C contained 28 and 31% MGDG after 1 day of
storage, and this decreased to 4 and 5% after 14 days, respec-
tively. The same two samples stored at 20 °C had a MGDG
content of only 2 and 3% after 1 day of storage and was
depleted at day 3 for the control and day 7 for the benzoic
acid samples. The formic acid samples contained 25 and 22%
MGDG after 1 day of storage at 4 and 20 °C, respectively.
After 14 days of storage, these values had decreased to 11 and
4%. The amount of MGDG in heat-treated samples decreased
from 30 to 10% at 20 °C during 14 days of storage. In both the
control and the benzoic acid samples at 4 °C, PG decreased
from 25 to 10% from day 1 to 14. Similarly, for the same
samples at 20 °C, PG was reduced from 12 and 11% to de-
pletion in both samples after 7 days of storage. Heat-treated
samples contained 44% PG at 4 °C after 1 day of storage,
which decreased to 40% after 14 days. At 20 °C, the content
of PG changed from 38% to zero from day 1 to day 14. The
amount of PG was lower in the formic acid samples compared
with the other treatments. In formic acid samples, the amount
of PG decreased from 4 to 1% during storage at 4 °C and from
3 to 0% at 20 °C.

PC was only detected in samples treated with formic acid.
The content of PC at day 1 was 10%, which decreased to 6%
during storage at 4 °C. At 20 °C, 4% PCwas detected at day 1
with no change during the storage. Additionally, the amount
of diacylglycerol (DAG) was much higher in the formic acid
samples than the rest.

Table 2 Lipid yield (weight percentage) from day 1 to 14 for both temperatures (mean ± standard deviation, n = 3). Control samples had no pre-
treatment, 0.1% (w/w) benzoic acid, formic acid to pH 3.0, and heat treatment 70 °C for 30 min

Lipid yield (%)

Temperature (° C) 4 20

Days of storage 1 3 7 14 1 3 7 14

Control 8.6 ± 1.4a 6.9 ± 0.5a 7.6 ± 0.9a 6.6 ± 0.6a 7.4 ± 1.5ab 7.4 ± 0.2a 7.0 ± 0.9a 6.9 ± 0.7ab

Benzoic acid 7.7 ± 0.2a 8.3 ± 1.2ab 8.8 ± 2.0a 7.0 ± 0.4a 7.6 ± 0.8ab 7.3 ± 0.1a 7.0 ± 0.3a 8.0 ± 0.3ab

Formic acid 7.5 ± 0.6a 7.5 ± 0.0ab 7.1 ± 0.3a 7.1 ± 0.4a 6.4 ± 0.3a 7.1 ± 0.1a 7.4 ± 0.2a 6.9 ± 0.4a

Heat treatment 8.2 ± 0.7a 8.7 ± 0.5b 8.1 ± 0.6a 8.8 ± 0.5b 8.5 ± 0.3b 7.6 ± 0.8a 8.8 ± 0.9a 8.1 ± 0.7b

a, b Results in the same column sharing superscripted letters are not significantly different (P ≥ 0.05)
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In general, the relative amount of saturated and monoun-
saturated fatty acids tended to increase, while the polyunsatu-
rated fatty acids decreased in the control, benzoic acid, and
formic acid samples during storage (Table 5). The changes
appeared more prominent at 20 °C than at 4 °C. Smaller
changes were observed in the heat-treated samples compared
with the other three treatments.

For the individual polyunsaturated fatty acids (PUFA), mi-
nor changes were observed for C16:4n-1 (hexadecatetraenoic
acid (HDTA)) and C20:5n-3 (EPA). At 4 °C, the only signif-
icant decrease in HDTA during 14 days of storage occurred in
formic acid samples (28–25%). At 20 °C, HDTA decreased
from 32 to 29%, 32 to 30%, and 27 to 24% in control, benzoic
acid, and formic acid samples, respectively. The relative
amount of this fatty acid was stable at both temperatures in
heat-treated samples. A decrease from 28 to 26% and 27 to
24% were observed for EPA in control samples at 4 and
20 °C, respectively. For the benzoic acid sample, the decrease
in EPA was 28 to 26% and 28 to 27% at 4 and 20 °C, respec-
tively. At 20 °C, the relative amount of EPA in formic acid
samples decreased from 32 to 30%. The amount of EPA in
heat-treated samples at both temperatures and formic acid
samples at 4 °C remained stable during storage.

Figure 2 presents the cumulative loss of PUFAwhere day 1
represents 24 h of storage. The control and benzoic acid sam-
ples contained 80 and 81% PUFA after 1 day of storage at
4 °C. The corresponding samples treated with formic acid
contained 81% PUFA and the heat-treated samples contained
79% PUFA. On day 1 at 20 °C, the total amount of PUFAwas
78% in the control samples, 80% in the benzoic acid and

formic acid samples, and 79% in the heat-treated samples.
From day 1 to day 14 of storage, the heat-treated samples were
the most stable at both temperatures, with no marked decrease
in total amount of PUFA. At 4 °C, the benzoic acid samples
lost 3.5% points of PUFA. The formic acid samples had the
highest loss at 4.8% points of PUFA from day 1 to 14 of
storage at 4 °C. The benzoic acid samples stored at 20 °C lost
3.0% points from day 1 to day 14, whereas the formic acid
samples and the control samples lost 5.8 and 6.6% points,
respectively.

Discussion

Wedetected no apparent trends for the effect of pre-treatment or
temperature on lipid yield. This is in accordance with previous
studies on how storage affects lipid yield in microalgae biomass
(Chen et al. 2012; Balduyck et al. 2016, 2017). A previous
study (Ryckebosch et al. 2011) on Phaeodactylum tricornutum
reported lower lipid yield in wet biomass than dried biomass
after storage, which they ascribed to FFA formation during
storage in wet biomass, however this was based on only one
time point so no trends could be interpreted from this.

The amount of FFA increased with time in all samples with
varying rate of lipolysis, and not surprisingly, the rate was
generally faster at 20 °C than at 4 °C. This has also been
reported by Balduyck et al. (2017). They found that loss of
cell wall integrity affected the lipolytic processes in the
eustigmatophyte Nannochloropsis oculata and the
haptophyte Tisochrysis lutea when stored at 4 and 20 °C,

Fig. 1 Development of lipolysis
(Free fatty acid (FFA) content,
weight percentage) from day 1 to
14 for each treatment (n = 3) at 4
(A) and 20 °C (B). Benzoic acid
(0.1% (w/w), square), control (no
pre-treatment, circle), formic acid
(pH 3.0, triangle), and heat treat-
ment (70 °C for 30min, diamond)

Table 3 Development of lipolysis (free fatty acid (FFA) content, weight percentage) in the second storage experiment from day 0 to 14 (mean ±
standard deviation, n = 3) stored at 20 °C. Control samples had no pre-treatment, other samples were heated to 70, 80, or 90 °C

Day 0 7 14

Treatment Control Control 70 °C 80 °C 90 °C 90 °C

FFA (%) 7.2 ± 1.2 83.8 ± 2.0 68.3 ± 9.7 68.2 ± 2.8 24.6 ± 1.6 40.8 ± 3.5
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and the lipolytic processes were faster at higher temperatures.
Unfortunately, the samples from day 0 in our first study were

lost, but it is known that the levels of FFA in microalgae may
initially be high (Artamonova et al. 2017a). However, in our

Table 4 Lipid class composition (weight percentage) from day 1 to 14 for both temperatures (mean ± standard deviation, n = 3). Control samples had
no pre-treatment, 0.1% (w/w) benzoic acid, formic acid to pH 3.0, and heat treatment 70 °C for 30 min. ND, not detected

4 °C/20 °C

Day 1 Day 3 Day 7 Day 14

Triacylglycerol

Control 1.9 ± 1.7/4.3 ± 1.0 3.9 ± 0.6/6.2 ± 0.3 2.6 ± 0.3/3.5 ± 0.6 3.6 ± 0.5/2.7 ± 0.5

Benzoic acid 2.5 ± 0.8/5.2 ± 1.0 3.6 ± 0.1/6.4 ± 3.0 3.2 ± 0.7/6.8 ± 1.9 2.9 ± 1.0/3.3 ± 0.7

Formic acid 1.9 ± 0.3/1.9 ± 0.0 1.9 ± 0.1/1.7 ± 0.2 1.7 ± 0.1/1.8 ± 0.1 1.5 ± 0.7/1.6 ± 0.1

Heat treatment 1.7 ± 0.3/2.8 ± 0.9 2.4 ± 0.3/2.0 ± 1.5 1.6 ± 0.2/1.9 ± 0.6 ND/3.2 ± 1.3

Diacylglycerol

Control 3.2 ± 1.3a/2.2 ± 0.4a 3.2 ± 1.4a/5.8 ± 2.1*a 3.3 ± 1.1a/2.8 ± 1.3a 3.9 ± 0.6a/2.2 ± 1.3a

Benzoic acid 2.7 ± 1.6a/3.3 ± 1.2ab 3.9 ± 1.3a/6.1 ± 5.2a 7.7 ± 8.3a/3.2 ± 0.7a 3.3 ± 1.4a/2.2 ± 1.0a

Formic acid 38.4 ± 2.1b/36.3 ± 0.5C 39.0 ± 1.1b/36.8 ± 1.1b 37.4 ± 0.3b/34.3 ± 1.2b 38.3 ± 2.4b/32.0 ± 1.1*b

Heat treatment 3.7 ± 1.4a/5.8 ± 0.8b 6.5 ± 1.0a/3.1 ± 2.2a 5.4 ± 0.9a/8.3 ± 0.6a 3.7 ± 1.6a/15.0 ± 2.7*C

Monoacylglycerol

Control 5.8 ± 0.7a/6.6 ± 0.5a 6.4 ± 0.1a/5.0 ± 0.6a 8.2 ± 0.5a/4.3 ± 0.5a 8.9 ± 1.2*a/5.1 ± 2.6a

Benzoic acid 4.9 ± 0.1a/6.8 ± 0.3a 6.1 ± 0.9ab/5.2 ± 1.3a 6.7 ± 0.4a/3.4 ± 0.7*a 9.7 ± 0.8*a/3.9 ± 1.6ab

Formic acid 1.4 ± 0.2b/1.4 ± 0.1b 1.4 ± 0.0C/1.6 ± 0.2b 1.6 ± 0.1b/1.3 ± 1.1b 1.7 ± 0.1b/2.0 ± 0.1b

Heat treatment 4.7 ± 1.2a/4.4 ± 0.6a 4.2 ± 0.8b/4.2 ± 1.3a 4.5 ± 0.4C/4.5 ± 0.8a 5.6 ± 0.1C/6.4 ± 0.2*a

Fatty acid esters

Control 3.2 ± 1.4a/3.2 ± 0.4a 2.9 ± 1.3ab/8.0 ± 0.8*a 3.6 ± 1.2a/9.7 ± 1.1*a 3.4 ± 0.6a/10.9 ± 0.6*a

Benzoic acid 3.2 ± 1.3a/2.8 ± 0.7ab 3.5 ± 0.9a/5.8 ± 0.7*b 2.7 ± 0.2a/8.0 ± 0.7*a 3.1 ± 0.5a/9.9 ± 0.9*a

Formic acid 0.9 ± 0.1b/0.9 ± 0.0b 0.9 ± 0.1b/1.0 ± 0.0C 0.9 ± 0.0b/0.9 ± 0.0b 0.9 ± 0.0b/0.9 ± 0.0b

Heat treatment 2.4 ± 0.7ab/3.4 ± 0.3a 3.8 ± 0.9a/3.0 ± 1.5C 4.3 ± 0.5a/3.5 ± 0.9C 3.8 ± 0.9a/5.3 ± 0.7C

Monogalactosyldiacylglycerol

Control 28.0 ± 7.4a/2.1 ± 0.5a 11.5 ± 0.3*a/NDa 4.8 ± 3.1*a/NDa 3.9 ± 1.4*a/NDa

Benzoic acid 31.3 ± 4.7a/2.9 ± 1.2a 12.8 ± 2.7*a/0.5 ± 0.7a 11.0 ± 6.6*a/NDa 5.1 ± 0.5*a/NDa

Formic acid 24.9 ± 4.8a/21.7 ± 1.0b 21.1 ± 1.4b/9.6 ± 0.7*b 12.2 ± 1.3*a/6.1 ± 1.2*a 10.5 ± 1.0*b/3.5 ± 0.5*a

Heat treatment 23.3 ± 7.3a/29.6 ± 1.5b 27.4 ± 7.1b/13.3 ± 1.2*b 25.2 ± 4.3b/7.5 ± 6.5*a 18.8 ± 2.6C/10.3 ± 4.0*b

Digalactosyldiacylglycerol

Control 1.6 ± 1.4a/0.3 ± 0.6a 2.4 ± 0.6a/NDa 1.2 ± 1.1a/NDa 0.3 ± 0.5a/NDa

Benzoic acid 2.1 ± 0.4a/1.3 ± 0.6a 1.8 ± 1.7a/NDa 1.1 ± 0.9a/NDa 0.9 ± 0.8a/NDa

Formic acid 4.4 ± 0.8b/4.5 ± 0.1b 4.6 ± 0.8b/5.2 ± 0.5b 5.9 ± 0.6*b/4.4 ± 0.6b 5.2 ± 0.2*b/2.8 ± 0.1b

Heat treatment 4.4 ± 0.4b/4.1 ± 1.5b 3.2 ± 0.4ab/1.7 ± 0.5*a 4.0 ± 0.4C/0.7 ± 0.6*a 6.1 ± 1.5*b/NDa

Phosphatidylglycerol

Control 25.2 ± 1.1a/11.6 ± 2.2a 20.0 ± 1.7a/1.8 ± 1.6*a 12.9 ± 5.6*a/ND*a 9.6 ± 1.6*a/ND*a

Benzoic acid 24.6 ± 1.5a/11.1 ± 1.4a 16.7 ± 3.3*a/1.0 ± 1.7*a 12.3 ± 1.1*a/ND*a 9.7 ± 3.0*a/ND*a

Formic acid 4.2 ± 0.2b/3.2 ± 0.5a 1.6 ± 0.4*b/1.9 ± 0.6a 2.0 ± 1.4*b/0.8 ± 0.1*a 1.3 ± 0.3*b/0.2 ± 0.4*a

Heat treatment 43.6 ± 10.8C/37.6 ± 1.9b 41.9 ± 9.7C/6.0 ± 5.6*a 38.2 ± 1.3C/1.0 ± 1.8*a 40.1 ± 6.1C/ND*a

Phosphatidylcholine

Control NDa NDa NDa NDa

Benzoic acid NDa NDa NDa NDa

Formic acid 9.9 ± 1.0b/4.4 ± 0.2b 7.0 ± 0.3*b/5.1 ± 0.6b 6.3 ± 0.3*b/4.5 ± 0.1b 5.8 ± 0.4*b/4.2 ± 0.3b

Heat treatment NDa NDa NDa NDa

a, b, c Results in the same column and stored at the same temperature sharing superscripted letters are not significantly different (P ≥ 0.05)
*Results significantly different from day 1 with the same pre-treatment and stored at the same temperature (P < 0.05)
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follow-up study of temperature treatment, the initial FFA con-
tent was 7%. One reason for high initial levels of FFA may be
that the centrifugation process during harvesting damages the
cells initiating enzymatic hydrolysis.

The rapid formation of FFA in diatoms has been attributed
to grazer defense mechanisms, where the fatty acids are re-
leased from the glycerol backbones via hydrolytic enzymes to
produce oxylipins downstream (d’Ippolito et al. 2004;

Table 5 Fatty acid composition (weight percentage) from day 1 to 14 for both temperatures (mean ± standard deviation, n = 3). Control samples had no
pre-treatment, 0.1% (w/w) benzoic acid, formic acid to pH 3.0, and heat treatment 70 °C for 30 min

4 °C/20 °C

Day 1 Day 3 Day 7 Day 14

C14:0
Control 3.9 ± 0.1a/5.7 ± 0.0a 4.4 ± 0.4a/5.6 ± 0.2a 5.2 ± 0.4a/6.8 ± 1.5a 5.9 ± 0.8a/7.4 ± 1.6a

Benzoic acid 4.4 ± 0.2a/5.1 ± 0.1b 4.6 ± 0.1a/5.5 ± 0.2a 4.7 ± 0.2a/5.6 ± 0.1*ab 5.4 ± 0.0*a/6.2 ± 0.3*ab

Formic acid 4.0 ± 0.1a/4.2 ± 0.1c 4.2 ± 0.2a/4.7 ± 0.3b 4.5 ± 0.2*a/4.8 ± 0.2*b 4.5 ± 0.1*a/5.3 ± 0.1*bc

Heat treatment 5.8 ± 0.4b/5.6 ± 0.1D 5.5 ± 0.4b/4.7 ± 0.3*b 5.6 ± 0.1a/4.5 ± 0.1b 5.5 ± 0.1a/4.2 ± 0.2*c

C16:0
Control 4.2 ± 0.0a/4.3 ± 0.1a 4.1 ± 0.2a/4.3 ± 0.0a 4.3 ± 0.3a/5.5 ± 0.9a 5.0 ± 0.7ab/5.9 ± 1.2*a

Benzoic acid 4.0 ± 0.2ab/3.8 ± 0.1b 4.3 ± 0.2a/4.1 ± 0.2a 4.3 ± 0.3a/4.4 ± 0.4*b 4.7 ± 0.1*ab/4.5 ± 0.1*b

Formic acid 4.0 ± 0.1ab/4.3 ± 0.1a 4.3 ± 0.2a/5.4 ± 0.4*b 4.9 ± 0.1*a/5.8 ± 0.1*a 5.4 ± 0.1*a/6.2 ± 0.0*a

Heat treatment 3.8 ± 0.1b/4.1 ± 0.0a 4.1 ± 0.2a/4.0 ± 0.2a 4.1 ± 0.1a/4.3 ± 0.1b 4.1 ± 0.1b/4.5 ± 0.0*b

C18:0
Control 1.3 ± 0.0a/1.2 ± 0.0a 1.2 ± 0.1a/1.1 ± 0.0ab 1.2 ± 0.1a/1.4 ± 0.2a 1.4 ± 0.3a/1.4 ± 0.3a

Benzoic acid 1.1 ± 0.2b/0.9 ± 0.1b 1.3 ± 0.2a/0.9 ± 0.1a 1.3 ± 0.2a/1.1 ± 0.1b 1.2 ± 0.0a/1.0 ± 0.1b

Formic acid 1.3 ± 0.1a/1.3 ± 0.0a 1.5 ± 0.1*a/1.3 ± 0.1b 1.4 ± 0.0a/1.2 ± 0.1ab 1.4 ± 0.1a/1.2 ± 0.0ab

Heat treatment 1.0 ± 0.1b/1.2 ± 0.0a 1.2 ± 0.2a/1.1 ± 0.2ab 1.2 ± 0.1a/1.1 ± 0.1ab 1.2 ± 0.0a/1.2 ± 0.0ab

C16:1n-7
Control 10.1 ± 0.0a/10.8 ± 0.2a 10.2 ± 0.0a/11.1 ± 0.1a 11.0 ± 0.0ab/11.9 ± 0.8a 11.3 ± 0.3a/13.5 ± 2.2*a

Benzoic acid 10.1 ± 0.1a/10.4 ± 0.0b 10.3 ± 0.0a/10.9 ± 0.1a 10.6 ± 0.2a/11.1 ± 0.3*ab 11.7 ± 0.1*a/11.6 ± 0.7*ab

Formic acid 9.7 ± 0.3b/10.7 ± 0.1ab 10.5 ± 0.3*a/12.3 ± 0.6*b 11.7 ± 0.3*b/12.7 ± 0.2*c 12.4 ± 0.1*a/13.5 ± 0.1*a

Heat treatment 10.5 ± 0.1c/10.5 ± 0.0ab 10.5 ± 0.1a/10.6 ± 0.2a 10.5 ± 0.1a/11.0 ± 0.1b 10.5 ± 0.0a/11.2 ± 0.2*b

C16:2n-4
Control 2.4 ± 0.0a/2.5 ± 0.1a 2.5 ± 0.0a/2.5 ± 0.0a 2.5 ± 0.0a/2.4 ± 0.1a 2.6 ± 0.0a/2.5 ± 0.1a

Benzoic acid 2.4 ± 0.0a/2.4 ± 0.0a 2.5 ± 0.0a/2.4 ± 0.0a 2.5 ± 0.0a/2.4 ± 0.0a 2.6 ± 0.0*a/2.5 ± 0.1*ab

Formic acid 5.3 ± 0.1b/5.2 ± 0.1b 5.2 ± 0.1b/5.0 ± 0.1b 5.1 ± 0.1*b/4.8 ± 0.1*b 4.9 ± 0.0*b/4.9 ± 0.0*c

Heat treatment 2.5 ± 0.0a/2.4 ± 0.0a 2.4 ± 0.0a/2.4 ± 0.0a 2.5 ± 0.0a/2.5 ± 0.0a 2.5 ± 0.0c/2.4 ± 0.0b

C16:3n-4
Control 4.8 ± 0.1ab/4.7 ± 0.1a 4.8 ± 0.0a/4.6 ± 0.0a 4.8 ± 0.0a/4.5 ± 0.1a 4.8 ± 0.0a/4.4 ± 0.2*a

Benzoic acid 4.9 ± 0.0a/4.6 ± 0.0a 4.8 ± 0.0a/4.5 ± 0.0*a 4.7 ± 0.0*a/4.4 ± 0.1*a 4.8 ± 0.1a/4.5 ± 0.0*a

Formic acid 9.4 ± 0.1c/9.0 ± 0.0b 9.1 ± 0.1*b/8.5 ± 0.1*b 8.7 ± 0.0*b/8.2 ± 0.0*b 8.3 ± 0.0*b/8.0 ± 0.0*b

Heat treatment 4.7 ± 0.1b/4.6 ± 0.0c 4.6 ± 0.0c/4.7 ± 0.0c 4.6 ± 0.0c/4.7 ± 0.0c 4.6 ± 0.0a/4.7 ± 0.0c

C16:4n-1
Control 31.9 ± 0.2a/31.6 ± 0.2a 32.2 ± 0.1a/31.1 ± 0.1a 31.5 ± 0.2a/29.5 ± 1.1a 31.0 ± 0.8a/28.9 ± 2.1*a

Benzoic acid 32.6 ± 0.1b/31.5 ± 0.1a 32.1 ± 0.4a/30.9 ± 0.0a 31.7 ± 0.3*a/29.9 ± 0.9*a 31.4 ± 0.4*a/30.2 ± 0.1*ab

Formic acid 28.0 ± 0.1c/26.7 ± 0.1b 26.9 ± 0.1*b/25.0 ± 0.2*b 25.6 ± 0.0*b/24.2 ± 0.1*b 24.6 ± 0.1*b/23.5 ± 0.1*c

Heat treatment 31.8 ± 0.6a/31.5 ± 0.2a 31.5 ± 0.1c/31.7 ± 0.3c 31.5 ± 0.0a/31.4 ± 0.1c 31.4 ± 0.1a/31.5 ± 0.2b

C18:4n-3
Control 10.0 ± 0.0a/9.9 ± 0.1a 9.8 ± 0.0ab/9.3 ± 0.1a 9.7 ± 0.1a/9.0 ± 0.5a 9.5 ± 0.3a/9.0 ± 0.5*a

Benzoic acid 9.9 ± 0.0b/10.1 ± 0.0b 9.7 ± 0.1a/9.9 ± 0.1b 9.8 ± 0.0a/9.8 ± 0.4b 9.6 ± 0.1ab/10.0 ± 0.1b

Formic acid 3.7 ± 0.0c/3.5 ± 0.0c 3.5 ± 0.1c/3.6 ± 0.1c 3.6 ± 0.0b/3.7 ± 0.0*c 3.7 ± 0.1c/3.8 ± 0.0*c

Heat treatment 10.1 ± 0.1a/10.0 ± 0.0b 10.1 ± 0.0b/9.9 ± 0.2b 10.0 ± 0.0a/9.6 ± 0.0b 10.1 ± 0.0b/9.3 ± 0.1*a

C20:5n-3
Control 28.3 ± 0.1a/26.6 ± 0.4ab 27.8 ± 0.1a/27.5 ± 0.2a 26.9 ± 0.4a/25.8 ± 1.2a 25.8 ± 1.1*a/24.2 ± 2.1*a

Benzoic acid 27.8 ± 0.1ab/28.0 ± 0.1a 27.5 ± 0.1a/27.7 ± 0.2a 27.6 ± 0.2a/27.7 ± 0.1ab 25.9 ± 0.2*a/26.7 ± 0.7*ab

Formic acid 31.5 ± 0.4c/32.3 ± 0.4c 31.7 ± 0.8b/31.3 ± 1.2b 31.6 ± 0.5b/31.2 ± 0.4c 31.7 ± 0.1b/30.0 ± 0.2*c

Heat treatment 27.1 ± 0.4b/27.1 ± 0.1b 27.2 ± 0.2a/27.9 ± 0.2*a 27.1 ± 0.1a/27.9 ± 0.1b 27.3 ± 0.1a/27.9 ± 0.3*bc

C22:6n-3
Control 2.9 ± 0.1ab/2.7 ± 0.2a 2.9 ± 0.0a/3.0 ± 0.0a 2.8 ± 0.1a/3.1 ± 0.2a 2.8 ± 0.1*ab/2.8 ± 0.3a

Benzoic acid 2.9 ± 0.1ab/3.0 ± 0.0a 2.9 ± 0.0a/2.9 ± 0.0a 2.8 ± 0.0a/3.0 ± 0.1a 2.6 ± 0.0*a/2.9 ± 0.1a

Formic acid 3.2 ± 0.2a/2.9 ± 0.1a 2.9 ± 0.1*a/2.9 ± 0.2a 2.9 ± 0.0*a/3.4 ± 0.0*b 3.1 ± 0.1b/3.6 ± 0.0*b

Heat treatment 2.6 ± 0.4b/2.8 ± 0.0a 2.8 ± 0.0a/3.0 ± 0.1a 2.8 ± 0.0a/3.0 ± 0.0a 2.8 ± 0.0ab/3.0 ± 0.0a

a, b, c Results in the same column and stored at the same temperature sharing superscripted letters are not significantly different (P ≥ 0.05)
*Results significantly different from day 1 with the same pre-treatment and stored at the same temperature (P < 0.05)
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Wichard et al. 2007; Gerecht et al. 2011). The inhibiting effect
of heat treatment on formation of FFA has previously been
reported in other diatoms such as Pseudo-nitzschia pungens
and Pseudo-nitzschia multiseries (Budge and Parrish 1999)
and Skeletonema costatum (Berge et al. 1995). In both these
studies, boiling water was poured over the biomass pellets to
inactivate the lipolytic enzymes. In a recent study, Balduyck
et al. (2019) found a heat treatment of 80 °C for 8 min in a
water bath sufficient to inhibit the lipolytic reactions in
T. lutea for 7 days of storage at 4 °C, whereas 65 °C was
not enough. In formic acid samples, the formation of FFA
was also slowed down and this indicates that a pH of 3.0 is
enough to substantially inhibit the lipolytic enzymes. In ha-
zelnut, lipase activity was inhibited at a pH of 3.5 (Seyhan
et al. 2002), which is in accordance with our findings. In
contrast, a pH of 4.0 was not enough to inhibit lipolytic reac-
tions in T. lutea (Balduyck et al. 2016). It would clearly be of
interest to study the combined use of heat treatment and low-
ering of pH on the formation of FFA in microalgae biomass.

d’Ippolito et al. (2004) found glycolipids to be the main
sources for oxylipin production in S. costatum, whereas phos-
pholipids played only a minor role. In this study, we found a
large decrease in PG for most samples during storage, indicat-
ing lipolytic degradation of this class even though it may not
be strictly involved in oxylipin formation. Another explana-
tion may be that there is a difference in the oxylipin pathway
in P. glacialis compared with S. costatum. The susceptibility
of polar lipid classes to lipolysis during storage of microalgae
biomass has also been reported for other species as well
(Berge et al. 1995; Balduyck et al. 2016).

The samples used in formic acid treatment were harvested
at a different time than the other samples, which probably
explains the differences in initial lipid class composition. It
is known that the lipid class composition of diatoms is affected
by the culture age when harvesting microalgae from a contin-
uous cultivation (Alonso et al. 2000).

Based on the formation of FFA, heating to 70 °C was appar-
ently not enough to inactivate the lipolytic enzymes completely,
but at a storage temperature of 4 °C, the activity of these en-
zymes appeared to be very low. For lipolysis to be slowed down
at a 20 °C storage temperature, the samples had to be heated to
90 °C before storage, heating the samples to 80 °C was not
enough. Some exogenous enzymes of microbial origin may
have contributed to the formation of FFA during prolonged
storage, in particular at 20 °C and neutral pH. It has previously
been investigated whether the lipolysis in microalgae was
caused by endogenous enzymes or by exogenous microbial li-
pases. Some have concluded that the origin was endogenous
(Balduyck et al. 2016) whereas others have found indications
of bacterial activity (Budge and Parrish 1999). The level of
benzoic acid in our samples was based on the amount usually
added to foodstuff to inhibit microbial growth and did not affect
the pH of the samples. This was important to separate whether
the effect from benzoic acid and formic acid was mainly a pH
effect or an antimicrobial effect. Our results indicate an effect of
pH rather than an antimicrobial effect.

Lipases from psychrophilic organisms are commonly
inactivated at lower heating temperatures, however such en-
zymes have been reported to have high resistance to irrevers-
ible heat inactivation (Owusu et al. 1992; Makhzoum et al.
1993). Additionally, psychrophilic enzymes have a lower op-
timum temperature, usually around 20 °C, than enzymes from
mesophilic organisms (Feller and Gerday 2003). The heat
treatment applied in this study may have left some active
lipases, therefore to avoid lipolysis during storage, it may be
essential to apply lower storage temperatures. Storage of
mesophilic microalgae has been studied much more exten-
sively than psychrophilic microalgae, and these have reported
lower development of free fatty acids (Balduyck et al. 2016,
2019). The much higher formation of free fatty acids in this
study may be explained by the low optimum temperatures of
enzymes in psychrophilic organisms compared with

Fig. 2 Polyunsaturated fatty acids
(PUFA, weight percentage) from
day 1 to 14 for each treatment
(n = 3) at 4 (A) and 20 °C (B).
Benzoic acid (0.1% (w/w),
square), control (no pre-treatment,
circle), formic acid (pH 3.0, tri-
angle), and heat treatment (70 °C
for 30 min, diamond)
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mesophilic organisms during storage of biomass at refrigera-
tion or room temperature.

The omega-3 content of diatoms stored at refrigerator tem-
peratures has previously been found to decrease rapidly
(Welladsen et al. 2014), but a heat treatment appears to make
the omega-3 content more stable during storage of microalgae
(Budge and Parrish 1999; Balduyck et al. 2019) which is
similar to our results for the diatom P. glacialis.

The loss of PUFAmay stem from endogenous enzyme activ-
ities, as production of oxylipins via lipoxygenase requires PUFA
of a certain kind (Fontana et al. 2007). The other explanation for
the loss of PUFAmay be autoxidation, to which these fatty acids
are very susceptible. Budge and Parrish (1999) found that heat
treatment inhibited PUFA degradation. They speculated that the
heat treatment might have inhibited some mechanism of PUFA
degradation either by less PUFA available as FFA, which could
bemore exposed to autoxidation or lipoxygenase, or that the heat
treatment inactivated the lipoxygenase enzymes. Previous studies
have established that PUFA as FFA are more prone to autoxida-
tion (Miyashita and Takagi 1986). However, the FFA content of
the formic acid and heat-treated samples in our studywas similar,
yet the decrease of PUFA content was larger in the formic acid
samples at 20 °C. It could well be that both formic acid and heat
treatment are able to inhibit the enzymatic oxidation, and that the
loss of PUFA in the formic acid samples is caused by the low pH.
It has previously been proposed that low pH accelerates autoxi-
dation of fish oil–enriched mayonnaise (Jacobsen et al. 2001)
and in fish silage stabilized with formic acid (Ozyurt et al.
2018). However, commonly used methods for evaluating oxida-
tion parameters are usually titrative (peroxide value) or spectro-
photometric (peroxide value, anisidine value, conjugated dienes,
and thiobarbituric acid reactive substances). The amount of pig-
ments in microalgae biomass may interfere with the readouts
from these methods (Safafar et al. 2017) and oxidation parame-
ters were therefore not analyzed in this study.

Conclusions

Lipids were best preserved in heat-treated biomass stored at
4 °C, with regards to both the development of free fatty acids
and reduction in PUFA level. Mainly, polar lipids were hydro-
lyzed to free fatty acids. Formic acid as pre-treatment reduced
the amount of lipolysis during storage but was not able to in-
hibit PUFA deterioration to the same extent as heat treatment.
Benzoic acid and control samples showed similar trends for
lipid deterioration during storage and displayed high lipolytic
activity. The effect of heat treatment on both lipid class and
fatty acid composition, and the lack of effect from benzoic acid
treatment, indicate that the degradation of lipids stems from
endogenous enzymes of P. glacialis rather than exogenous en-
zymes from other microorganisms. The rate of lipid

deterioration in this psychrophilic diatom was highest at
20 °C, so refrigeration seems prudent for storage over several
days.
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