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Abstract: It is often impossible in practice to process micro-algae immediately after their cultivation
and harvest. This study, therefore, aimed to identify appropriate storage conditions for the wet
preservation of Porphyridium purpureum. Algae were stored either as a concentrate or as a dilute culture
at 4 ◦C, 8 ◦C, or 20 ◦C for 14 days and their quality was monitored. Concentrate storage tended to
result in higher microbial numbers than dilute culture storage and clearly led to higher concentrations
of malodorous organic acids. Butyric and isovaleric acid concentrations were about two orders of
magnitude larger than their odor threshold values after 14 days of concentrate storage at 20 ◦C. Average
B-phycoeryhrin (B-PE) levels were slightly higher after concentrate storage (2.5 ± 0.2 g B-PE/100 g
organic matter) than after dilute culture storage (2.2 ± 0.5 g B-PE/100 g organic matter), probably due
to respiration losses of other organic compounds in the first case. Significant amounts of organic
matter got lost during concentrate storage (4–35%) as a result of carbohydrate degradation. The main
restriction of concentrate storage was the rapid viscosity increase and formation of a weak gel
structure complicating the later processing of the concentrates. These findings are highly relevant for
P. purpureum cultivators and processors who have to store Porphyridium suspensions, even on a term
of one day or less.

Keywords: Porphyridium purpureum; wet storage; rheology; B-phycoerythrin; carbohydrates;
short-chain fatty acids

1. Introduction

There is an increasing interest in algae both from academia and commercial actors [1,2]. In 2018,
the worldwide algae products market value was estimated to be US$ 33.9 billion and forecasted to
reach US$ 56.5 billion by 2027 [3]. The sustainable nature of their cultivation and the wealth of valuable
and nutritious constituents are often cited to explain the increasing demand for algae [2]. Micro-algae
are generally more efficient in converting solar energy to biomass than traditional crops while their
cultivation requires no arable land [4]. Algae cultivation thus allows efficient land use which is one of
the elements of an effective climate change mitigation strategy [5]. Despite the large number of algae
species found in nature, only a few are currently being commercially exploited. The red micro-algae
Porphyridium purpureum (Bory) K.M. Drew & R. Ross 1965 [6], also referred to as Porphyridium cruentum,
is one of them. It has received the GRAS (generally regarded as safe) status by the United States Food
and Drug Administration [7] and is grown for aquaculture, cosmetic, and diagnostic applications [8,9].
The red pigment phycoerythrin is the most valuable constituent with market prices ranging between
$30 USD/mg and 150 USD/mg for highly purified B-phycoerythrin (B-PE) [10]. Due to its good water
solubility and powerful fluorogenic properties, B-PE is commonly used for diagnostic applications such
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as flow cytometry and immunofluorescence microscopy [11,12]. In addition, literature often highlights
the potential use of P. purpureum in food applications where it may serve not only as a colorant but also
as a thickening or gelling agent. The viscosity-increasing properties and the (weak) gelling behavior are
usually attributed to the presence of sulfated exopolysaccharides (EPS), excreted by P. purpureum and
encapsulating its cells [13]. Finally, the lipid fraction including long-chain polyunsaturated fatty acids
has been suggested as a potential target for Porphyridium biorefinery and valorization [8]. However,
the lipid content of P. purpureum is rather low, often below 15% of its dry matter [12,14,15].

Several studies have provided important information on the effect of cultivation
conditions [13,14,16,17] and of down-stream processing operations [13,17] on Porphyridium
phycoerythrin levels, polysaccharide composition, and rheological properties. Yet, very little is
known about how this algae should be preserved in between harvest and down-stream processing.
Nevertheless, this intermediate storage step is often unavoidable. The course of algae cultivation
and the harvesting time is partly unpredictable as it depends on weather conditions. Due to the
unpredictability of algae cultivation, it is impossible in practice to carry out harvest and processing
immediately when algae are harvest-ready. The algae must, therefore, be temporarily stored.

Against this background, the current study aims to identify appropriate storage conditions for
P. purpureum biomass. Only wet, cooled (T > 0 ◦C) storage will be considered as drying [18,19] and
freezing are rather expensive and because heat-based drying can be expected to reduce B-PE levels [20].

A first storage study aimed to understand the effect of wet storage on B-PE levels, the formation
of odorous short-chain fatty acids, and microbial load. The latter two parameters are important
quality parameters when food or feed applications are envisioned. A second preservation test
was performed to study organic matter losses, carbohydrate composition, and the algal rheological
properties during storage.

2. Materials and Methods

2.1. Storage Experiment Set-Up

P. purpureum was grown in a brackish medium (1.2% w/v NaCl) in a tubular 1500 L photobioreactor
in a greenhouse at the Sunbuilt facility (Geel, Belgium). The algal culture was either taken out
of the bioreactor and stored as such or it was concentrated by continuous centrifugation (800 L/h,
SSD 6-06-007 Gea Westfalia separator, GEA Westfalia Separator Group GmbH, Oelde, Germany) and
stored subsequently. These two storage approaches are schematically shown in Figure 1 and are further
referred to as dilute culture storage and concentrate storage.
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Figure 1. Schematic representation of the two storage approaches: concentrate storage and dilute
culture storage.

Two separate tests were performed and each was started with a fresh P. purpureum culture with
initial dry matter content between 1.3% and 1.7% and initial organic matter contents between 14% and
16% on a dry matter (dm) basis (Supplementary Materials Table S1). In both tests, concentrate storage
was done by storing 15 mL concentrates in a 50 mL tube sealed with a cotton plug and placed in a
dark incubator (New Brunswick, Innova 42/42R, Eppendorf) at 4 ◦C, 8 ◦C, or 20 ◦C. Dilute culture
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storage was performed in 10 L barrels covered with perforated plastic seals and incubated in the dark
at 4 ◦C, 8 ◦C, or 20 ◦C. Before analysis, the dilute algae culture was concentrated after storage by batch
centrifugation (2 × 10 min, 10,000× g, Sorvall LYNX 6000, Thermo Scientific, Waltham, MA, USA)
and the supernatant discarded. Algae were stored for 0, 7, or 14 days in the first test and for 0, 1, 7,
and 14 days in the second test. Microbiology analyses (test 1) and rheology measurements (test 2) were
done immediately after sampling, while the remaining algae were stored at −20 ◦C for further analysis.
Samples for B-PE and carbohydrate analysis were freeze-dried prior to analysis.

2.2. Dry Matter and Organic Matter Analysis

Dry matter content was determined after overnight drying at 105 ◦C, whereas ash content was
determined after subsequent drying at 550 ◦C (4 h). The organic matter content was calculated as the
difference between dry matter and ash content. When the amount of ash in the concentrate at the start
(t0) and after a certain storage time (t) are considered equal, the retained organic matter fraction can be
calculated as follows:(

mass organic matter/mass dry matter
mass ash/mass dry matter

)
t( mass organic matter/mass dry matter

mass ash/mass dry matter

)
t0

=

(mass organic matter
mass ash

)
t(mass organic matter

mass ash

)
t0

= retained organic matter fraction

2.3. Microbial Analysis

The total number of micro-organisms was estimated by pour plate counting according to ISO
(International Organization for Standardization) procedure 4833-1:2013 [21]. A series of 10-fold dilution
was prepared, of which 1 mL aliquots were transferred to a plate count agar medium. After 72 h
incubation under aerobic conditions at 30 ◦C, colonies were counted.

2.4. Short-Chain Fatty Acid Analysis

The short-chain fatty acid analysis was performed by gas chromatography (GC) as detailed
before [22]. In short, algae concentrates were extracted with diethyl ether after the addition of an
internal standard solution (2-methyl hexanoic acid), NaCl, and an H2SO4 solution. NaCl and H2SO4

were added to improve the transfer of organic acids to the organic phase by increasing the ionic strength
of the aqueous phase and by protonating the acids, respectively. Extracts were analyzed by GC and
flame ionization detection together with calibration solutions containing (i) all straight-chain saturated
monocarboxylic acids with 2 to 5 carbon atoms, (ii) isobutyric acid, (iii) isovaleric acid, and (iv) the
internal standard.

2.5. B-Phycoerythrin Analysis

B-PE levels were determined by UV–Vis spectrophotometry after cell disruption by repeated
freezing and thawing of the algae cells as described previously [23,24]. About 30 mg freeze-dried
concentrate was mixed with 5 mL sodium phosphate buffer (pH 6.8, 0.1 M) for 1 min, incubated
for 1 h at −20 ◦C, sonicated for 15 min at 4 ◦C, centrifuged (10 min, 20,000× g), and the supernatant
was collected. This process was repeated until the extraction did not yield any additional B-PE.
Absorbance was measured at 565 nm, 620 nm, and 650 nm with a UV–Vis spectrophotometer (Tecan
Infinite 200 PRO, Tecan, Männedorf, Switzerland). After blank corrections, B-PE levels were calculated
according to the formula of Bermejo Román et al. [12].

2.6. Carbohydrate Analysis

The carbohydrate composition was studied by high-performance anion-exchange chromatography
(HPAEC) with pulsed amperometric detection after acid hydrolysis similar to the method of
Gilbert-López et al. [25]. Approximately 45 mg freeze-dried concentrate was heated for 1 h at
37 ◦C in 1 mL H2SO4 (11 M). The hydrolysate was diluted until a final H2SO4 concentration of 1 M and
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subsequently incubated for 2 h at 100 ◦C. A 1 mL aliquot of the hydrolysate was added to 0.5 mL of a
NaOH solution (400 mM), centrifuged (10 min, 10,000× g), and analyzed by HPAEC with a Dionex
ICS-5000 system (Thermofisher Scientific, Waltham, MA, USA). After injection (5 µL), monosaccharides
were separated on a CarboPac PA1-column (4 × 250 mm) protected by a CarboPac PA1-guard column
(4 × 50 mm). The eluent, pumped at 1 mL/min, was applied according to the following gradient:
15 mM NaOH (0–10 min), 15 mM NaOH and 0–150 mM sodium acetate (10–30 min), 15–0 mM
NaOH and 0.15–1 M sodium acetate (30–35 min). An 8-point calibration series was used to quantify
monosaccharides and uronic acids. The total carbohydrate content was calculated as the sum of all
monosaccharides and uronic acids each corrected for water uptake during hydrolysis.

2.7. Rheology Analysis

Rheological properties of the microalgal suspension were measured with a Haake Mars II
rheometer (Thermofisher Scientific) using a parallel plate geometry PP35 Ti and a measuring gap
of 1.000 mm. The temperature was kept constant at 25.00 ◦C by a universal temperature module
controller box. Samples were loaded on the device by a spatula, and the visco-elastic behavior was
studied by oscillatory shear measurements. First, the flow behavior of the samples was studied in a
shear rate interval of 0.10 s−1 to 300.0 s−1 where the shear rate was logarithmically increased. Secondly,
the gelling properties were evaluated by an amplitude sweep test. The frequency was kept constant
at 10 rad/s and the strain was increased logarithmically from 0.1% to 1000%. The storage modulus
(G’) and the loss modulus (G”) were determined. Before each measurement, the sample was able to
stabilize for 30 s and all measurements were performed in duplicate. The data were processed with
HAAKE Rheowin software, version 4.86.0002 (Thermofisher Scientific).

2.8. Statistics

The effect of storage time, temperature, and storage approach (concentrate vs dilute culture
storage) were studied using a full factorial design. Factorial ANOVA (analysis of variance) was used
to determine which factor had a significant impact on the quality parameters of stored algae and to
detect interaction effects. In the case of a positive omnibus test, a post hoc Tukey-test was performed.
To assess whether the results were different from the initial (t0) value, one-way ANOVA was performed.
All analyses described above were done in triplicate except for the microbiology and rheology analyses
that were done in duplicate. Statistica version 12 (Dell Inc., Tulsa, OK, USA, 2015) was used for all
statistical analyses with 5% as the significance threshold level.

3. Results and Discussion

P. purpureum was stored either as a dilute culture or as a concentrate. It is important to bear in
mind that these two approaches do not only differ in terms of algae concentration during storage but
also in the treatment preceding storage. For concentrate storage, algae were centrifuged before storage
and hence they experienced shear forces prior to storage. This can damage the cells which in turn
can compromise algae stability. During dilute culture storage, on the other hand, samples were only
centrifuged right before analysis. This study is hence unable to purely evaluate the impact of the algae
concentration but rather compares two different storage approaches that are feasible in practice and
are relevant for algae growers. Therefore, we refer throughout the paper to the effect of the storage
approach instead of the storage concentration effect.

3.1. Microbiology

The total number of micro-organisms able to grow under aerobic conditions at 30 ◦C was
determined in the first storage test. At the start (t0), concentrate storage and dilute culture storage
concentrates had 24.7 ± 1.0 × 106 and 8.2 ± 4.6 ×106 colony forming units (CFU) per gram organic
matter, respectively. The t0 average microbial count was not different from that after storage (p = 0.20,
one-way ANOVA). When stored concentrates were analyzed (without t0 data), a trend for higher
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microbial numbers was observed after concentrate storage than after dilute culture storage (Figure 2)
but the difference was not significant (p = 0.081). Storage time (p = 0.108) and storage temperature
(p = 0.422) had no impact on the total microbial count after storage. These data suggest that microbial
numbers tend to be higher after concentrate storage than after dilute culture storage. This is possibly
due to the higher salt/biomass ratio for during dilute culture storage and the preservative effect of
salt on non-halophile micro-organisms. However, more precise analysis is needed to clearly expose
differences between the two storage approaches.
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3.2. Short-Chain Fatty Acids

The concentration of short-chain fatty acids (SCFA) was determined as they were previously
reported to contribute to the bad odor of algae stored under inappropriate conditions [22]. SCFA levels,
expressed on an organic matter base, were assessed to evaluate the effect of storage approach, time,
and temperature (Figure 3). Acetic acid was always the main SCFA and its concentration was
affected by storage temperature, time, and storage approach where the effect of storage approach
interacted with that of storage temperature and time (p < 0.001). A higher concentration of acetic
acid was present after concentrate storage than after dilute culture storage (p < 0.001). Propionic,
butyric, and isovaleric acid levels were significantly influenced by all studied factors (storage
approach, storage time, and storage temperature) and their interactions (p < 0.01). Higher levels
were observed with increasing storage time, increasing storage temperature, and after concentrate
storage (Figure 3). Propionic, butyric, and isovaleric acid have an unpleasant odor and they are
known to be present in foot sweet [26] and human stool [27], contributing to pungent off-odors.
To evaluate their effect on P. purpureum odor more directly, their concentrations expressed per liter
algae suspension were plotted (Supplementary Materials Figure S1) and compared to their odor
threshold values (OTV) in pure water [28]. Propionic acid only surpassed its OTV (20 mg/L) when
the algae were stored at 20 ◦C. Although the initial dry matter concentration of the algae pellet
obtained after dilute culture storage was about two times higher than that after concentrate storage
(Supplementary Materials Table S1), lower propionic acid concentrations (in mg/L) were observed for
dilute culture storage. Butyrate levels were usually of the same order of magnitude as the OTV in
pure water (0.24 mg/L), except for concentrate storage at 20 ◦C. In fact, after 14 days of concentrate
storage at 20 ◦C, the butyrate concentration was about 100 times the OTV. The concentration of
isovaleric acid was only clearly higher than its OTV (0.12–0.7 mg/L) after 20 ◦C concentrate storage
(Supplementary Materials Figure S1) and this compound was never detected in samples that were
stored as a dilute culture (detection limit = 0.046 mg/L).
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Figure 3. Short-chain fatty acid (SCFA) levels-storage test 1. SCFA levels during concentrate storage
(left) and dilute culture storage (right). Error bars represent standard deviations. Propionic acid,
butyric acid, and isovaleric acid levels that are not labeled by a common letter are significantly different.
For acetic acid, there was no significant interaction between storage approach, time, and temperature
(p = 0.138), so no post hoc analysis was performed and no letter labels were added in the acetic
acid figures. No isovaleric acid was detected in the samples obtained after dilute culture storage
(isovaleric acid detection limit = 0.046 mg/L). Supplementary Materials Figure S1 shows SCFA levels
expressed in mg/L.

As observed before [22], the temperature had a major influence on SCFA levels but also the storage
approach had a clear impact. The latter is possibly a result of a partial release and dissolution of
SCFA in the medium during storage and/or during subsequent centrifugation in the case of dilute
storage. Indeed, after storing the dilute culture, the majority of the medium including the dissolved
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metabolites is removed by centrifugation. In addition, it can be expected that the level of dissolved O2

drops faster during concentrate storage than during dilute culture storage. The amount of O2 that
can dissolve in the algae suspension is limited and the concentrates contained more algae cells per
unit volume that rely on the respiration for their energy supply. In a dark environment, O2 levels
will decrease due to respiration creating eventually (local) hypoxic or anoxic conditions, as reported
before [22]. Under such circumstances, proteins and carbohydrates can be the substrate for (bacterial)
fermentation [27], resulting in amongst others the formation of the SCFA [22] or methane [29]. It is
expected that this process occurs faster during concentrate storage than during dilute culture storage.
Moreover, it is likely that additional compounds with a notorious off-odor, like H2S or organic sulfur
compounds such as methanethiol [22], were formed as seen before for other algae species stored under
anoxic conditions [22,29,30]. Accordingly, a pungent off-odor was perceived for all samples stored as a
concentrate at 20 ◦C (authors personal observation). In conclusion, the off-odor formation can become
a serious issue during the wet preservation of P. purpureum. The data of this study suggest that this
risk can be mitigated when P. purpureum is cooled and stored as a dilute culture.

3.3. B-Phycoerythrin

B-PE levels were similar for the concentrate storage and dilute culture storage concentrates at t0

(2.20 ± 0.11 and 2.19 ± 0.17 g/100 g organic matter, respectively) and consistent with literature data
for P. purpureum [12,14,24]. On average, B-PE levels were higher (p = 0.017) after concentrate storage
(2.45 ± 0.16 g B-PE/100 g organic matter) than after dilute culture storage (2.17 ± 0.47 g B-PE/100 g
organic matter). This rather small difference is possibly a result of respiration losses of (non-B-PE)
organic matter during concentrate storage. Indeed, when B-PE levels are expressed on an ash basis,
no increase was observed during concentrate storage (7.03 ± 0.36 and 6.52 ± 0.38 g B-PE/100 g ash after
0 and 14 days, respectively). Factorial ANOVA analysis indicated that also storage temperature had an
influence on B-PE levels (p = 0.039, Figure 4) but there were no significant differences according to the
post hoc test. Storage time (7 or 14 days) had no significant impact (p = 0.37). All in all, differences
were small and B-PE levels were fairly stable during storage.
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Figure 4. (a) B-Phycoerythrin (B-PE) levels at the start and (b) after storage (both 7 and 14 days) grouped
by storage approach. (c) B-PE levels after storage (both 7 and 14 days) grouped by storage temperature.
Bars that are not marked with a common lowercase letter within one graph are statistically different,
t0 data were not included in the statistical analysis of data in graphs (b) and (c). Because storage time
had no significant impact, 7- and 14-days storage data were pooled in graphs (b) and (c).

3.4. Rheological Properties

In the course of the first storage test, rapid and clear changes in the rheological properties of
P. purpureum concentrates were visually noted, with gel formation occurring within a day in the case
of concentrate storage. A second storage test was, therefore, conducted to study this systematically.
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The samples obtained from concentrate storage and dilute culture storage (after centrifugation) had
different dm concentrations, initially 6.4 ± 0.1% and 12.7 ± 0.1%, respectively. Because the biomass
concentration [31] and EPS concentration [32] are known to have a large influence on the rheological
properties of algae suspensions, our rheology data cannot be used to expose the effect of the storage
approach independently from the concentration effect. Hence, this study does not engage with the
influence of the storage approach on the rheological properties. Instead, the emphasis is on the changes
in the function of time, especially in the case of concentrate storage. After all, when P. purpureum cells
can form a gel during concentrate storage, this has a serious impact on later down-stream processing,
complicating for instance pumping or mixing of such a solid-like material. On the other hand,
when P. purpureum is stored as a dilute culture, this dilute suspension is much more manageable and
the rheological properties of the final concentrate can still be adapted by changing the centrifuge
settings and adapting the concentration factor.

3.4.1. Viscosity

The t0 concentrates displayed shear-thinning behavior (Figure 5a,c). In other words, the viscosity of
the t0 concentrate suspensions decreased with increasing shear rate, in line with previous observations
for Porphyridium concentrates [33]. Furthermore, concentrates of other algae species exhibited
shear-thinning behavior [34] once their concentration exceeded a critical value that depends on the
algae species [31]. Figure 5a,c indicate that this critical value was exceeded in this study. The high
viscosity values of Porphyridium sp. suspensions are generally ascribed to the presence of EPS that
entangle once the biomass concentration is sufficiently high. EPS are believed to disentangle at higher
shear rates, resulting in shear-thinning behavior [32,33,35,36].

The discussion on the storage effect will focus on the viscosity at a shear rate that is relevant for
field applications. A shear rate of 10 s−1 was chosen as it is within the expected shear rate range for algae
harvest and pumping [31] and food processing [37]. During concentrate storage (Figure 5b), storage
time, temperature, and their interaction affected the viscosity (p < 0.01). Already after 1 day of storage
at 20 ◦C, the viscosity increased strongly, i.e., about 10 times compared to the t0 situation. The viscosity
increased at a slower pace during 4 ◦C and 8 ◦C concentrate storage (Figure 5b). This finding has
important implications for the organization of a P. purpureum processing facility. Once the culture
is centrifuged, the concentrate should either be immediately processed or immediately cooled in
order to minimize energy requirements for pumping and mixing. In the case of dilute culture storage,
only storage time had an impact on the viscosity of the concentrate obtained after dilute culture storage
(p < 0.001), and this effect interacted with storage temperature (p = 0.013, Figure 5d). No large viscosity
increase was observed compared to the t0 concentrate.
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Figure 5. (a) Viscosity of the storage concentrate at t0 in function of the applied shear rate and (b) after
storage at a shear rate of 10 s−1. (c) Viscosity of the dilute culture storage concentrate at t0 in function
of the applied shear rate and (d) after storage at a shear rate of 10 s−1. Viscosity values in panel (b,d)
are averages of duplicate measurements with error bars depicting the standard deviations. Bars that
are not marked with a common lowercase letter within one graph are statistically different, t0 data are
not included in the statistical analysis.

3.4.2. Amplitude Sweep

Amplitude sweep testing was done to assess the visco-elastic properties of the P. purpureum samples
after storage. Figure 6a shows the storage modulus (G’) and loss modulus (G”) in function of shear strain
for the concentrate storage paste at t0. Within the linear visco-elastic region, i.e., the region where G’ and
G” are independent of the shear strain, G’ was higher than G”, indicating predominantly elastic behavior
(Figure 6a). For the analysis of the storage effect, G’ and the phase angle (δ = tan − 1 (G”/G’)) are
displayed for 1% shear strains in Figure 6b,c, respectively. The storage modulus G’ gives an indication
of the gel stiffness, while δ gives information about the visco-elastic behavior. During concentrate
storage, all studied storage factors including their interaction had a significant impact on G’ (p < 0.001)
and on δ (p < 0.05). The G’ modulus raised during concentrate storage where the rise was fast during
20 ◦C storage and slow during 4 ◦C and 8 ◦C storage (Figure 6b). The decreasing δ values indicate that
the samples became more solid-like during storage (Figure 6c). This evolution was the fastest during
20 ◦C concentrate storage and was slowed down by cooling. During dilute culture storage, the G’
value of the algae pellet was not influenced by storage time (p = 0.091) nor by the storage temperature
(p = 0.14), while δ was only affected by the storage temperature (p = 0.006). Slightly lower δ values
were observed after 20 ◦C storage than after 4 ◦C or 8 ◦C storage (Supplementary Materials Figure S2).
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Figure 6. (a) Storage modulus (G’) and loss modulus (G”) for the concentrate storage paste at t0.
(b) Storage modulus at a 1% shear strain during concentrate storage. (c) Phase shift δ at a 1% shear
strain during concentrate storage. Values in panel (b,c) are averages of duplicate measurements with
error bars depicting the standard deviations. Bars that are not marked with a common lowercase letter
within one graph are statistically different, t0 data are not included in the statistical analysis.

The observed formation of a gel network by Porphyridium suspensions is in line with the findings of
Bernaerts et al. [33,38]. They found that EPS can act as a kind of binder enhancing cell aggregation [33,38].
Furthermore, they noticed an increase in gel stiffness when the suspensions were heated (15 min, 95 ◦C)
probably due to an enhanced cell aggregate formation [38]. EPS inter-chain interactions probably play
a key role here as the disintegration of such interactions in EPS solutions by sonication can reduce
the viscosity dramatically and can shift such a solution from a weak gel to a liquid-like system [35].
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Our data suggest that a gel network is formed fast in freshly harvested and concentrated P. purpureum
suspensions and that this process is slowed down by cooling. This has important consequences for
further processing of the biomass in a down-stream processing context. The stronger the gelling
behavior, the more difficult it becomes to dissolve the biomass. Moreover, strong cell aggregation will
compromise extraction such as in the case of aqueous B-PE extraction.

3.5. Carbohydrate Composition

Table 1 shows the carbohydrate levels expressed on an organic matter base. In line with literature
data [12,39], carbohydrates were a major constituent, with initial total carbohydrate concentrations
close to 50% of the organic matter (Table 1).

At the start (t0), no large differences were observed between the two storage approaches in
terms of carbohydrate levels. As expected, glucose was initially the main monosaccharide followed
by galactose and xylose. Indeed, floridean starch, a glucose-based polymer, is known to be the
main energy storage polymer in Porphyridium sp. [40], while the cell wall polysaccharides and the
extracellular polymeric substances have glucose, galactose, and xylose as main monosaccharides [15].
Glucose concentrations decreased during storage, particularly during concentrate storage and during
20 ◦C storage. The concentration of galactose, xylose, and glucuronic acid remained equal or increased,
where increases were probably due to a loss of other organic compounds during preservation.
To better understand the evolution of carbohydrate levels independently from changes of other
organic compounds, results were also calculated on ash basis (Supplementary Materials Table S3)
as ash can be considered as an inert internal standard in the case of concentrate storage. In this
instance, glucose levels dropped drastically during concentrate storage, even at 4 ◦C. The other
monosaccharides and uronic acid levels decreased to a smaller extent or remained equal. The net
decrease of glucose is probably due to the consumption of floridean starch since algae were forced to
call on their reserve resources during dark preservation. Carbohydrate consumption can occur fast as
significant carbohydrate losses have been observed for other algae species after one night [41] and
even after 30 min [42] of dark incubation. The cell wall and extracellular polysaccharide concentrations
appeared to be much more stable in the current study as the amounts of galactose and xylose, two of
their main building blocks, were little or not affected by cooled concentrate storage (Supplementary
Materials Table S3). Hence, this observation cannot explain the changing rheological properties seen
for concentrates during cooled storage (Figures 5B and 6B). Although conclusive evidence is not
provided here, it is likely that physical interactions including EPS entanglement are needed for viscosity
build-up and the formation of a (weak) gel in a P. purpureum concentrate immediately after centrifuge
harvesting. Such inter-molecular interactions can be expected to occur slower at low temperatures as
they depend on polysaccharide solubility and Brownian motion.

During dilute culture storage, no or limited changes were observed in carbohydrate composition
during 4 and 8 ◦C storage (Table 1). During 20 ◦C storage, glucose levels had decreased after 14 days,
albeit to a much smaller extent than during concentrate storage. It can be concluded that glucose was
preferentially degraded during storage, especially during uncooled concentrate storage, and that this
has consequences for the final organic matter yield.
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Table 1. Monosaccharide and uronic acid levels expressed on organic matter basis. The last column shows the sum of all monosaccharides and uronic acids corrected
for water uptake during hydrolysis. Results of the factorial ANOVA analysis on the impact of storage factors on carbohydrate levels are shown in Supplementary
Materials Table S2.

Storage Temperature
(◦C)

Storage Time
(Days)

Glucose (%
Organic Matter)

Galactose (%
Organic Matter)

Xylose (%
Organic Matter)

Glucuronic Acid (%
Organic Matter)

Mannuronic Acid (%
Organic Matter)

Sum (% Organic
Matter)

Concentrate storage 0 33.1 ± 1.0 8.6 ± 0.3 6.7 ± 0.2 0.82 ± 0.01 0.38 ± 0.01 45.2 ± 1.3

4 1 32.0 ± 0.1 8.7 ± 0.2 7.0 ± 0.1 0.50 ± 0.39 0.38 ± 0.01 44.1 ± 0.7

7 26.6 ± 0.0 9.3 ± 0.0 7.1 ± 0.0 0.89 ± 0.02 0.40 ± 0.01 40.2 ± 0.1

14 22.4 ± 0.3 9.6 ± 0.1 7.5 ± 0.1 0.92 ± 0.00 0.47 ± 0.00 37.1 ± 0.3

8 1 31.0 ± 0.2 8.6 ± 0.1 7.0 ± 0.0 0.78 ± 0.04 0.39 ± 0.00 43.3 ± 0.3

7 23.7 ± 0.7 9.5 ± 0.4 7.3 ± 0.2 0.93 ± 0.04 0.44 ± 0.01 38.2 ± 1.3

14 19.9 ± 0.4 10.0 ± 0.3 7.9 ± 0.1 1.00 ± 0.01 0.53 ± 0.01 35.9 ± 0.7

20 1 25.3 ± 0.1 8.9 ± 0.1 7.5 ± 0.1 0.82 ± 0.02 0.41 ± 0.01 39.0 ± 0.2

7 9.0 ± 1.2 9.9 ± 0.2 8.7 ± 0.4 1.16 ± 0.04 0.37 ± 0.02 26.4 ± 0.9

14 9.6 ± 0.1 12.1 ± 0.4 12.0 ± 0.3 1.86 ± 0.08 0.28 ± 0.02 33.2 ± 0.9

Dilute culture storage 0 31.9 ± 0.1 8.8 ± 0.1 6.3 ± 0.1 0.85 ± 0.01 0.43 ± 0.00 44.1 ± 0.3

4 1 32.4 ± 1.0 9.1 ± 0.2 7.1 ± 0.1 0.78 ± 0.03 0.21 ± 0.01 45.2 ± 1.3

7 30.6 ± 0.1 8.8 ± 0.1 6.8 ± 0.0 0.87 ± 0.01 0.43 ± 0.01 43.2 ± 0.2

14 29.1 ± 0.4 8.9 ± 0.2 6.9 ± 0.1 0.86 ± 0.02 0.47 ± 0.01 42.0 ± 0.6

8 1 31.7 ± 0.4 9.2 ± 0.5 6.8 ± 0.1 0.78 ± 0.14 0.23 ± 0.01 44.4 ± 0.4

7 31.1 ± 0.1 9.0 ± 0.1 7.0 ± 0.1 0.86 ± 0.01 0.45 ± 0.00 44.0 ± 0.2

14 29.6 ± 0.1 9.2 ± 0.0 7.1 ± 0.1 0.89 ± 0.02 0.49 ± 0.02 43.0 ± 0.2

20 1 31.9 ± 0.1 8.7 ± 0.0 7.1 ± 0.1 0.77 ± 0.01 0.21 ± 0.00 44.2 ± 0.1

7 29.6 ± 0.3 9.5 ± 0.1 7.5 ± 0.1 0.93 ± 0.02 0.44 ± 0.01 43.6 ± 0.5

14 25.1 ± 0.3 9.3 ± 0.2 7.1 ± 0.1 0.94 ± 0.01 0.58 ± 0.01 39.3 ± 0.6
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3.6. Organic Matter Losses

The total amount of organic matter changed surprisingly fast during concentrate storage, especially
at 20 ◦C (Figure 7).
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Figure 7. Glucose, total monosaccharide, and organic matter losses during concentrate storage.

Both storage temperature and storage time affected organic matter loss during concentrate storage
(p < 0.001). Organic matter loss increased with increasing storage time and temperature with an
average loss of up to 35% after 14 days of storage at 20 ◦C. Almost all loss of organic matter can
be attributed to the breakdown of carbohydrates, which in turn is almost entirely due to the loss of
glucose (Figure 7). This confirms previous findings on other algae species showing that algae initially
consume carbohydrates during dark respiration while other compounds like proteins [41,43] and
lipids [41,44–46] are spared, though not always in the case of lipids [43,47]. Unfortunately, the organic
matter loss could not be determined precisely for dilute culture storage (average estimated coefficient
of variation of 61%, results not shown). This was probably because centrifugation after dilute culture
storage introduced an additional source of variation which was not the case for concentrate storage
where all samples were generated by the same centrifugation step. As explained above, carbohydrate
levels expressed on an organic matter basis were rather stable for dilute culture storage but not for
concentrate storage (Table 1), and similar trends were observed for phycoerythrin (Figure 4). Hence,
it seems likely that the absolute amounts of carbohydrates, B-PE, and the organic matter remained
stable during cooled dilute storage. However, these relative data must be interpreted with caution.
Further research is recommended to establish the effect of dilute culture storage on algae yield in terms
of absolute amounts obtained per culture volume. Anyway, this analysis shows that post-harvest
storage conditions can have a major impact on the cultivation yield and that organic matter losses are
significant during concentrate storage.

3.7. Conclusions

To bridge the time period between P. purpureum harvest and its processing, algae can be stored
either as a concentrate or as a dilute culture. Dilute culture storage requires the use of large and
expensive storage vessels, which is not the case for concentrate storage. This study revealed, however,
that concentrate storage also entails adverse effects on algae quality and processability, especially
when concentrates are not cooled. Microbial numbers tended to be higher for concentrate storage and
the concentrations of smelly volatile components were clearly higher than for dilute culture storage.
There was a small but significant difference in the relative B-PE levels with slightly higher levels
after concentrate storage. Nevertheless, B-PE extraction can be expected to be more difficult after
concentrate storage due to the formation of a weak gel structure. Gel formation occurred fast when
concentrates were not cooled during storage. A solid-like behavior of a concentrate seriously hinders its
processability and concentrates will no longer be able to be pumped, among other things. Finally, it was
demonstrated that significant amounts of organic matter (4–35%) get lost during concentrate storage,
already after one day of storage. In conclusion, this study demonstrated that concentrate storage can
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lead to serious quality losses even within the span of one day. These findings provide support to
optimize the organization of daily operations in a P. purpureum cultivation and processing facility.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/23/8315/s1,
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ANOVA analysis on the impact of storage factors on carbohydrate levels, Table S3: Monosaccharide and uronic
acid levels during concentrate storage expressed on ash basis.
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