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Abstract

Microalgae are photosynthetic microorganisms that have increasingly attracted interest in the last decade due to their potential for
industrial applications. One crucial aspect for the industrial-scale valorisation of algae biomass concerns the quality control dur-
ing its preservation before being treated to obtain the end-product. Monitoring biomass quality is essential and can be potentially
accomplished with the aid of specific biochemical indicators called biomarkers. In this context, the main aim of this work was to
identify potential indicators of microalgae biomass viability that could be used as markers of its quality during storage/preservation for
commercial operations. The health status of a suspension of Chlamydomonas nivalis was assessed at 4 °C and 25 °C during 10 days
of storage. The use of the pulse-amplitude-modulation technique, based on chlorophyll fluorescence, was a valuable indicator of the
culture viability. The measurement of DNA and of chlorophyll in the supernatant, indicative of cell lysis, also provided satisfactory
results; in the case of the DNA, the limit of detection was 3.9 ug DNA-mL ™. The effect of different concentrations of a well-known
and cheap preservative, acetic acid, was also evaluated at 4 °C. This work identified three suitable biomarkers to be used as rapid
indicators of the quality of the microalgal suspension prior to its reception for biorefinery activities.

Keywords Microalgae - Biomarkers - Biomass preservation - Chlamydomonas nivalis - Cell viability - DNA - Acetic acid
preservative

Introduction photosynthesis. The ultimate success of an industry based
on microalgae culture will depend on a combination of

There is increasing interest in microalgae production due to  several factors: the choice of suitable strains for each cli-

their capacity to convert carbon dioxide into algal biomass
and high-value biomolecules while producing oxygen via
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mate, the production logistic to minimise cost, harvesting,
transport and biomass treatment (biorefinery) (Chacon-Lee
and Gonzalez-Marifio 2010). Chlamydomonas nivalis is an
interesting strain for the production of algal biomass in cold
or temperate climates. This psychrophilic microalga has the
capacity to bioaccumulate a pigment of interest called asta-
xanthin. The present study investigated suitable tools for
quality control of C. nivalis biomass during storage.
Biomass and target product quality control during micro-
algae preservation/storage represents a big challenge. The
preservation of a microalgal culture is a key part of any
algae-based industry (Ponis et al. 2008). Quality assurance
of the biomass can be potentially accomplished with the
aid of analytic quantification of specific biochemical indica-
tors, called biomarkers (Paniagua-Michel and Olmos-Soto
2016). Biomarkers are molecules (or parameters) that can
be quantitatively measured and can serve as indicators of
changes in specific biological systems following the expo-
sure to different environmental factors (Bermejo et al. 2021).
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Consequently, the importance of finding appropriate bio-
markers that can indicate the viability and biomass integrity
of microalgae cultures is crucial during transportation and
storage. The formation of certain by-products can be used
as an indirect way to assess cellular viability, since their
measurement can provide relevant information about any
drift in the optimal conditions (Veloso and Ferreira 2017).
Accordingly, the presence of DNA, by process degradation
into oligonucleosomal fragments, can be also used as an indi-
cator of cell death in some species of microalgae (Segovia
et al. 2003; Zuppini et al. 2007; Yordanova et al. 2013).
Chlorophyll is another molecule that can be used to evaluate
the status of a microalgae culture. This pigment, which is
an effective indicator of the physiological state of the photo-
synthetic apparatus, can be easily deactivated and degraded
by changes in temperature and pH since it is very sensi-
tive to these factors (Venkateswaran et al. 2003; Koca et al.
2005). Chlorophyll-a fluorometry measurement, by pulse-
amplitude-modulation (PAM) technique, has become one of
the most common, non-invasive and rapid techniques used
to evaluate the physiological status changes and photosyn-
thetic performance efficiency in microalgal cultures (Vonshak
et al. 1994; Torzillo et al. 1996 1998; Masojidek et al. 1999
2011; Oxborough et al. 2000; Baker 2008; Kromkamp et al.
2008). The maximum value that can be obtained from this
measurement varies between 0.7 and 0.8 in conventional
healthy (non-stressed) microalgae cultures (Masojidek et al.
2013). During the preservation of microalgae biomass in the
absence of light, this parameter can be a good indicator of
PSII status and the potential damage caused by the preser-
vation conditions (e.g. temperature, pH, dissolved oxygen
concentration) and/or excess bacterial contamination.

Microalgal biomass is usually dehydrated before being
stored, with the associated high cost that treatments such
as hot-drying or freeze-drying entail. To make the process
more economically feasible, microalgae can be stored in a
fresh state which besides has been demonstrated to present
certain quality conservation advantages over the concen-
trated cultures (Verspreet et al. 2020b). Low temperature
has been reported to preserve different microalgae species
with better viability for longer periods. Additionally, storage
in the dark has been described to increase the shelf life of
the cultures avoiding oxidative and hydrolytic degradations
(Castell6 et al. 2017; Verspreet et al. 2020a). In short, stor-
age of microalgae in suspension, in the dark and at lowered
temperature may offer a good compromise in terms of pre-
serving the biomass quality and reducing the storage cost for
an overall economically viable value chain.

During a classic process of microalgae valorisation with
an end-product application in the cosmetic, pharmaceutical
or food sectors, one of the major challenges is the preser-
vation of the produced biomass avoiding microbial con-
tamination during storage. Bacterial proliferation may be
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minimised, by using several additives authorised in the food
industry. One of the most common preservatives known to
man for thousands of years is acetic acid, a simple carboxylic
acid that forms the active compound in vinegar (Dan et al.
2017). Acetic acid can be used to increase the acidity (and
lower the pH) of food products and is a popular preserva-
tive because it limits bacterial growth in dressings, sauces,
cheese and pickles. It is used as a natural preservative of
food and as an antimicrobial agent not only in vegetable
pickling but also as an active component of edible films and
in techniques for preservation (Babic 2013).

The present work aimed to evaluate different potential
indicators of C. nivalis culture viability that could be used
in a commercial operation for monitoring its quality post-
production. The biomarkers studied were the maximum
photosynthetic efficiency together with the free DNA and
chlorophyll presence in the supernatant. As a first approach,
C. nivalis was stored (without concentration) in the dark,
at 4 °C and 25 °C to find the temperature that allowed the
optimal fresh biomass preservation. Subsequently, in order
to avoid the possible proliferation of bacteria, the addition
of acetic acid to the culture was assessed at the temperature
with the best results (4 °C). Different concentrations of this
preservative were tested so as to find the most favourable
for the culture.

Materials and methods
Microalgal strain culture and storage conditions

Chlamydomonas nivalis SAG 26.86 was obtained from
the Culture Collection of Algae of Gottingen University,
Germany-SAG. To prepare the biomass for the preservation
study, C. nivalis was grown in shake-flask cultures under
standard growth conditions (25 °C; CO, enriched to 1% v/v;
incident light of 20 umol photons-m~2-s~! (white LED light-
ing) at the culture surface with rotary agitation at 100 rpm;
Infors HT 502,074 Minitron, Switzerland). The cells were
grown under axenic conditions in Kuhl medium (Kuhl and
Lorenzen 1964) prepared with deionised water, in 1 L Erlen-
meyer flasks with a 20% working volume.

For the preservation experiments, the culture consisting
of a mixture of motile cells and spore forms in its linear
growth phase (1.57 g-L~! biomass dry weight) was aliquoted
into 50 mL closed Falcon tubes with minimal headspace.
The tubes were stored in the dark at either 25 °C (in a cul-
ture incubator) or 4 °C (in a cold room), without agitation
for a period of 10 days (Online Resource 1). Two sets of
experiments were conducted in triplicates: first, a preser-
vation study was carried out in order to develop a rapid
method for monitoring the viability of the algal biomass,
directly through chlorophyll fluorescence measurement and
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indirectly through DNA quantification in the supernatant.
Samples were taken, without replacement, at the beginning
of the preservation period and after 1, 2, 5 and 10 days. The
duration of study of 10 days was selected as a first approach
to assess the changes in the quality of C. nivalis wet biomass
stored at the above temperatures. The second experimental
campaign evaluated the effect of several concentrations of
acetic acid (1, 5, 10, 50 and 100 mM) at 4 °C since this
temperature exhibited enhanced preservation results during
the first set of experiments compared to the obtained at 25
°C. In this case, the C. nivalis culture was concentrated by
centrifugation, and the resulting biomass was resuspended in
growth medium containing acetic acid at the aforementioned
concentrations. In this way, the same biomass concentration
was used in the two studies (1.5 g-L~! biomass concentra-
tion, stored in 50 mL tubes and in the darkness).

Viability assays

The viability of microalgal cells during storage was evalu-
ated in two ways: first, by measuring the photosynthetic
efficienc,y and second, by determining the presence of
chlorophyll and DNA in the supernatant of the preserved
suspension. The number of cells in the aliquots was also
quantified, and the pH was monitored in order to define if
there was any correlation between these parameters and the
rest of the selected indicators.

Photosynthetic efficiency measurement
and chlorophyll concentration determination

The maximum photosynthetic efficiency of PSII, also defined
as the maximum quantum yield (Qy =F,/F,), was used as
an indirect indicator of cell viability (Maxwell and Johnson
2000). Chlorophyll fluorescence (F,/F) was determined
using the PAM technique by an AquaPEN AP-100 device
(Photon System Instruments, Czech Republic) according to
Bermejo et al. (2020). Aliquots (2 mL) of stored C. nivalis
were dark-adapted during 15 min (F;) to oxidise the reaction
centres of the photosystems and to obtain the level of basal
fluorescence (F,)) before the application of a saturating pulse
of actinic light which quickly saturates the reaction centre
of the photosystems and induces the emission of maximum
fluorescence (F,,). The variable fluorescence of a dark-
adapted sample (F,) can be estimated from the difference
between the above parameters (F-F,). From these values,
the maximum quantum yield was calculated according to the
following equation from Cosgrove and Borowitzka (2011):

Fv _ (FWL_FO)
R M

m m

The chlorophyll concentration was determined after its
extraction as described by the experimental protocol from
Ben Amor-Ben Ayed et al. (2016) and subsequently its quan-
tification according to Porras’ equations (Porra 1990):

Chla(mg - L™") = (16.41A46, — 8.094¢5) * dilutionfactor
2
Chlb(mg . L'l) = (30.82A650 - 12.57A664) * dilutionfactor
3

Chlorophyll and DNA detection in the supernatant

The presence of chlorophyll and DNA in the supernatant was
measured as an index of metabolic damage in the microalgal
biomass during its preservation. For chlorophyll detection,
a sample of the stored suspension (1 mL) was centrifuged
(3000xg; 10 min.) and the spectrum of the supernatant was
measured (380-730 nm, 50 nm steps) using a visible/UV
spectrophotometer (UV-1800 spectrophotometer, Shimadzu,
Switzerland). DNA was isolated and purified from the cells.
The purification from the supernatant was accomplished by
a DNA kit (SurePrep Soil DNA Isolation Kit, Fisher Scien-
tific, USA). Prior to the isolation, the supernatant was passed
through a sterile filter (0.22-um pore size, Millex-GP, Mil-
lipore, USA) to ensure a cell-free sample. The purified DNA
was quantified spectrophotometrically according to Eq. 4:

Abs260 X dilutionfactor X 50 = ugDNA - mL™! 4)

The presence of DNA in the supernatant was validated
through a polymerase chain reaction (PCR) and subsequent
electrophoresis gel (Online Resource 2). A primer pair to
partially amplified the 18S rDNA sequence was used accord-
ing to Lee et al. (2010) for its broad applicability to a wide
variety of microalgae. The PCR was initiated with a dena-
turation step at 95 °C for 5 min. It was followed by 35 cycles
with the following denaturation, annealing of primers and
synthesis parameters: 95 °C for 15 s, 56 °C for 30 s and 72
°C for 45 s. An extension step at 72 °C for 10 min was added
at the end of the PCR. The limit of detection was determined
by serial dilution of DNA extracted from C. nivalis cells in
optimal conditions (Online Resource 3).

Cell count and pH monitoring

The number of cells and their size, at the beginning and at
the end, of the preservation period was determined by a par-
ticle counting and characterisation system (Beckman Coul-
ter Multisizer 4e counter, Beckman, USA). The preparation
involved taking 100 puL of the sample with the appropriate
dilution (total volume 10 mL) using an “electrolyte” saline
solution in a special cuvette, previous filtration (0.2 um) and
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homogenisation to the Coulter determination. The pH of the
suspension was measured at each time point.

Evaluation of acetic acid efficiency as a preservative
for microalgae biomass

The impact of the addition of an additive on the microalgal
biomass for its preservation was analysed by identifying the
minimal inhibitory concentration of acetic acid, a commonly
used preservative for food. An experimental campaign was
carried out with 15-mL vials in the absence of light and
under the operating temperature of 4 °C. The experiment
was conducted in triplicates. Different concentrations of
acetic acid were employed (0, 1, 5, 10, 50 and 100 mM).
The inhibitory impact of this additive was evaluated through
regular analyses of the photosynthetic activity of PSII, chlo-
rophyll content, and DNA presence in the supernatant.

Statistical analysis

All the experiments were carried out in triplicates, and the
data presented are the mean values of three independent
replicates. The statistical differences between the treat-
ments were evaluated using one-way analysis of variance
(ANOVA). If ANOVA results were significant, comparisons
among means were followed by a post hoc Tukey’s multiple
comparison tests, with a confidence level of 0.05. The sta-
tistical analyses were performed using Minitab version 18
(Minitab® Statistical Software).

Results and discussion

Evaluation of the photosynthetic efficiency
during the preservation of C. nivalis biomass

A first study was performed to assess the correlation between
chlorophyll fluorescence and chlorophyll concentration in C.
nivalis cultures since this molecule has been described to
present a positive relation with the photosynthetic activity
(Chen et al. 2011). Chlorophyll is a crucial compound for
the correct operation of the chloroplast, and thus, it can be
considered a promising biomarker indicative of the status of
a microalgal culture. Equation 5 was derived using chloro-
phyll fluorescence data (measured by the PAM technique)
and chlorophyll concentration data (measured spectrophoto-
metrically) through an experimental study based on serial
dilutions of microalgal culture. A linear relationship was
found between these parameters (cf. Fig. 1):

Chi(ug mL™") = (Chlfluoresc — 0.3933)/0.0021
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Fig. 1 Relationship between chlorophyll fluorescence (F,/F,) and
chlorophyll concentration (ug-mL™")

R?> =0.9271 5

The good relationship obtained corroborates that the
photosynthetic efficiency measured as chlorophyll fluores-
cence by the PAM technique is a useful tool for monitor-
ing the quality of C. nivalis biomass especially during its
storage and transport.

A real-time monitoring system is desired for the qual-
ity control of microalgae biomass and physiological sta-
tus under storage conditions. Indeed, an accurate online
measurement of biomass quality (physiological status of
the microalgae) would allow efficient and precise moni-
toring, by feedback control, of the quality of the produced
biomass. For instance, a real-time monitoring system can
be integrated into the algae production and storage process
in order to preserve an adequate quality of the biomass
according to biomarkers.

During the preservation process, the microalgae bio-
mass is susceptible to damage caused by inappropriate
storage conditions (Heasman et al. 2001). The degrada-
tion of the quality of algal concentrated biomass during
the preservation process impacts their shelf life, which
depends on the algae species and storage conditions
(Ponis et al. 2008). Thus, it is important to understand the
shelf life of the microalgae culture (based on the biomark-
ers) during its preservation. Storage biomass is primarily
impacted by two parameters: temperature (which should
be as low as possible to slow down the biological metabo-
lism of algae cells) and light (generally the biomass is
maintained in the total absence of light). After harvest-
ing, storing the microalgal biomass at low temperature
has been reported as a promising method for maintaining
cellular viability (Montaini et al. 1995; McCausland et al.
1999; Heasman et al. 2001; Harith et al. 2010; Castell6
et al. 2017; Verspreet et al. 2020a).
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During this study, the objective was to evaluate the
impact of two storage conditions on the cellular viability and
chlorophyll content of C. nivalis: in darkness at 25 °C (room
temperature, which is the optimal temperature for the growth
of the most microalgae species) and at 4 °C (conventional
storage temperature applied in food storage). Although stor-
age at low temperatures seems to be an adequate solution,
this strategy is not ideal for industrial processes due to the
increasing costs and necessary equipment associated with
low temperature.

The effect of the storage conditions on C. nivalis biomass
quality was studied through chlorophyll fluorescence meas-
urements. The chlorophyll fluorescence value, expressed as
the ratio F/F,, (maximum PSII photosynthetic efficiency),
was highly influenced by the temperature at which the cul-
tures were stored (cf. Fig. 2). Alias et al. (2004) described
the microalgal cellular stress in cultures in terms of chlo-
rophyll fluorescence when the values of F,/F,, were below
0.4. In our study, the photosynthetic efficiency of C. nivalis
stored in darkness at 25 °C after 10 days decreased by 85%
when compared to the initial value, whereas in the case of
cultures stored at 4 °C, the drop in the photosynthetic activ-
ity was only 10%. After 5 days of storage, cellular degrada-
tion and the decrease of photosynthetic activity were more
noticeable for the biomass preserved at 25 °C. This degra-
dation was much more progressive compared to storage at
4 °C. This demonstrates the significant impact of tempera-
ture, especially at storage times longer than 5 days, which
can be induced by oxygen limitation and/or by the activity
of microbial contamination that can cause a reduction in
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.
02} M
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Initial 1 2 5 10

Maximum photosynthetic efficiency (F\/Fry,)

Time of storage (days)

Fig.2 Maximum photosynthetic efficiency measured as chlorophyll
fluorescence (F,/F,)) of C. nivalis stored samples at the beginning of
storage (-J-) and after 1, 2, 5 and 10 days of preservation at 25 °C
(- -) and 4 °C (-/'). Error bars represent the standard deviation of
replicates. (*) indicates differences at the statistically significant level
p<0.05 (Tukey’s pairwise test) within the different storage tempera-
tures (25 °C and 4 °C) with respect to the initial value

photosynthetic efficiency. Photosynthesis is well-known to
be regulated by natural factors such as temperature, as it
can cause an impact on the structure and activity of micro-
algae proteins, including those that are part of the PSII reac-
tion centres (Béchet et al. 2017). It has been also described
that low temperatures slow metabolic processes such as
oxidative denaturation of essential vitamins, autolysis and
microbial degradation while maintaining the viability of
the cells (Heasman et al. 2001), which matches the results
obtained for the cultures stored at 4 °C. On the other hand,
the observations from the cultures at 25 °C could have been
influenced by the fact that they were stored in totally closed
tubes with minimal headspace, since it has been suggested
that, either oxygen limitation or the accumulation of a gase-
ous metabolite, or both, can cause photosynthetic efficiency
reduction (Montaini et al. 1995).

Evaluation of the chlorophyll and DNA content
in the supernatant during biomass preservation

The conservation of cell membrane integrity, cellular con-
tent and its chemical and biological integrity are considered
an important prerequisite to extend the quality of the micro-
algal cells (Heasman et al. 2001). In the present work, the
presence of chlorophyll and DNA in the supernatant was
a sign of cellular degradation. Chlorophyll interacts with
light and therefore has a characteristic visible/UV spec-
trum with peaks around 430 nm and 680 nm, which is a
helpful property to identify any pigment and its degrada-
tion products. It has been described that chlorophyll-a, and
most of its breakdown derivatives such as pheophytin, has
similar spectra (Hendry et al. 1987). Therefore, the viability
of C. nivalis cultures during preservation was evaluated at
430 nm and 680 nm. An increase was detected in the absorb-
ance measured in the supernatant of samples after 10 days
of preservation as compared to the initial value, being 3.6
and 3.9 times more pronounced in those cells stored at 25
°C compared to the absorbance values obtained at 4 °C (cf.
Fig. 3b). This is most likely due to the release of chlorophyll
degradation material into the suspension media as a conse-
quence of cell death. The production of catabolites derived
from the degradation of the chlorophyll molecule has been
widely reported in higher plants; however, few studies docu-
ment the excretion to the medium of these compounds by
microalgae. On this matter, Grabski et al. (2016) observed,
through an increase in the absorbance, that Desmodesmus
subspicatus cells released products of chlorophyll degrada-
tion when the alga grew under stress conditions, which is in
agreement with the behaviour detected in C. nivalis when
stored at 25 °C.

Regarding the detection of DNA, a decrease in the aver-
age amount of DNA measured spectrophotometrically in
C. nivalis cells, while finding an increase in the supernatant,
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Fig.3 Chlorophyll absorbance measured in C. nivalis supernatant
from samples stored at 25 °C (Jl-) and 4°C (- ), after a 5 days and
b 10 days of preservation. Values show the change in absorbance

was observed in samples at both storage temperatures, 25
°C and 4 °C (cf. Fig. 4a). Whereas the DNA content in C.
nivalis biomass decreased 55% after 10 days at 25°C, it only
decreased by 33% in cultures preserved at 4 °C. DNA meas-
ured by absorbance from cells and supernatant fractions of
C. nivalis was validated by agarose gel electrophoresis (cf.
Fig. 4b). An increase in free microalgal DNA in the super-
natant has been associated with a cell viability reduction in
bacteria populations (Treimo et al. 2006). In our study, this
was corroborated by the high correlation between the pho-
tosynthetic efficiency and the amount of DNA released into
the medium (cf. Fig. 5a), demonstrating that as the amount
of DNA increased in the supernatant, the photosynthetic

I I :
4°C

Initial

75

50

DNA Concentration (ug-mL")

0
25°C

5 days

Fig.4 a DNA concentration measured in cells () and in the super-
natant (- -) of stored C. nivalis samples at 4 °C and 25 °C. Error bars
represent the standard deviation of replicates. b Purified DNA on aga-
rose gel from the supernatant and cells fractions of C. nivalis stored
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measured in the supernatant of the culture based on the initial absorb-
ance value of the storage period. Error bars represent the standard
deviation of replicates

activity and viability of the stored cultures decreased. This
is an interesting finding since no research has been carried
out so far with microalgae, correlated the presence of DNA
in the supernatant with the viability of the culture. Thus,
monitoring DNA in microalgae suspensions can be proposed
as a qualitative indicator of the status of the stored biomass.

Influence of storage conditions in the biomass
concentration and pH

Biomass concentration (cells-mL_l), as measured by Coul-

ter particle counter, was quantified at different points dur-
ing the preservation process. Even though an important

a)

SII®2 Do ¥
SII®2 Do ST

<«— jeuwsadns )¢
<+——jeusadns )52

l

S

4°C 25°C

10 days

at 4 °C and 25 °C after 10 days. The last lane is a negative control
(no DNA template). The DNA strands were separated for 1 h (100 V)
on agarose gel (1%). A DNA ladder (Thermo Scientific MassRuler)
ranging from 80 to 10,000 bp is shown
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Fig.5 a Relationship between chlorophyll fluorescence (F,/F,,) of the
suspension and the free DNA concentration (ug-mL™") in the super-
natant of C. nivalis samples stored at 25 °C (@) and 4 °C (O). b Rela-
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Fig.6 Variation in the cell concentration of C. nivalis culture during
the preservation period at different temperatures. Samples were taken
the beginning () and then at 1, 2, 5 and 10 days of storage at 25
°C (- -) and 4 °C (1). Error bars represent the standard deviation
of replicates. There were no statistically significant differences along
the time between storage temperatures with respect to the initial value

decrease in the photosynthetic activity occurred during
storage, especially at 25 °C, no significant differences were
detected in the number of cells (cf. Fig. 6). A very slight
increase in the concentration of the algal suspension was
highlighted up to 2 days, and then there was a clear sta-
bilisation through 10 days of storage. This slight growth
can be explained by a still active cellular metabolism, even
in the dark, that allowed some cell multiplication in the

0.8 y =0.2516x - 1.0568

R?=0.9738

0.6

0.4 y=0.9831x - 6.3424

R?=0.9186
0.2
0.0 L
6.5 7.0 7.5
pH

tionship between chlorophyll fluorescence (F,/F,,) and pH of C. nivalis
suspensions stored at 4 °C (@) and 25 °C (O)

presence of nutrients and carbon sources at an optimal
temperature of 25 °C. Under storage conditions at 4 °C, a
progressive decrease in cell concentration was observed,
which highlights the impact of low temperatures on the
reduction of the metabolic processes of the algal biomass.
In conclusion, these results show that cellular quantifica-
tion of biomass cannot be exploited as a direct or indirect
indicator or biomarker of the quality of the stored biomass.
This fact highlights the need to use biomarkers, such as
chlorophyll fluorescence, which disclose the physiological
status of the microalgae cultures before detecting changes
in their cellular content. Chlorophyll fluorescence reflects
the photochemical processes yield in the photosynthetic
apparatus, especially in the PSII, and subsequently its bio-
mass production (Masojidek et al. 2011).

The pH is one of the major parameters used as an indi-
cator during the mass culture of microalgae. The pH of C.
nivalis cultures was also monitored during the preservation
period. A proportionality with good accuracy was con-
firmed between photosynthetic efficiency and pH (cf. Fig-
ure 5b). A decreasing trend in the pH of the stored cultures
was directly related to a reduction in the photosynthetic
process. It can be also related to the respiration metabo-
lism of the microalgae cells in a dark storage condition.
Indeed, during the dark phase, microalgae release car-
bon dioxide, which induces acidification of the medium,
according to the cellular activity of the stored microalgae
biomass. The integrity of the microalgae biomass during
the 10 days of storage is shown in Online Resource 4.
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Effect of acetic acid addition on the preservation
of C. nivalis cultures stored at 4 °C

The effect of acetic acid addition at different concentrations
(0, 1, 5, 10, 50 and 100 mM) was studied in cultures stored
at 4 °C since this temperature generated better results for
C. nivalis preservation. This organic acid has been reported
to minimise antimicrobial activity for food preservation
(Belitz et al. 2009; Wali and Abel 2019). The toxic effect
of acetic acid at concentrations above 5 mM is highlighted
in Fig. 7a. Indeed, at these concentrations, acetic acid nega-
tively altered the photosynthetic activity of the biomass from
the very beginning of the storage process. This can be under-
stood as the action of a more acidic pH which accelerates
the cellular deterioration of the algal biomass. On the other
hand, the photosynthetic activity of the culture remained
above 0.6 at the concentration of 1 to 5 mM of acetic acid for
the whole storage period, indicating the suitability of these
concentrations for the preservation of the algal biomass. In
addition, at the lowest acetic acid concentration (1 mM),
the photosynthetic activity of the biomass did not show sig-
nificant differences with that observed in the absence of the
preservative during the whole period (Fig. 7a).

The efficiency of acetic acid for the preservation of C.
nivalis is confirmed when looking at the DNA and chloro-
phyll concentration in the supernatant (Fig. 7b and c). At an
acetic acid concentration up to 5 mM, the chlorophyll con-
tent of the supernatant remains constant during the storage,
and there was much lower DNA released into the superna-
tant than observed at higher concentrations. The best preser-
vation was observed with acetic acid addition at a concentra-
tion of 1 mM. This can be explained by the antimicrobial
action of the acetic acid, which has already been proven dur-
ing the storage of the microalga Nannochloropsis gaditana
(Verspreet et al. 2020a). Future research on the bacterial load
(heterotrophic and Vibrio-type) should be done to validate
the results obtained for C. nivalis when adding a concentra-
tion of 1 mM of acetic acid.

Conclusions

In the present study, good correlations between chloro-
phyll fluorescence and the amount of DNA and chlorophyll
detected in the extracellular environment were obtained.
These results demonstrated that the PAM technique, using
a measurement of chlorophyll fluorescence, offers a good
option for a mobile, rapid and easy-to-use determination of
the viability of microalgae cultures during storage. This is
of great importance since for any quality control system, it
is key to have a marker that correlates well with the qual-
ity parameter of interest and to be able to monitor that
marker over time in order to ensure the reproducibility and

@ Springer

g 10
w
= a)
5‘0.8' aab aaa
.§ r ady
% 0.6
Lo =Pr
@
<
kS
% 04f
il
°© c
< d
£ o2} €
>
£
x
2 1
= 00
2.0
a ab 2, da b)
abc | a | a
bedT]
£ 15} cdd
£ .
8 bbb
3 L b b b
®
3 1.0 |
c
©
2
S
3
< 05
0.0
28
C
. c)
N3 [
€ 21t My
gz dee dd
= b
c b . 7
g a a a
© 14r b
2
IS}
(5]
< 7r
b4
o
0

initial 5 days 10 days

Fig.7 a Photosynthetic activity, b absorbance at 680 nm and ¢ DNA
concentration in the supernatant, measured in C. nivalis samples
stored at 4 °C at the initial time, and after 5 and 10 days of preser-
vation, with different acetic acid concentrations; from left to right,
OmM (J-); 1 mM (- -); 5 mM ({5.); 10 mM (- -);SOmM(-l-):
100 m ). Error bars represent the standard deviation of repli-
cates. The different letters indicate differences at the significance
level of p<0.05 (Tukey’s test)

constancy of the product. In the same way, the monitoring
of DNA content can be used as a qualitative indicator of the
viability and health of a microalgal stored biomass. Accord-
ing to these overall results, the lowest temperature (4 °C)
was the most suitable to maintain the quality of C. nivalis
cells at least during 10 days of storage. Under these con-
ditions, microalgal samples maintained maximum cellular
integrity and intracellular biological composition, based on
the monitoring of the photosynthetic activity of PSII and
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the amount of chlorophyll and DNA released in the super-
natant. However, knowing the economic and energy costs
required to maintain biomass preservation at this low tem-
perature, there is a need to evaluate the storage of C. nivalis
at higher temperatures, around 8 °C. The impact of acetic
acid, a preservative for the food industry, has been studied
at 4 °C. This study highlighted the preservative action of the
addition of acetic acid, at a concentration of 1 mM, allow-
ing the stabilisation of the cellular integrity of the biomass
in terms of PSII photosynthetic activity and the content of
DNA released in the supernatant of the algal suspension.
This study proposes that biomass from C. nivalis cultures
should be stored at a temperature of 4 °C and with the addi-
tion of 1 mM acetic acid. These storage conditions will mini-
mise the biomass degradation for up to 10 days of storage.
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