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Dante Matteo Nisticò, Amalia Piro, Daniela Oliva, Vincenzo Osso, Silvia Mazzuca and
Francesco Antonio Fagà et al.
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Preface to ”A Glimpse into Future Research on
Microalgae Diversity, Ecology and Biotechnology”

Microalgae are photosynthetic unicellular microorganisms that represent an extremely

important component of the aquatic ecosystem productivity, diversity, and functioning. Moreover,

these microorganisms, using a network of signals, interact with all the other organisms present in

their environment. Signals are often secondary metabolites that play an important role in competition,

defense, attraction, and signaling. These molecules are recognized for having bioactive properties,

but some of them are still largely underexplored and underexploited. This Special Issue focuses

on studies that aim to improve knowledge on microalgal ecology (diversity and dynamics) in

aquatic ecosystems, as well as on their capacity to produce bioactive compounds with potential

biotechnological applications.

The value of ecological papers in this Special Issue derives from the increase in knowledge of

phytoplankton diversity in specific environments (freshwater and brackish systems), but also from

providing data on the effects of the increase in CO2 concentrations in the era of global changes

in a cosmopolitan marine microalgal species. Another interesting aspect concerns the biological

remediation of microalgal species that are considered “harmful”due to their ability to produce toxins

that negatively impact human health.

Investigations on microalgal bioactive compounds are a very promising area in full

development. The growing interest is due to the wide range of applications including the food

industry, agrochemicals, cosmetics, and pharmaceutical products. The studies presented in this

Special Issue range from the biological activity of two new species to the production of protocol for

the recovery, fractionation, and purification of high-value molecules (phycocyanin) and the effects

of an herbicide (glyphosate) on a cyanobacterial species cultivated for the production of animal and

human food additives.

Carmela Caroppo and Patrizia Pagliara

Editors
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Editorial

Microalgae: A Promising Future
Carmela Caroppo 1,* and Patrizia Pagliara 2,*

1 Water Research Institute, National Research Council (IRSA-CNR), 74123 Taranto, Italy
2 Department of Biological and Environmental Sciences and Technologies, University of Salento,

73100 Lecce, Italy
* Correspondence: carmela.caroppo@irsa.cnr.it (C.C.); patrizia.pagliara@unisalento.it (P.P.)

Microalgae are photosynthetic unicellular microorganisms that represent an extremely
important component of the aquatic ecosystem productivity, diversity, and functioning [1].
Particularly, phytoplankton, adapted to live in suspension in water masses, provide about
half (49%) of the global net primary production in marine and freshwater systems [2].
Moreover, microalgae exhibit a high diversity and include species highly distant from an
evolutionary point of view [3]. Despite their small size, which ranges between 0.2 and
200 µm, they can contribute to climate change mitigation through carbon fixation [4,5].
Indeed, biological capture and sequestration of carbon using microalgae have been recog-
nized as one of the world’s most important and effective carbon sequestration methods [6,7].
The promising technique can allow CO2 capture and recycle into biomass, which in turn
could be useful to produce bioenergy and other value-added products. However, because
this becomes efficient, it is important to continue investing widely in the research and
development of technology and in the knowledge of the microalgal world.

In our day, climate change represents a serious problem, also because these changes
hardly affect trophic structure and dynamics of aquatic ecosystems as well as phenology,
and physiological and life-history traits of organisms.

In the Special Issue “A Glimpse into Future Research on Microalgae Diversity, Ecology
and Biotechnology”, studies aimed to improve knowledge on the effects of climate changes
on phytoplankton communities’ composition and dynamics in freshwater [8] and brack-
ish [9] ecosystems. Dashkova and co-authors [8], using a eutrophic shallow lake mesocosm
as a model, demonstrated how the dynamics of structural and morphological changes
of phytoplankton responded to N availability under different temperature conditions.
These results could contribute to forecast climate change effects on the world’s shallow
lake ecosystems. Moreover, the use of recent complementary technology to traditional
microscopy such as imaging flow cytometry (IFC) has proved useful for the morphologi-
cal and structural analysis of phytoplankton and as a useful tool for routine monitoring
programs of aquatic ecosystems.

On the other hand, Okhapkin and co-authors [9] carried out their research in an
atypical brackish system (the small gypsum karstic Lake Klyuchik, Middle Volga basin),
characterized by high values of water mineralization and low temperatures. This unique
and complex ecosystem, for its peculiarity, represents an interesting model system for the
investigation of phytoplankton diversity, largely unexplored in this kind of environment.
The value of this research derives not only from the increase in knowledge of phytoplankton
diversity in specific conditions, but also from providing helpful tools to decision makers
for the management and protection of environments of high naturalistic value.

Another ecological paper reported in this Special Issue focused on the bioremediation
of the microalgal species that are considered “harmful” for their ability to produce toxins
that negatively impact human health, and to induce blooms with detrimental effects on
aquatic ecosystems, fisheries, aquaculture, and tourism [10]. As control actions are urgently
needed to suppress harmful algal blooms, Stabili and co-authors [11] demonstrated the
high filter-feeding capacity of two sabellid polychaetes, Branchiomma luctuosum and Sabella
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spallanzanii, on a harmful microalga (the dinoflagellate Amphidinium carterae). Even if
preliminary, these results could represent a sustainable and environmentally friendly
method for the restoration of the aquatic ecosystems and a very advantageous tool for the
management of the aquaculture plans.

In the field of bioeconomy, the use of innovative processes is extremely important to
produce biomaterials and bioenergy, reducing, in the meantime, the consumption of virgin
resources. Microalgae-based wastewater treatment represents a valid contribution to this
practice. This activity has recently received attention due to its low energy demand, the
robust capacity of microalgae to grow under different environmental conditions, and the
possibility to recover and transform wastewater nutrients into highly valuable bioactive
compounds [12].

Outdoor open systems (i.e., raceway ponds, bubble columns, flat panels) are consid-
ered so far as the most viable method of microalgal cultivation on wastewaters [13], even if
complex and dynamic microbial consortia are formed inside [14,15]. A contribution to this
field derives from a study, included in this Special Issue, which examined and compared
the nutrient removal efficiency, biomass productivity, and microbial community structure
of two outdoor pilot-scale photobioreactors (bubble column and raceway pond) [13]. Data
obtained, including the characterization of bacterial and eukaryotic communities using
a metabarcoding approach and quantitative PCR, highlighted a different behavior and a
different composition of the microbial communities, which were subjected to variations of
the environmental conditions as well as of the reactors’ operational parameters. Knowing
the factors that influence the structure and dynamics of the microbial consortia allowed
establishing which parameters influenced the performance of the reactors. These data
encourage the use of microalgal polycultures for a more stable production of biomass in
outdoor cultivation systems.

In recent years, an increased interest aimed at expanding knowledge on microalgae
has been recorded as they represent a world still partially unknown, but which has many
intriguing application aspects being considered as next-generation resources with the po-
tential to address urgent industrial and agricultural demands. In this framework, we must
consider that microalgae use a network of signals to interact with all the other organisms
living in their environment. The signals are often secondary metabolites generally not nec-
essary for their daily functioning, but they play an important role in competition, defense,
attraction, and signaling. These molecules that include pigments, sterols, and polyunsatu-
rated fatty acids can have antioxidant and anti-inflammatory effects [16]. However, even if
they are recognized for having bioactive properties, they are still largely underexplored
and underexploited.

Among microalgae, cyanobacteria are one of the most investigated microorganisms
for biotechnological purposes, as three reports of the Special Issue demonstrate [17–19].

Arthrospira platensis, known as Spirulina, is a cyanobacterium with multiple nutritional
and therapeutic properties [20]. These algae are in fact rich in proteins (60%–70% by weight),
vitamins (4% by weight), essential amino acids, minerals (zinc, selenium, magnesium),
essential fatty acids (Linoleni-Co acid), carotenoids, chlorophylls, and phytosterols. For
this reason, their production is primarily destined for dietary supplement markets, and
they are commercialized in many countries. Arthrospira is also a rich and inexpensive
source of the pigment like phycocyanin [21,22]. Phycocyanin is a blue-red fluorescent,
water-soluble, and non-toxic biliprotein pigment with recognized therapeutic properties,
including antioxidant, anti-inflammatory, immune-modulatory, and anti-cancer activities.
A combination of different techniques is generally used to achieve the purification of
phycocyanin from crude algae extracts. Therefore, an increasingly addressed research
towards product improvement has been observed in recent years. As an example, Nisticò
and co-authors [17] developed a protocol to obtain a very high phycocyanin yield from
A. maxima biomass. It represents a sustainable process for the recovery, fractionation,
and purification of phycocyanin from a strain of A. maxima cultivated in a farm devoted
to producing this molecule with food-grade purity. In addition, the authors adopted a
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combination of ultrafiltration and diafiltration that allowed the removal of about 91.7% of
the DNA from the crude extract. This is of particular interest as it leads to an increase in
purity degree in the retentate fraction, thus allowing the production of extracts suitable for
other uses including therapeutic and biomedical applications.

Being that Arthrospira is a species largely cultivated for animal and human food addi-
tives and as a source of phycocyanin, a bioactive antioxidant molecule, it is important to
know the effects of herbicides on this species. In this context, Piro and co-authors [18] inves-
tigated the effects of glyphosate, a broad-spectrum herbicide at the center of a large debate
on potential toxicity. On the subject, there are different positions with different results, and
this once again also happens regarding the effects on Spirulina. Indeed, the authors [18]
evidenced that a deliberate treatment with glyphosate on the selected cultivation of this
cyanobacterium negatively affected the biomass and the photosynthetic pigments, and it
induced resistance in A. maxima survival. These results demonstrated that the resistance of
A. maxima to glyphosate effects is mediated by a key enzyme until now not identified in
other Spirulina species.

Investigations on bioactive compounds are a very promising area in full development.
The growing interest is due to the wide range of applications including the food industry,
agrochemicals, cosmetics, and pharmaceutical products. Although new bioactive molecules
from the microbial world continue to be discovered, this however remains a field that is
still little explored. With the investigations on two cyanobacterial strains, Pagliara and
co-authors [19] intended to contribute to increasing the amount of information on the
properties of these microorganisms, expanding the cyanobacteria range from which new
compounds with significant bioactivity could be identified. The two strains, belonging to
Cyanobium and Synechococcus genera, have been previously identified after their isolation
from a Mediterranean marine sponge [23,24]. Intriguing is the presence in these cyanobac-
teria of important compound as BMAA, 2,4-DAB and microcystin, here evidenced for the
first time in cyanobacteria isolated from a marine sponge. Moreover, the strong cytotoxic
activity observed for aqueous and methanolic extracts of these two cyanobacteria laid the
foundation to produce bioactive compounds of pharmacological interest.

The editors hope that the data reported in this Special Issue could represent a useful
reference for researchers and managers interested in microalgae and their biotechnological
applications.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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14. Ofiţeru, I.D.; Lunn, M.; Curtis, T.P.; Wells, G.F.; Criddle, C.S.; Francis, C.A.; Sloan, W.T. Combined niche and neutral effects in a
microbial wastewater treatment community. Proc. Natl. Acad. Sci. USA 2010, 107, 15345–15350. [CrossRef]

15. Van Der Gast, C.J.; Ager, D.; Lilley, A.K. Temporal scaling of bacterial taxa is influenced by both stochastic and deterministic
ecological factors. Environ. Microbiol. 2008, 10, 1411–1418. [CrossRef]

16. Lauritano, C.; Saide, A. Editorial of Special Issue “Microalgal Molecules and Enzymes”. Int. J. Mol. Sci. 2021, 22, 13450. [CrossRef]
[PubMed]

17. Nisticò, D.M.; Piro, A.; Oliva, D.; Osso, V.; Mazzuca, S.; Fagà, F.A.; Morelli, R.; Conidi, C.; Figoli, A.; Cassano, A. A Combination
of Aqueous Extraction and Ultrafiltration for the Purification of Phycocyanin from Arthrospira maxima. Microorganisms 2022, 10,
308. [CrossRef] [PubMed]

18. Piro, A.; Nisticò, D.M.; Oliva, D.; Fagà, F.A.; Mazzuca, S. Physiological and Metabolic Response of Arthrospira maxima to
Organophosphates. Microorganisms 2022, 10, 1063. [CrossRef] [PubMed]

19. Pagliara, P.; De Benedetto, G.E.; Francavilla, M.; Barca, A.; Caroppo, C. Bioactive Potential of Two Marine Picocyanobacteria
Belonging to Cyanobium and Synechococcus Genera. Microorganisms 2021, 9, 2048. [CrossRef]
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Abstract: The climate-driven changes in temperature, in combination with high inputs of nutrients
through anthropogenic activities, significantly affect phytoplankton communities in shallow lakes.
This study aimed to assess the effect of nutrients on the community composition, size distribution,
and diversity of phytoplankton at three contrasting temperature regimes in phosphorus (P)–enriched
mesocosms and with different nitrogen (N) availability imitating eutrophic environments. We applied
imaging flow cytometry (IFC) to evaluate complex phytoplankton communities changes, particularly
size of planktonic cells, biomass, and phytoplankton composition. We found that N enrichment led
to the shift in the dominance from the bloom-forming cyanobacteria to the mixed-type blooming by
cyanobacteria and green algae. Moreover, the N enrichment stimulated phytoplankton size increase
in the high-temperature regime and led to phytoplankton size decrease in lower temperatures. A
combination of high temperature and N enrichment resulted in the lowest phytoplankton diversity.
Together these findings demonstrate that the net effect of N and P pollution on phytoplankton
communities depends on the temperature conditions. These implications are important for forecasting
future climate change impacts on the world’s shallow lake ecosystems.

Keywords: phytoplankton; biodiversity; biovolume; cell size; eutrophication; mesocosm; temperature;
nitrogen pollution; climate change; imaging flow cytometry

1. Introduction

Ongoing climate change strongly impacts freshwater aquatic ecosystems, altering
trophic structure and dynamics [1–4], phenology, physiological and life-history traits of
organisms, and intensifying the magnitude of eutrophication [2,4]. It involves shifts in
many environmental factors (temperature, CO2 rise, nutrients loading) and significantly
affects phytoplankton communities’ diversity, composition, and planktonic cell size in
shallow lakes [5–8]. The prevalence of potentially toxic cyanobacteria in freshwater lakes is
increasing, being favored under warmer and nutrient-rich conditions [9]. The harmful algal
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blooms (HABs) produced by cyanobacteria deteriorate water quality [10], and accelerate
eutrophication by releasing more N and P into the environment [11].

However, the impact of climate change on phytoplankton communities’ composition
and dynamics of freshwater ecosystems is not fully understood. Studies of phytoplankton
communities’ composition and the taxonomic diversity of phytoplankton in response to
warming and its consequences, e.g., increased nutrient concentration provide contrasting
results [12–16]. In the short-term, warmer temperatures were shown to decrease phyto-
plankton diversity in temperate water bodies [12] and promote changes in the dominance
and dynamics of phytoplankton species [13]. Long exposure to warming may result in
the adaptation of phytoplankton species to warmer conditions [14], and an increase in
functional phytoplankton diversity [15]. Warming-associated increased nutrient loading
leads to decreased phytoplankton diversity [16]. It is reported that intensified N pollution
in P-enriched eutrophic lakes may lead to changes in the phytoplankton composition,
depending on the concentration of N input. Low-to-moderate N concentrations were
seen to lead to the dominance of potentially toxic cyanobacteria (such as Microcystis spp.,
Planktothrix spp.) [17–21], and high concentrations of N may result in the prevalence of
green algae [17,20].

Traditional microscopy is a method of choice in exploring changes in phytoplankton
communities and phytoplankton cell size [22–25]; however, it is time-consuming with
limited sampling capacity [26]. The phytoplankton communities’ structure is highly com-
plex, and the use of other techniques such as spectral fluorometry and conventional flow
cytometry is limited by a high degree of morphological heterogeneity and the microscopic
size of the planktonic cells. Imaging flow cytometry (IFC) is a recent alternative and/or
complementary approach to traditional microscopy. It allows for examining plankton
communities, combining the large statistical power of flow cytometry and image-based
analysis [27–30]. Large datasets of single-cell morphological and size parameters acquired
via IFC enable a comprehensive evaluation of the response of plankton communities to envi-
ronmental conditions [31–34]. It is a powerful technology for investigating microalgae [29]
and enables the effective analysis of phytoplankton in a size range of ca. 10–300 µ [35]. To
our knowledge, no research had explored the effect of N variation in different tempera-
ture scenarios on the dynamics of phytoplankton communities of shallow lake systems
applying IFC.

This study aims to assess the temporal shifts in phytoplankton structure, biomass,
size, and diversity in response to different N availability and temperature scenarios using
eutrophic shallow lake mesocosms as a model. More specifically, we are interested in these
questions: (1) Does N limitation leads to the dominance of phytoplankton taxa adapted to
N-limited conditions, including N-fixing cyanobacteria? (2) Does N-limitation lead to de-
creased cell size and diversity due to the dominance of a few well-adapted species? (3) How
does temperature variation impact phytoplankton community, particularly phytoplankton
structure, biomass, cell/colony size, and diversity?

2. Materials and Methods
2.1. Experimental Setup

The study was conducted as part of the Lake Mesocosm Warming Experiment (LMWE)
at the facility owned by Aarhus University, located at Lemming, Central Jutland, Denmark
(56◦14′ N, 9◦31′ E). The LMWE has been running continuously since 2003 and it is the
longest freshwater mesocosm experiment in the world. Overall, the facility includes
24 outdoor freshwater cylindrical steel tanks of 1.9 m diameter and 1.5 m depth with
ventilated paddles installed at the bottom mixing the water to maintain uniform conditions.
The water in mesocosms is sourced from groundwater with a water retention time of
approximately 2.5 months [36]. The temperature regimes include unheated control with
ambient water temperature (AMB) and two elevated temperature settings based on the
IPCC climate scenarios for the period 2071–2100, IPCC A2 (ca. +3 ◦C) and IPCC A2 + 50%
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(ca. +4.5 ◦C), with four replications for each regime (AMB tanks: A1, D1, F1, G1; IPCC A2
tanks: A2, D2, F2, G2; IPCC A2 + 50% tanks: A3, D3, F3, G3) (Figure 1).

Figure 1. Schematic representation of the experimental design. Regular circles correspond to low
nitrogen treatment (N0), and bold circles correspond to high nitrogen treatment (N+). Each tempera-
ture treatment has four replicate tanks: ambient temperature (A1, D1, F1, G1), IPCC A2 scenario (A2,
D2, F2, G2), IPCC A2 + 50% scenario (A3, D3, F3, G3).

The water temperature is maintained in the heated tanks using an automatic heating
system with reference to the ambient air temperature on that daytime throughout the
seasons. The current study was run in 12 mesocosms with high nutrient level which have
been constantly supplied with 108.6 mg N per m3 per day and 2.7 mg P per m3 per day in
the form Ca(NO3)2 and Na2HPO4, respectively. In total, each mesocosm was artificially
supplied with 2152 mg N and 54 mg P per week in addition to the nutrient inputs from
groundwater of approximately 2–5 mg P and 30–63 mg N per week. As a part of the
experiment, N input was terminated in nutrient-rich tanks for one year to study the effect
of N limitation on the lake community under euthrophic conditions. Resumption of N
input the following year allowed us to study the response of the aquatic community to the
N addition in terms of composition, biomass, size and diversity changes. In June 2018, the
N supply in the high nutrient mesocosms was terminated for one year, maintaining the P
input only. During this period, only insignificant quantities of N were supplied with the
groundwater. In June 2019, the N additions were resumed along with continuing P addition.
The initial average nutrient concentrations were TN 2.40 mg L−1 and TP 165 µg L−1 for the
period 2017–2018 [37]. To study the response of phytoplankton community to N addition
in eutrophic shallow lake systems, we compared the biological parameters of the high
N period when N addition was resumed with the control low N period when N supply
was terminated. The experimental design, sampling period and analysis procedures were
identical in both treatments.

2.2. Sample Collection and Measurement of Water Parameters

Integrated water samples were collected using a 1 m long tube water sampler weekly or
biweekly from the HN tanks from June to October in 2018 and in 2019. The samples collected
for imaging flow cytometry and light microscopy were fixed with 1% glutaraldehyde for
preservation before the analyses. Water temperature, turbidity, conductivity, oxygen, and
pH were measured using YSI probes (Xylem Inc., College Station, TX, USA). Freshly
collected unpreserved samples were analyzed for total nitrogen (TN), total phosphorus
(TP), a sum of nitrites and nitrates (NO2 + NO3), ammonium (NH4), orthophosphates
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(PO4), and total Chl a as described in Søndergaard and co-authors [38], and total iron was
measured spectrophotometrically (as described in Gibbs [39]).

2.3. FlowCAM Analysis and Microscopy

A benchtop FlowCAM VS-4 imaging particle analyzer (Yokagawa Fluid Imaging Tech-
nologies, Scarborough, ME, USA) equipped with 532 nm excitation laser was used for the
analyses. In total, 324 phytoplankton samples were collected and processed. The samples
were analyzed in laser trigger mode using 10× and 20× objectives as described earlier [40].
The obtained particle images were classified into taxonomic phytoplankton groups based
on image and size filters in Visual Spreadsheet software version 4.0 (Yokagawa Fluid
Imaging Technologies, Scarborough, ME, USA) and manual inspection. The nanoplankton
group based on 5–20 µm (diameter ABD) size filter was excluded from the analysis as it
mostly contained cell debris, especially in dense blooming samples. Identifiable cell images
under 20 µm were manually transferred to one of the morphological groups. Quantitative
parameters of each group, including cell concentration and size parameters, were then
obtained from the software, and used for biomass estimation and statistical analysis.

Taxonomic identification of phytoplankton cells and colonies was performed using a
Leica DM2500 microscope (Leica Microsystems, Wetzlar, Germany) equipped with differ-
ential interference contrast (DIC). Phytoplankton species were identified using 63× and
100× objectives.

2.4. Biovolume and Biomass Estimation

Size parameters such as width, length, diameter (ABD) were used for biovolume esti-
mation of classified phytoplankton groups. Appropriate geometric shapes were assigned
to the single cells and colonies of the present phytoplankton groups and biovolume was
estimated using the corresponding formulae (according to Olenina [41], and Bergkemper
and Weisse [42]. For unidentified species, FlowCAM biovolume estimations were based on
ABD [43,44]. A full list of the shapes and formulae used is given in Table S1.

The biovolume estimates for most phytoplankton groups were obtained using size
parameters retrieved from FlowCAM and standard microscopy biovolume formulae with
some adaptations to two-dimensional image-based and colony-based size measurements
(Table S1). The obtained biovolume estimates were converted to wet biomass units as-
suming that the plasma density equals 1 g cm−3. Mean values of single-cell biomass
measurements for each phytoplankton group and date were obtained and converted into
mg per L units.

2.5. Statistical Data Analysis

The significance of water temperature variation between the two years was assessed
using a non-parametric Kendall’s Tau b test available in SPSS software (IBM, Armonk,
NY, USA). Multivariate analyses, including analysis of similarities ANOSIM, analysis
of similarity percentages SIMPER, and PERMANOVA were performed using Primer-e
software v.7 (PRIMER-E Ltd., Auckland, New Zealand). For ANOSIM and SIMPER, square
root transformation was applied to raw data with average biomass values for each date from
mid-June to September 2018 and 2019 for all phytoplankton groups, and the results were
then converted to a resemblance matrix based on Bray–Curtis similarity distances. Two
separate one-way (A) ANOSIM analyses based on Spearman correlation were performed
to test the similarity of the phytoplankton community between the N0 and N+ treatments
and between the temperature treatments. Bootstrap averages (150 bootstrap averages per
group) were performed based on the resemblance matrix separately for N and temperature
factor and displayed in mMDS plots. Square root transformed data was used to perform
one-way SIMPER analysis based on Bray–Curtis similarity separately for N as a factor and
temperature. Repeated measures PERMANOVA was performed on the data converted
to a resemblance matrix based on binomial deviance with temperature and treatment
as fixed factors and a time factor nested in the treatment. Permutation of residuals was
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performed using a reduced model with 9999 permutations, selecting type III (partial) sum
of squares. To test the variation within the factor groups, PERMDISP, a distance-based test
for homogeneity of multivariate dispersions, was also performed separately for each factor.
The distances are calculated to centroids and p-values are obtained using permutations.

Diversity indices were estimated as Pielou’s evenness (J′), Shannon–Wiener diversity
index (H′), and Simpson index of diversity (1-D) applying Primer-e software. Diversity
estimators were calculated for each tank and date from mid-June to September for the N0
and N+ treatments. Average values for each tank from mid-June to September during
the N0 and N+ treatments were then calculated. Average values from the replicate tanks,
corresponding to the AMB, IPCC A2, and IPCC A2 + 50% treatments, were then used to
calculate the percentage change between the N0 and the N+ treatments. A Wilcoxon Signed
Rank Test was used to test if the observed changes differed significantly from 0.

Multivariate ordination analysis RDA was performed to infer relationships between
phytoplankton data and environmental parameters using Canoco 5 software (Microcom-
puter Power, Ithaca, NY, USA). The response data had a gradient of 2.7 SD units for
phytoplankton classes and 3.8 SD units for phytoplankton groups, suggesting that the
optimum solution is to use a linear RDA method in the first case and a unimodal method
CCA in the latter case. However, the two types of analyses may still be applied for both,
and RDA was the preferred method. The analysis initially considered the data on 12 species
and 11 environmental variables (TN, NO2 + NO3, NH4, TP, PO4, TFe, Chl a, N:P, tempera-
ture, conductivity, turbidity). Before the analysis, the species data were log-transformed
and centered by species. The significance of canonical axes was tested using 4999 time
series permutations. Relationships between the phytoplankton groups and environmental
factors were evaluated based on RDA bi-plots and explanatory response tables containing
regression coefficients of phytoplankton group × environmental factor combination pairs.

Single-cell measurements of area-based (ABD) diameter retrieved from VisualSpread-
sheet software for each tank from the period mid-June to September were used to estimate
the relative frequency distribution as percentages using GraphPad Prism software (Dot-
matics, Boston, MA, USA). The average of the single dates and standard deviation (SD)
were calculated for each bin class for each tank for the N0 and N+ periods. Averages
of the replicate tanks and SD were then calculated and used to plot the size distribution
graphs. Descriptive statistics (mean, median, 25% percentile, 75% percentile) of the ABD
measurements were obtained for the temperature treatments based on the average values
of the replicate tanks and used to calculate the percentage change between the N0 and
N+ treatments. The data were tested for normality using Anderson–Darling, D’Agostino–
Pearson, Shapiro–Wilk, and Kolmogorov–Smirnov tests. One-sample t-test and Wilcoxon
Signed Rank Test were used to test if the observed changes differed significantly from 0.

3. Results
3.1. Environmental Changes

The simulated temperature regimes (IPCC A2 and IPCC A2 + 50% scenarios) differed,
as expected, from the ambient temperature during the study period (Figure 2).

Mean water temperature did not differ significantly between the N0 and N+ sampling
seasons (Figure 2; Table S2), implying that the observed differences in phytoplankton
composition between the two treatment regimes can be attributed to the experimental
conditions and not natural year-to-year variations in temperature.

Variations of the main environmental variables, including total nitrogen (TN), inor-
ganic forms of nitrogen (NO2 + NO3 and NH4), total phosphorus (TP), and phosphates
(PO4), in the N0 and N+ treatments are displayed in Figures 3 and S1.
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Figure 2. Water temperature measurements in the individual tanks. (A) Water temperature in the
ambient temperature (AMB), IPCC A2, and IPCC A2 + 50% tanks from mid-June to September during
the N0 and N+ treatments. (B) Mean water temperature for the mid-June–September period in AMB,
IPCC A2 and IPCC A2 + 50% during the N0 and N+ treatments. Bars indicate SD of the mean.

Overall, large variability in nutrient concentrations among the individual replicate
tanks was observed (Figure 3). Thus, TN and PO4 concentrations differed between the
temperature treatments. TN was relatively higher in AMB than in IPCC A2 + 50%, whereas
PO4 was the highest in IPCC A2 + 50% (Figure 3A,C). However, no clear effect of N
treatment on TN was observed; TN varied between 0–4.3 mg/L and 0.1–5.4 mg/L during
the N0 and N+ treatments, respectively. By contrast, NO2 + NO3 tended to increase in all
temperature treatments after N addition resuming and was significantly higher in AMB
and IPCC A2 than in IPCC A2 + 50%. NH4, TP, and PO4 concentrations did not respond
significantly to the N treatment.
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Figure 3. Variations in nutrients from mid-June to September during the N0 and N+ periods: (A) TN;
(B) TP; (C) PO4; (D) NH4; (E) NO2 + NO3. Bars—SD of the mean.
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3.2. Total Phytoplankton Biomass and Composition

The phytoplankton community was composed of taxonomic groups belonging to
Cyanophyta, Chlorophyta, Cryptophyta, Miozoa, Bacillariophyta, and Euglenozoa phyla
(Table S3; Figure 4).

Figure 4. FlowCAM image library showing the different phytoplankton groups (10× objective).

Sixteen major morphologically distinct groups were classified using a FlowCAM
imaging flow cytometer (Table S3).

Total phytoplankton biomass varied significantly among the individual tanks. Gener-
ally, the lowest total phytoplankton biomass was found in the A tanks (A1, A2, A3) and in
the tanks with the highest temperature (IPCC A2 + 50%). A1–A3 tanks had an extremely
low cell biomass throughout the experiment and occasional maximum peak values were
associated with the development of cyanobacteria (A1 = 290 mg/L) and chlorophytes
(A2 = 79 mg/L) (Figure 5A,B).

The community biomass of IPCC A2 + 50% was mainly composed of cryptophytes
and chlorophytes. Cryptophytes dominated the total biomass in the N0 treatment and
had several blooms; however, when the N supply was resumed a shift in dominance to
chlorophytes occurred (Figure 5).

Except for A1–A2 tanks, AMB and IPCC A2 temperature tanks had relatively higher
phytoplankton biomasses, reaching 17× 105 mg/L of total biomass during blooming events
in some of the tanks (Figure 5). Although there was no uniform response of total biomass
to the N treatment in AMB and IPCC A2, common trends in phytoplankton composition
occurred. During the N0 treatment cyanobacteria dominated the summer community in
most of the AMB and IPCC A2 tanks, whereas the following summer when N supply
was resumed the contribution of chlorophytes to the total biomass increased significantly,
except for the G1 tank (Figure 5). Cyanobacteria biomass mostly consisted of filamentous
and potential N-fixing Cuspidothrix spp., Pseudanabaena spp., and non-N-fixing colony-
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forming Microcystis spp. (Figure S2). As expected, N-fixing filamentous cyanobacteria,
including Cuspidothrix sp., had several major outbreaks in summer and autumn during the
N0 treatment in D1 and D2. While the biomass of filamentous cyanobacteria decreased
significantly in the N+ period, Microcystis spp. did not show a uniform response to resumed
N addition in terms of biomass. Despite the fact Microcystis spp. still dominated total
community biomass in several tanks (D2, G1, G2) after the N supply was resumed, the
magnitude of the biomass outbreaks decreased. In the N+ treatment, the proportion of
chlorophytes, mainly Micractinium spp. and Pediastrum spp. (Figure S2), of total community
biomass increased. Blooming events of Micractinium spp. developed towards the end of
summer in most of the tanks.

Figure 5. Cont.
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Figure 5. Total phytoplankton biomass and the relative contribution of the different phytoplankton
groups to total biomass in the individual tanks at the start, in the middle and at the end of the N0
treatment and in the middle and at the end of the N+ treatment. (A) A1–A3, and D1–D3 individual
tanks; (B) F1–F3, and G1–G3 individual tanks. Empty bars indicate samples with no cell biomass.

3.3. Changes in Phytoplankton Community Structure

According to the ANOSIM analysis of similarities, there were significant differences
in the entire phytoplankton community between the N0 and N+ treatments (R = 0.069,
p < 0.001). The phytoplankton community of IPCC A2 + 50% differed significantly different
from that of AMB (R = 0.412, p < 0.001) and A2 (R = 0.293, p < 0.001), while there was no
significant difference between AMB and IPCC A2 (R = −0.002, p = 0.45). The observed
dissimilarities are graphically illustrated in Figure 6 (below) using estimated bootstrap
averages based on Bray–Curtis similarity matrix in mMDS space.
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Figure 6. Bootstrap regions for phytoplankton community averages plotted in an mMDS plot
with 150 bootstraps per group and 95% coverage. (A) Nitrogen treatment factor; (B) Temperature
treatment factor.

ANOSIM analysis of the individual tanks showed significant differences between the
N0 and N+ treatments for majority of tanks (A1: R = 0.068, p < 0.17; A2: R = 0.109, p < 0.11;
A3: 0.168, p < 0.03; D1: R = 0.836, p < 0.001; D2: R = −0.003, p < 0.43; D3: R = −0.086,
p < 0.92; F1: R = 0.58, p < 0.002; F2: R = 0.272, p < 0.004; F3: R = 0.177, p < 0.03; G1:
R = −0.005, p < 0.4; G2: R = 0.248, p < 0.012; G3: R = 0.285, p < 0.003). No significant
differences were found between the treatments attributed to A tanks and all IPCC + 50%
tanks, which can be explained by low cell biomass in those tanks. Additionally, there
is some variability among the replicate tanks differing in the extent of the community
dissimilarity between the treatments. Dissimilarities based on bootstrap regions for the
phytoplankton communities from each tank are displayed in Figure 7.

Figure 7. Cont.

15



Microorganisms 2022, 10, 1322

Figure 7. Bootstrap regions for phytoplankton community averages for tanks A1–A3, D1–D3, F1–F3,
and G1–G3 plotted in an mMDS plot with 150 bootstraps per group and 95% coverage.

PERMANOVA analysis confirmed the significant effect of singular factors, such as
N variation (PERMANOVA, pseudo-F = 6.02, p < 0.003) and temperature (PERMANOVA
pseudo-F = 4.2, p < 0.05), on the phytoplankton taxonomic structure, but also revealed a signif-
icant interaction effect of N and temperature variation (PERMANOVA, pseudo-F = 4, p < 0.05).
Moreover, significant variation in phytoplankton structure was found among the N (PER-
MDISP, F = 7.6, p < 0.0001) and the temperature (PERMDISP, F = 6.7, p < 0.0001) treatments.

Analysis of similarity percentages, SIMPER, was performed to identify the phyto-
plankton groups creating dissimilarity among the treatments. Overall, biomass changes
in cyanobacteria, chlorophytes, and cryptophytes contributed mostly to the differences
observed between the N treatments and the temperature regimes (Table S4). However, the
exact contribution percentage to the dissimilarity varied among the tanks. Thus, cyanobac-
teria biomass decreased during the N+ treatment compared to N0 treatment, whereas
the biomass of chlorophytes increased after N addition was resumed. In IPCC A2 + 50%,
cryptophytes were added to the groups accounting for the dissimilarity between treatments;
they were almost exclusively found in the tanks with the highest temperature. The differ-
ences in community composition between the temperature treatments were also caused by
the biomass variations of cyanobacteria and chlorophytes (Table S4).

3.4. Changes in Phytoplankton Size Distribution

Single-cell measurements of area-based diameter (ABD) were used to obtain size
frequency distributions for the AMB, IPCC A2, and IPCC A2 + 50% temperature treatments
to evaluate changes in phytoplankton community size in response to N addition (Figure 8).

The size medians in AMB and IPCC A2 were similar and showed a decrease from
37 to 26 µm in AMB and from 37 to 28 µm in IPCC A2 in response to the N addition
(Figure 8). In contrast, the size median in IPCC A2 + 50% tanks from 22 to 31 µm during
the N+ treatment (Figure 8). The same pattern was observed for other descriptive statistics
indicators, including ABD diameter mean, and 25% and 75% percentiles.

3.5. Changes in Phytoplankton Diversity

Changes in phytoplankton diversity among the treatments were assessed as a total of
Pielou’s evenness (J′), Shannon–Wiener diversity index (H′), and Simpson diversity index
(1-Lambda (D)) (Figure 9).

In the N0 treatment, the highest diversity was observed in IPCC A2 + 50% (Figure 9)
compared to AMB and IPCC A2. Whereas the J′ index value associated with community
evenness did not change in the IPCC A2 + 50% treatment, the H′ and 1-D indices decreased
almost twice as much when N addition was resumed (Figure 9). Similarly, phytoplankton
diversity tended to decline in IPCC A2, while AMB demonstrated a slight diversity increase
in the N+ treatment (Figure 9). The highest diversity based on H′ and 1-D indices was
observed in AMB in the N+ treatment (Figure 9).
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Figure 8. Phytoplankton (cell and colony) size distributions in AMB, IPCC A2, and IPCC A2 + 50%
in the N0 and N+ treatments based on the average distributions of area-based diameter (ABD) in the
individual tanks for the period mid-June–September. Each bin contains the number of size values in
certain range of values. The bin width equals 10. Bars—SD of the mean.
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index (H′), and Simpson diversity index (1-Lambda (D)) in AMB, A2, and A2 + 50% in the N0 and
+N treatments.
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3.6. RDA of Phytoplankton Community and Environmental Factors

We performed an RDA analysis to evaluate the relative contribution of different
environmental factors to the phytoplankton community variation. Overall, the available
environmental variables explained 48.3% and 40.0% of the phytoplankton biomass variation
in the RDA performed for phytoplankton classes and groups, respectively (Figure 10).

Figure 10. RDA plots for phytoplankton biomass for the whole study period. (A) phytoplank-
ton presented as classes; (B) phytoplankton presented as groups. Blue arrows—environmental
parameters; black arrows—phytoplankton taxa: MicracSpp—Micractinium spp., PennDiat—pennate
diatoms, PediaSpp—Pediastrum spp., MicrSpp—Microcystis spp., ScendSpp—Scenedesmus spp.,
FilmCyan—filamentous cyanobacteria, ColnCyan—colonial cyanobacteria, UncGreAl—unicellular
green algae, Cryptomn—cryptomonads. Only significant environmental factors (p < 0.05) are dis-
played. Graphical relationships between different parameters reflect the contribution percentage of
each parameter accounting for simple effects, which vary from the percentage contribution based on
the conditional effects, used for results interpretations.

In both cases, turbidity contributed most to the total community variation (28.5%,
p < 0.004 and 19.6%, p < 0.004, respectively), followed by Chl a, conductivity, TN con-
centration, and NO2 + NO3 concentration, each of which contributed less than 7.4%
(Figure 10A,B). Additionally, TP (1.2%, p < 0.04) and PO4 (1.4%, p < 0.02) concentrations
contributed significantly to the variation among the phytoplankton groups (Figure 10B).

Several significant correlations appeared between the biotic data and environmental
variables. Turbidity correlated positively with the biomass of both Microcystis spp. and, to a
lesser extent, filamentous cyanobacteria. Similarly, the biomass of cyanobacteria, including
Microcystis spp. and filamentous cyanobacteria, was associated with high TN (Figure 10A,
B) (R2 ≥ 0.9, p < 0.01). There was a negative relationship between NO2 + NO3 and the
biomass of Microcystis spp., whereas the opposite pattern was observed for Micractinium
spp. However, the strength of these relationships was weak (R2 ≤ 0.18, p < 0.01). Both
Microcystis spp. and Micractinium spp. correlated positively with TP (R2 = 0.39 and 0.18,
respectively, p < 0.01), while there was a strong negative relationship between Microcystis
spp. and PO4 (R = −0.66, R2 = 0.43, p < 0.01) and, to a lesser extent, between Micractinium
spp., filamentous cyanobacteria, and PO4 (R2 ≤ 0.07, p < 0.01).
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4. Discussion

Temperature-related shifts in algal communities have already been demonstrated in a
number of natural phytoplankton community studies [23,45,46]. Classically, the increasing
dominance of large-size phytoplankton species is highly dependent on the higher input of
new nutrients. In the last decade, IFC has been used to assess the composition, abundance,
size, and biovolume of phytoplankton and zooplankton in mesocosm experiments [47–52].
The IFC-based analysis allowed us to record frequently phytoplankton population dynam-
ics based on biomass and cell size of thousands of cells in 16 phytoplankton groups in
response to N and temperature variation. However, to our knowledge, no studies have
explored the dynamics of phytoplankton communities of shallow lake systems in response
to the combined treatment of N and temperature variation using IFC technology. We believe
that this work may contribute to understanding climate change and nutrient pollution
effects on shallow freshwater ecosystems.

4.1. Phytoplankton Cell Size

Phytoplankton cell size is an essential physiological parameter influencing food web
structure, the efficiency of energy transfer, and the flux of carbon in aquatic ecosystems
(ref. [53]). It was reported before that phytoplankton cell size decreases with warming ([54,55]),
whereas increased nutrient availability is predicted to promote bigger cell sizes [56] and
greater size diversity.

In the LMWE experiment, we observed a decrease in phytoplankton size in AMB and
IPCC A2 after resuming the N addition. The reduced cell size may reflect the shift in domi-
nance from Microcystis colonies to Micractinium single cells and colonies, with Micractinium
being smaller in size. Generally, the average cell size in the highest temperature tanks was
smaller than in AMB and IPCC A2, and there was a significant difference between AMB and
IPCC A2 + 50% in the N0 period. In contrast, the average cell/colony size increased in the
tanks with the highest temperature regimes when the N supply was resumed. Assuming
that a relatively smaller size is the survival strategy adopted by phytoplankton populations
under high-temperature stress and nutrient deficiency [57], the availability of N favored
the greater size diversity. However, as in the other temperature treatments, the shift in size
distribution may be attributed to the replacement of cryptomonads by relatively larger
colonies of Micractinium spp. rather than size changes within the phytoplankton classes.

4.2. Phytoplankton Community Composition and Biomass Shifting

We applied IFC to assess phytoplankton composition and diversity, biomass, and
size of planktonic cells. Recorded images were classified into 16 distinct groups based on
morphological features (Table S3) with accuracy comparable to the measurements obtained
by traditional microscopy [27,32,58]. However, due to the estimation algorithm using
the area based on the two-dimensional images, instead of true three-dimensional shapes,
biovolumes obtained by IFC tend to be misestimated [58]. The alternative is to use linear
dimensions derived from taxonomic information on a particular cell to apply a shape-
specific biovolume estimation in microscopy [42,58,59]. Yet, in the case of complicated
shapes such as those of Desmodesmus spp. and/or unidentified species, FlowCAM-derived
ABD volumes with the appropriate thresholding of the dark and light pixels of the images
were applied.

Different temperature regimes led to shifts in phytoplankton community composition
and biomass. The lowest biomass was found at ca. 4.5 ◦C above the ambient temperature
and all A tanks. The latter observation can be explained by the presence of macrophytes in
those tanks compared with the other introduced by chance. Phytoplankton community
composition at ca. 4.5 ◦C above the ambient temperature was different from the community
at ambient temperature and ca. +3 ◦C temperature. Phytoplankton community compo-
sition in ambient and ca. +3 ◦C temperature did not differ significantly and responded
similarly to the variation in N. Mesocosms at both temperature regimes were dominated by
cyanobacteria and green algae, whereas mesocosms with the highest temperature regime
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were mostly dominated by cryptomonads and green algae. The phytoplankton compo-
sition and dynamics in the high-nutrient tanks resembles those in the natural eutrophic
lakes [60–62]. Bloom-forming Microcystis spp. and Micractinium spp. were the most abun-
dant representatives of Cyanobacteria and Chlorophyta, respectively. The resuming of
the N supply in P-enriched mesocosms led to a significant increase in the proportion of
green algae, including the genus Micractinium spp., and a decrease in the proportion of
cyanobacteria in AMB and IPCC A2 temperature regimes.

A shift towards dominance by green algae of the phytoplankton community with
increasing N has been reported in mesocosm studies simulating shallow lakes [63] and
natural field samples in shallow lakes at high N loading [17,64–66]. Despite the well-
recognized harm of cyanobacteria blooms to the aquatic ecosystem, the blooming of other
phytoplankton groups may also have serious implications for the ecosystem’s biodiversity
and functioning [67,68]. In their recent paper, Amorim and do Nascimento Moura [68]
showed that both one-type and mixed (Cyanobacteria and other algal taxa) blooms could
impact water quality, biodiversity, trophic dynamics, and ecosystem functioning. Our
results demonstrate that variation in the amount of N in P-enriched systems may shift
the dominance between the bloom-forming cyanobacteria and cyanobacteria/green algae.
Because of the expected intensification of algal blooms in the future years due to climate
change [69], management efforts should be concentrated on the mixed-type blooms as well.

We found a positive correlation between cyanobacteria and TN amount, despite the
observed prevalence of cyanobacteria in N-limited conditions, likely reflecting overall
low inorganic N concentration, with most of the N being stored in the phytoplankton.
Moreover, the relationships between TP, PO4, and Microcystis spp. showed opposite
patterns. Microcystis spp. correlated positively with TP and negatively with PO4. Different
relationships between TP, PO4, and cyanobacteria have been shown previously (e.g., [70]),
resulting from the fact that TP includes internal stores of phosphorus in phytoplankton,
while PO4 represents soluble reactive phosphorus, which is affected by many processes
including sediment–water interactions [71].

4.3. Phytoplankton Diversity

The contrasting patterns observed for the different temperature regimes imply an
interaction effect of temperature and N availability on phytoplankton diversity. Phyto-
plankton diversity tended (though not significantly so) to increase in AMB and decrease
in IPCC A2 and IPCC A2 + 50% after resuming the N supply. The combination of high
temperature and high N led to the lowest diversity compared with the N0 conditions,
where the highest diversity was observed in the IPCC A2 + 50% tanks (Figure 9). Studies
of the effect of temperature on diversity have yielded contrasting results. In a mesocosm
experiment, Yvon-Durocher and colleagues [72] observed a 67% increase in phytoplankton
species richness and evenness in response to 4 ◦C warming. A field study also found
increases in phytoplankton diversity with warming; however, in this case, it was possibly
attributable to increased nutrient concentrations [73]. Other studies revealed a reduction in
phytoplankton diversity with warming [74,75]. However, it was also shown that the effect
of warming on biodiversity might vary with the nutrient levels [23,73,76], as in our study.
Based on results, it is evident that temperature increase accompanied by increased nutrient
pollution will negatively impact phytoplankton diversity.

5. Conclusions

In conclusion, we were able to capture the response of phytoplankton communities to
N availability under contrasting temperature conditions using IFC. Our findings showed
that N variation in P-enriched environments profoundly affects the composition, biomass,
size distribution, and diversity of phytoplankton communities. Moreover, the net impact
of N loading on the phytoplankton community depended on the temperature conditions.
Based on the temperature regime, the phytoplankton community had a differential response
to N variation in species composition, cell size, and diversity, changing the dominance
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between the bloom-forming cyanobacteria and cyanobacteria/green algae. The average
cell size in the highest temperature tanks was smaller but increased in the tanks with the
highest temperature regimes when the N supply was resumed. Therefore, although it
adds to the complexity, it is important to consider the interaction of nutrient level with
temperature when assessing the impact of nutrient loading on freshwater ecosystems in
the context of climate change. Our results demonstrate that the IFC-based approach can
be a valuable tool in capturing the dynamics of structural and morphological changes in
phytoplankton communities.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms10071322/s1, Table S1: Shapes and formulae used
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N0 and N+ periods during June–October and correlation results between the two datasets obtained
using Kendall’s Tau test; Table S3: Phytoplankton composition in the high-nutrient tanks captured by
FlowCAM imaging flow cytometer and microscopy; Table S4: SIMPER analysis results for different
temperature tanks; Figure S1: Concentrations of the main nutrients (TN, NH4, NO2+NO3, TP, PO4)
in the tanks exposed to different temperature treatments (AMB, IPCC A2, IPCC A2+50%); Figure S2:
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Abstract: The interactions established between marine microbes, namely phytoplankton–bacteria,
are key to the balance of organic matter export to depth and recycling in the surface ocean.
Still, their role in the response of phytoplankton to rising CO2 concentrations is poorly under-
stood. Here, we show that the response of the cosmopolitan Emiliania huxleyi (E. huxleyi) to increasing
CO2 is affected by the coexistence with bacteria. Specifically, decreased growth rate of E. huxleyi at
enhanced CO2 concentrations was amplified in the bloom phase (potentially also related to nutrient
concentrations) and with the coexistence with Idiomarina abyssalis (I. abyssalis) and Brachybacterium sp.
In addition, enhanced CO2 concentrations also affected E. huxleyi’s cellular content estimates, increas-
ing organic and decreasing inorganic carbon, in the presence of I. abyssalis, but not Brachybacterium sp.
At the same time, the bacterial isolates only survived in coexistence with E. huxleyi, but exclusively
I. abyssalis at present CO2 concentrations. Bacterial species or group-specific responses to the projected
CO2 rise, together with the concomitant effect on E. huxleyi, might impact the balance between the
microbial loop and the export of organic matter, with consequences for atmospheric carbon dioxide.

Keywords: Emiliania huxleyi; CO2; coccolithophores; Idiomarina abyssalis; Brachybacterium sp.; phytoplankton–
bacteria interactions; changing ocean; functional profiling of marine bacteria

1. Introduction

Earth’s climate and biosphere are strongly interlinked. The interactions established
in the upper ocean between eukaryotic phytoplankton, bacteria and viruses play an im-
portant role in the pelagic energy flow and nutrient cycling [1,2] with consequences for
biogeochemical cycles and feedback to climate.

The interactions established between marine phytoplankton and bacteria vary in
complexity, from simply sharing the same environment, competing for the same resources
and tightly relying on each other (mutualism) to living from the other in a host–parasite
relationship. Phytoplankton growth and production rates affect organic matter character-
istics, influencing bacteria community composition, abundance and production rates [3].
In parallel, bacteria community composition affects production rates and potentially func-
tional redundancy and plasticity to changing environmental conditions [4]. As a result,
relative abundances of some bacteria families correlate with phytoplankton biomass in-
dicators during bloom events, while others remain unaltered [3]. CO2 concentrations are
projected to reach about 700 µatm by the year 2100 according to the ‘intermediate scenario,
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RCP 6.0’ [5], with a concomitant decrease in seawater pH. This has been seen to affect the
important players of marine elemental cycling, phytoplankton and bacteria, differently.
In spite of the urgency of increasing knowledge on how these planktonic communities re-
spond to global change, little is known about specific phytoplankton–bacteria interactions.

Coccolithophores, and particularly the cosmopolitan Emiliania huxleyi (E. huxleyi),
have been shown to be sensitive to increasing CO2 concentrations (e.g., see review by [6,7]).
How their response is affected by interactions with bacteria is poorly understood.
Moreover, the response of the heterotrophic bacteria to increasing CO2 concentrations is
also not well-known (e.g., [8]). Organic matter degradation can be significantly affected by
changes in seawater pH due to changes in the efficiency of hydrolytic enzymes [9]. However,
ocean acidification experiments often consider bacteria within entire planktonic communities
in mesocosms (e.g., [10]) or shipboard incubations [11], complicating the disentanglement of
specific bacterial responses and interactions. Relatively recent studies addressed bacteria asso-
ciated with phytoplankton cultures, demonstrating the establishment of a core microbiome [12]
in which the Roseobacter clade is often well represented [13] and that the interactions vary
with environmental conditions, time and partner species. Examples of this are the known fre-
quent associations of Marinobacter and Marivita [14], the studied symbiotic/commensal
relationships [13,15] and the E. huxleyi relationships with the symbiotic and pathogenic
α-proteobacteria Phaeobacter inhibens and Phaeobacter gallaeciensis (Roseobacter clade) (references
in [16]). However, there is still scarce information about single bacterial isolates or groups and
virtually none considering the bacteria-specific phytoplankton interactions under increasing
CO2 concentrations.

This study aims to address the role of interactions established between a coccol-
ithophore and two bacteria with unknown responses to increasing CO2 concentrations.
For this, we focused on E. huxleyi and two bacteria strains previously isolated from offshore
Terceira island: (1) the γ-proteobacteria Idiomarina abyssalis (I. abyssalis), found in association
with phytoplankton and sinking particles and with higher average relative abundance in
the epipelagic [17]; and (2) the Actinobacterium Brachybacterium sp., potentially associated
with planktonic communities and in the wake of sinking particles [18]. It is known that
E. huxleyi produces higher concentrations of carbohydrates under stressful conditions,
such as enhanced CO2 concentrations [19]. This could lead to an increase in the relative
number of heterotrophic bacteria in the proximities of the phytoplankton cells. Still, it re-
mains unclear how these interactions could be differently affected and affect increasing
CO2 concentrations. Here, we hypothesised that: (1) the response of E. huxleyi to increasing
CO2 concentrations is affected by coexisting bacteria; (2) the response of the chosen bacteria
to increasing CO2 concentrations is affected by coexisting E. huxleyi; (3) the response of
E. huxleyi to increasing CO2 concentrations is bacteria species-specific.

2. Methods
2.1. Experimental Setup

Monospecific cultures of the cosmopolitan coccolithophore E. huxleyi (371, CCMP, axenic)
were grown semi-continuously until the experiment for a minimum of 10 generations,
under two CO2 concentrations (average pCO2: ~475 and 1056 µatm, pHtotal scale of ~7.99
and 7.69, respectively; Tables S1 and S2). Cultures previous to and during the experiment
were grown in 0.1 µm sterile filtered North Atlantic seawater (salinity of 36) enriched with
phosphate and nitrate, reaching 4.7 µmol L−1 and 83 µmol L−1, respectively (Table S3),
and with trace metals and vitamins following f/8 [20], at 20 ◦C, a photon flux density of
185 (+/− 10) µmol m−2 s−1 (supplied from OSRAM L 18W/840, Lumilux, coolwhite) and
a 14/10 h light/dark cycle. The absence of bacteria in the E. huxleyi cultures, as well as
contamination in the cultures with bacteria, was confirmed every ~4 days in the pre-cultures
and during the experiments by means of microscopy and agar plating. Considering that
Brachybacterium sp. forms yellow colonies and I. abyssalis transparent, it was easier to check
agar plates for contamination throughout the experiment and in all treatments.
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The two bacteria (Idiomarina abyssalis PhyBa_CO2_1 and Brachybacterium sp. PhyBa_CO2_2),
chosen from our culture collection, were originally isolated by direct plating in Marine
Agar (Difco, Le Pont de Claix, France). The isolates were analysed for their potential for
carbohydrate fermentation (Table S4) to assure functional diversity and then selected for
the experiment. Specifically, I. abyssalis was isolated in April 2018 from an E. huxleyi strain
isolated from surface water off Biscoitos (Terceira island, 38◦80′05” N, 27◦25′93” W) and
belongs to the Proteobacteria phylum. Related strains were Idiomarina abyssalis strain KMM
227 and Idiomarina loihiensis strain L2TR (100% and 99% 16S rRNA sequence similarity,
respectively). Brachybacterium sp. was isolated in May 2019 from surface samples off the
coast of Terceira (38◦38′00” N 27◦09′00” W) and belongs to the Actinobacteria phylum.
Its most closely related strains identified with 16S were Brachybacterium paraconglomera-
tum strain LMG 19861 and Brachybacterium conglomeratum strain J 1015 (both with 100%
16S rRNA sequence similarity). However, based on Average Nucleotide Identity (ANI)
information, the description of a new species is being prepared.

The isolates were kept at −20 ◦C in 30% (v/v) glycerol and revitalised in Marine
Broth prior to the experiments at 20 ◦C under the same light conditions as E. huxleyi.
Bacteria cultures were reactivated in Marine Broth for ~12 generations (division cycles)
before the start of the experiment. On the day of the experiment, bacteria strains were
centrifuged for 10 min at 14,000 rcf, washed twice with sterile seawater and resuspended
with the corresponding medium (present and future) to a concentration of approximately
107 colony-forming units (CFU) mL−1 (determined with the Track-Dilution method) and left in
the incubation chamber overnight at 20 ◦C, a photon flux density of 185 (+/− 10) µmol m−2 s−1

(supplied from OSRAM L 18W/840, Lumilux, coolwhite) and a 14/10 h light/dark cycle.
The culture media were always acclimated to the temperature of the experiment before
inoculation of the bacteria and E. huxleyi.

At the start of the experiment, the axenic E. huxleyi was inoculated first (final concen-
tration 2300 to 5600 cells mL−1), followed by the intended bacteria (final concentration
I. abyssalis ~2 × 105 CFU ml−1 and Brachybacterium sp. ~9 × 104 CFU mL−1). During the
exponential phase, E. huxleyi cell abundances ranged from ~2 and 6 × 104 cell mL−1 and
I. abyssalis and Brachybacterium sp. were ~1 × 105 CFU mL−1. The low cell concentrations
minimised changes in seawater carbonate chemistry (average DIC drawdown of 2.6%).
All cultures were manually vertically rotated (15 times, gently) one hour after the beginning
of the light phase to avoid aggregation, sedimentation and self-shading. Sampling occurred
at the beginning and after 4 and 13/14 days of incubation. At the end of the experiment
(bloom, day 13/14), E. huxleyi reached a maximum of ~1 × 105 cell mL−1 while I. abyssalis
reached ~7 × 106 CFU mL−1 and Brachybacterium sp. ~3 × 102 (present CO2) and ~9 × 106

(high CO2) CFU mL−1.

2.2. Carbonate System

Total alkalinity was measured with an open cell potentiometric titration following
Dickson et al. [21], using a Metrohm Titrino Plus 848 equipped with an 869 Compact
Sample Changer and corrected with certified reference material supplied by A. Dickson
(batch 128). The pHt was determined via two methods: (1) through a glass electrode (WTW,
pH 340i), which was calibrated with a TRIS seawater buffer, supplied by A. Dickson and;
(2) colorimetrically by adding known amounts of m-cresol purple [22,23].

The carbonate system was manipulated by the addition of specific amounts of NaHCO3
and HCl in a closed system following [24]. All carbonate chemistry parameters were calcu-
lated from measured salinity, temperature, phosphate concentrations and pH and TA using
CO2sys [25], with the equilibrium constants determined by Mehrbach et al. [26] as refitted
by Dickson and Millero [27] (Tables S1 and S2).

2.3. Nutrients

Samples were taken for the determination of dissolved inorganic nutrients at the
beginning and the exponential phase. They were filtered through a polyethersulfone

29



Microorganisms 2022, 10, 2461

(PES) 0.2 µm syringe filter and stored at −20 ◦C until analysis. Concentrations of nitrate
and phosphate were measured following Hansen and Koroleff [28], using a Varian Cary
50 spectrophotometer.

2.4. Cell Numbers and Growth Rates

E. huxleyi abundances were determined with an inverted microscope (Nikon Eclipse
TS 100) at 200×magnification from samples fixed with buffered Lugol (2% final concentrations)
shortly after sample collection and counting on average ~1102 cells per sample +/− 88 SE.
Bacteria were quantified after 48 h by counting viable colony counts (colony forming
units, CFU) from agar plates after dilution steps, as well as total numbers of cells through
flow cytometry on day 4 (exponential). More specifically, on day 4, it was important
to complement the counts of viable cells (CFU) that grow and are responsible for bac-
terial rates with total bacteria (flow cytometry), essential to calculating cellular quotas.
Hence, for the cellular quota data, flow cytometry was chosen. This strengthens the quality
of the data and, therefore, assures comparison with previous works. Flow cytometry
was conducted on frozen, glutaraldehyde (0.6% final concentration) preserved samples.
The suspensions were stained with Syto BC in DMSO (Invitrogen) and incubated in the
dark for 5 min at room temperature, beads were added at known concentration and reading
duration was controlled to optimise the measurements. Samples were analysed with a
FACSCalibur on the following gain settings: FL1 = 650; FL2 = 650; FL3 = 650; SS = 450
(event rate always below 1000 events per second).

Cell division rate (µ) was calculated as:

µ = (ln Ce − ln Ci)/∆t (1)

where Ce and Ci refer to end and initial numbers of cells, respectively, and ∆t to the
duration of the incubation period in days.

2.5. Particulate Organic Matter and Cellular Element Quotas

Samples for cellular particulate total carbon (TPC), organic carbon (POC) and nitrogen
(PON) were gently filtered (200 mbar) through pre-combusted GF/F filters (6 h, 450 ◦C) and
stored at −20 ◦C until analysis. TPC and PON samples were directly dried (4 h, 60 ◦C) while
POC filters were firstly exposed to an acidified environment inside an exicator with 1 cm
HCl (35%) for 2 h and then dried (4 h, 60 ◦C). All filters were then packed in tin boats and
analysed in a gas chromatograph (EURO EA Elemental Analyser, EUROVECTOR equipped
with a thermal conductivity detector and an element analyser) following Sharp [29].
Particulate inorganic carbon (PIC) was calculated by subtracting POC from TPC.
Samples were taken during the exponential phase (fourth day of incubation) to allow
comparison with previous studies.

In monocultures, cellular quotas for each species were calculated for day 4 (exponential)
from POC, PON and PIC and the respective cell numbers of E. huxleyi, Bacteriastrum sp.
and I. abyssalis. In the co-cultures, cellular POC, PON and PIC quota of each species was
estimated by assuming no change as opposed to the mono-cultures in two ways:

E. huxleyiquotas = (C/Ntotal − ((Ab × Qb))/AEhuxleyi (2)

Bacteriaquotas = (C/Ntotal − ((AEhux × QEhux))/Ab (3)

where C/Ntotal corresponds to the total particulate matter in the filter (µg L−1) carbon
(C) or nitrogen (N), from which the portion of the other organism in the co-culture is
subtracted. This was achieved by multiplying their A (abundance) in the co-culture with the
cellular quotas (Q) determined for the monoclonal cultures of the same CO2 concentration.
The result was then divided by the abundance (A) using microscopy for E. huxleyi/flow
cytometry in the bacteria) of the species intended to be estimated. These calculations
assumed that the cell quota of one of the two organisms is not affected by co-existence.
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Comparing the unaffected with the potentially affected quota provides the full range of
the potential response. It is worth noting that measured POC and PON can also include
exudates such as transparent exopolymer particles (TEPs). The percentage (estimated from
AEhux × QEhux) of particulate organic matter corresponding to E. huxleyi in the co-cultures
was ~80% in all conditions, except in coexistence with I. abyssalis under enhanced CO2
concentrations (~90%). Therefore, changes in bacteria quotas would have less impact on
E. huxleyi than the inverse (Table S5).

Finally, bacterial cellular quotas of the mono-cultures were always calculated from
untreated TPC filters since they do not have relevant particulate inorganic carbon. In the
co-cultures, bacteria cellular quotas were determined from E. huxleyi total and organic
carbon quotas.

2.6. Coccolith Morphology

Samples collected for scanning electron microscopy (SEM) were filtered through 0.45 µm
nitrate cellulose membranes and dried in an exsiccator. Filters were glued to supports,
coated with charcoal and processed with SEM. Resulting images were then analysed with
image J. All photographs were taken at the same magnification and the measured lengths
and widths were calibrated using the scale bar present in all pictures. An average of ~130
(with the exception of E + AU under high CO2 concentrations where only 6 coccoliths were
measured) coccoliths were manually measured per condition, namely distal shield length
(DSL) and width (DSW), and central area length (CAL) and width (CAW). From these
measurements, the corresponding areas (distal shield area, DSA, and central area area, CAA)
were calculated assuming an elliptical shape for the coccolith (e.g., [30]) as:

DSA/CAA = π × ((length × width)/4) (4)

2.7. Extracellular Enzyme Activity

Extracellular enzyme activity was determined in triplicate in 96-well black plates for
each bottle by means of 4-methyl-coumarinyl-7-amide (MCA) and 4-methylumelliferone
(MUF) fluorogenic analogues using a high throughput plate reader approach
(following [31,32]). The activities of protease, β-glucosidase, α-glucosidase, phosphatase, lipase
and chitinase were measured using L-leucine-7-amino-4-methylcoumarin, 4-methylumbelliferyl
β-D-glucopyranoside, 4-methylumbelliferyl α-D-glucopyranoside, 4-methylumbelliferyl phos-
phate, 4-methylumbelliferyl 4-oleate and 4-methylumbelliferyl N-acetyl-β-D-glucosaminide,
respectively. Substrates were added to the samples at a 39 µM final concentration.
Samples were taken at time 0 and after 3h of incubation under the experimental conditions
(20 ◦C and 185 µmol m−2 s−1) and with minimum headspace by using a transparent,
plastic, tight cover. After the incubation sample, fluorescence was measured at 365/460 nm
(excitation/emission) for MUF and 380/440 nm (excitation/emission) for MCA with Flu-
ostar Omega directly or after the addition of a ‘STOP’ buffer for the β- and α-glucosidase.
Both final concentration and incubation duration were previously determined.

2.8. Utilisation of Carbohydrates

Fermentation of carbohydrates of the two bacterial isolates was determined using a
colorimetric method prior to the experiment. Bacterial cells were suspended in culture
medium to turbidity of 2 McFarland into a suspension medium with bromocresol purple as
pH indicator. Thereafter, 100 µL of each sugar (Glucose, Frutose, Maltose, Trehalose, Ribose,
Xylose, Dextrin, Starch, Lactose, Galactose, Arabinose, Rhamnose, Sucrose, Raffinose,
Mannitol, Sorbitol and Inulin) was added at a concentration of 1% (w/v) to 400 µL of
bacterial suspension. After incubation at 25 ◦C for 48 h, the color change was monitored.
Results were expressed as clear positive (++), positive (+) or negative (−) according to color
change (blue to yellow).
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2.9. Bacteria Identification and Genome Analyses
2.9.1. DNA Extraction and Sequencing

Idiomarina abyssalis PhyBa_CO2_1 and Brachybacterium sp. PhyBa_CO2_2 were culti-
vated in Marine Broth at 20 ◦C, in 2 consecutive cultures of 48 h each. After cultivation,
genomic DNA for identification (Tables S6 and S7, and Figures S1 and S2) and sequenc-
ing was extracted by means of a commercial bacterial DNA isolation kit (PureLinkTM
Microbiome, Carlsbad, CA, USA).

16S ribosomal RNA (rRNA) gene amplicons were generated with PCR using primers
27F (5′-AGAGTTTGGATCMTGGCTCAG-3′) and 1492R (5′-CGGTTACCTTGTTACGACTT-3′).
The PCR reaction mixture contained 10 µL 5X GoTaq reaction buffer (Promega), 1 µL dNTPs
(10 mM), 2.5 µL primer 27F (10 µM), 2.5 µL primer 1492R (10 µM), 0.5 µL GoTaq Polymerase
(5 U/µL) (Promega) and 1 µL of the extracted DNA. Nuclease-free water (Promega) was
added to reach a total reaction volume of 50 µL. The following conditions were used for the
bacterial 16S rRNA gene amplification: initial denaturation at 98 ◦C for 10 min followed by
35 cycles of denaturation at 98 ◦C for 20 s, annealing at 52 ◦C for 20 s, elongation at 72 ◦C
for 45 s and a final extension step at 72 ◦C for 5 min. PCR products were purified using the
Gene-JET PCR purification kit (Thermo Fisher Scientific, Waltham, MA, USA) and quantified
using a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
The purified PCR products were sent for Sanger sequencing with primers 27F and 1492R
(GATC Biotech, Cologne, Germany; now part of Eurofins Genomics Germany GmbH).
Trimming (99% good bases, quality value > 20, 25-base window) and contig assembly were
conducted with DNA Baser (version 3.5.4.2). Genome sequencing of strains was performed
using the in Illumina Novaseq platform (150 bp paired-end reads). The genomes were
sequenced at STAB VIDA (Lisbon, Portugal).

2.9.2. Genome Assembly and Quality Control

The quality of the reads was assessed with FASTQC 0.11.5 (Andrews S. FASTQC:
a quality control tool for high throughput sequence data; 2010; available online at:
http://www.bioinformatics.babraham.ac.uk/projects/fastqc, accessed on 27 November 2022).
Trimmomatic 0.38 was used to remove adapters and quality filtering with the parameters:
Leading: 8; Trailing: 8; Slidingwindow: 4:15; and Minlen: 100 [33]. Genome sequences
generated were de novo assembled with the SPAdes 3.15.2 [34]. The quality of the draft
assemblies was evaluated using QUAST 5.0.2 [35]. Completeness and contamination of
analysed genomes were estimated using CheckM 1.1.3 with the default set of marker
genes [36]. Only genomes that were at least 95% complete and had no more than 5%
contamination were used. Prediction of CDSs of the assembled genome was performed
with the RAST 2.0 server using the ‘classic RAST’ algorithm [37].

2.9.3. Phylogenetic and Phylogenomic Analyses

The phylogenetic analyses were conducted on sequences of the 16S rRNA genes of
both strains and representatives of closely related described strains were retrieved from
NCBI GenBank and included in the analysis. A phylogenetic tree was constructed using
the web server Phylogeny.fr (http://www.phylogeny.fr/, accessed on 27 November 2022):
sequences are aligned using Muscle, the alignment is curated using G-blocks and the phy-
logeny is established using PhyML-aLRT. Finally, the tree was drawn using TreeDyn [38].

For genome-wide assessments of phylogeny, we compute whole genome average nu-
cleotide identity (ANI) for each pair of genomes using FastANI 1.32 [39]. Furthermore, whole-
genome sequences of strains and related genomes were compared by using ANI-BLAST
(ANIb) and ANI-MUMmer (ANIm) algorithms within the JSpeciesWS web service [40,41].

2.9.4. Genome Annotation

Functional annotations based on clusters of orthologous groups of proteins (COGs)
and protein families (Pfams 24.0) were performed with the webserver WebMGA
(evalue = 0.001) [42] using the amino acid fast file obtained from RAST. Carbohydrate-
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active enzymes (CAZymes) were annotated based on HMMER searches (HMMER 3.0b) [43]
against the dbCAN database release 9.0 [44,45].

2.10. Statistical Analysis

Statistical significance of the data was evaluated with the parametric t-test, Welch’s
test (significance determined as 95%, p < 0.05), using the program R. The sample size, n,
varied between 3 and 9.

3. Results
3.1. Comparison between Monospecific Cultures and Co-Cultures under Present CO2
Concentrations

Under present CO2 concentrations, E. huxleyi cell numbers (Figure 1) and growth rate
(Figure 2) were not significantly affected by the presence of the bacteria tested. In con-
trast and under the same conditions, I. abyssalis abundances increased (~106 CFU mL−1)
significantly, but only after the longer incubation period (here called bloom phase) of coex-
istence with E. huxleyi (initial 4 days ~105 CFU mL−1, Figure 3), while Brachybacterium sp.
decreased to ~102 CFU mL−1 during the same time frame. Accordingly, within the first
nutrient replete (Table S3) 4 days under present CO2 concentrations, estimated cellular
element quotas for E. huxleyi (Figures 4 and 5) and bacteria (Figure 6) did not vary sig-
nificantly, apart from decreasing nitrogen (pBrachybacterium = 0.03, Figure 4) and organic
carbon quotas of E. huxleyi in coexistence with Brachybacterium sp. in relation to the axenic
culture (pBrachybacterium = 0.04, Figure 5). Although no difference in cellular PIC quotas
was detected after the initial days as a result of coexistence with I. abyssalis. At the end of
the incubation, coccolith distal shield width was significantly larger than other cultures
(Table 1). Finally, at the end of the incubation period under present conditions, extracellular
enzyme activities were low, but leucine aminopeptidase and β-glucosidase (only E + B)
activities were higher in coexistence than in the single cultures (Table 2).

Table 1. Significance (p value) of t-test comparing coccolith measures and communities analysed.
E. huxleyi (E) and E. huxleyi co-cultured with Brachybacterium sp. (E + B) and with I. abyssalis (E + I).
Coccolith measures are distal shield length (DSL) and width (DSW), central area length (CAL) and
width (CAW) and calculated distal shield area (DSA) and central area area (CAA).

Present CO2 High CO2

DSL DSW DSA CAL CAW CAA DSL DSW DSA CAL CAW CAA
E vs. E + B 0.26 0.9 0.6 0.6 0.3 0.3 0.3 0.7 0.6 0.6 0.6 0.5

E vs. E + I 0.4 0.02 0.07 0.07 0.6 0.6 0.07 0.02 0.02 0.01 0.04 0.01

E+B vs. E + I 0.73 0.02 0.2 0.2 0.1 0.1 0.9 0.44 0.6 0.6 0.5 0.5
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Figure 1. E. huxleyi abundances through time. Solid lines correspond to co-cultures and dashed lines
to monocultures, under 475 (green) and 1056 µatm (orange). Thin solid lines correspond to E. huxleyi
+ Brachybacterium sp.; thicker solid lines to E. huxleyi + I. abyssalis.
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Figure 2. Growth rates based on cell counts of monocultures of E. huxleyi and E. huxleyi co-cultured 
with Brachybacterium sp. (E + B) and with I. abyssalis (E + I), under 475 (green) and 1056 µatm (or-
ange). Cell division rates were calculated during the exponential (from 0 to 4 days, a), bloom phase 
(from 4 to 13/14 days, b) and whole incubation (c). * Denotes significant differences. 

 
Figure 3. Brachybacterium sp. (a) and I. abyssalis (b) abundances through time. Lines refer to CFU 
data and isolated markers to counts obtained by means of flow cytometry. Solid lines correspond to 
co-cultures and dashed lines to monocultures of each bacteria isolate, under 475 (green) and 1056 
µatm (orange). * Denotes significant differences. 

Figure 2. Growth rates based on cell counts of monocultures of E. huxleyi and E. huxleyi co-cultured
with Brachybacterium sp. (E + B) and with I. abyssalis (E + I), under 475 (green) and 1056 µatm (orange).
Cell division rates were calculated during the exponential (from 0 to 4 days, a), bloom phase
(from 4 to 13/14 days, b) and whole incubation (c). * Denotes significant differences.
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Figure 3. Brachybacterium sp. (a) and I. abyssalis (b) abundances through time. Lines refer to CFU
data and isolated markers to counts obtained by means of flow cytometry. Solid lines correspond
to co-cultures and dashed lines to monocultures of each bacteria isolate, under 475 (green) and
1056 µatm (orange). * Denotes significant differences.

35



Microorganisms 2022, 10, 2461
Microorganisms 2021, 9, x FOR PEER REVIEW 10 of 20 
 

 

 
Figure 4. Cellular element quotas of E. huxleyi monocultures and E. huxleyi co-cultured with 
Brachybacterium sp. (E + B) and I. abyssalis (E + I), under 475 (green) and 1056 µatm (orange). Total 
particulate carbon (a), nitrogen (b) and carbon to nitrogen ratio (c). * Denotes significant differ-
ences. 

Figure 4. Cellular element quotas of E. huxleyi monocultures and E. huxleyi co-cultured with
Brachybacterium sp. (E + B) and I. abyssalis (E + I), under 475 (green) and 1056 µatm (orange).
Total particulate carbon (a), nitrogen (b) and carbon to nitrogen ratio (c). * Denotes significant differences.
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Figure 5. Cellular elemental quotas of E. huxleyi monocultures and E. huxleyi co-cultured with 
Brachybacterium sp. (E + B) and with I. abyssalis (E + I), under 475 (green) and 1056 µatm (orange). 
Particulate organic carbon (a), particulate inorganic carbon (b) and particulate inorganic to organic 
carbon ratio (c). * Denotes significant differences. 

Figure 5. Cellular elemental quotas of E. huxleyi monocultures and E. huxleyi co-cultured with
Brachybacterium sp. (E + B) and with I. abyssalis (E + I), under 475 (green) and 1056 µatm (orange).
Particulate organic carbon (a), particulate inorganic carbon (b) and particulate inorganic to organic
carbon ratio (c). * Denotes significant differences.
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Figure 6. Cellular element quotas (based on total and organic particulate) of Brachybacterium sp. (B) 
and I. abyssalis (I) monocultures and those bacteria co-cultured with E. huxleyi (Brachybacterium sp., 
B + E; I. abissalis, I + E), under 475 (green) and 1056 µatm (orange). Total particulate carbon (a) and 
particulate nitrogen (b). * Denotes significant differences. 

3.2. Comparison between Monospecific Cultures and Co-Cultures under High CO2 Treatments 
Under high CO2 concentration, abundances (Figure 1) and growth rates (Figure 2) of 

axenic cultures of E. huxleyi were not significantly different from co-cultures (Figure 2). 
However, the two bacteria benefited from the presence of E. huxleyi, dramatically in-
creasing in abundance under enhanced CO2 concentrations (from ~102 CFU mL−1 to ~106 
CFU mL−1, Figure 3) after an initial lag phase (Figure 3). This longer coexistence and en-
hanced bacterial abundance corresponded to decreased growth rates of E. huxleyi in re-
lation to the exponential phase (Figure 2). Within the initial 4 days (exponential period), 
cellular contents of E. huxleyi did not show significant differences in estimated particulate 
total nitrogen and carbon (Figure 4), decreasing only particulate inorganic carbon when 
E. huxleyi was co-cultured with I. abyssalis at enhanced CO2 concentrations (p = 0.057), 
resulting in the lowest average PIC/POC (Figure 5) and, at the end of the incubation, 
significant increase in the coccoliths’ distal shield width (p = 0.02), distal shield area (p = 
0.02), central area length (p = 0.01), central area width (p = 0.04) and central area area (p = 
0.01) in relation to the axenic culture (Table 1). At the same time, bacteria carbon quotas 
at enhanced CO2 concentrations were higher in co-existence with E. huxleyi (Figure 6). 
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Figure 6. Cellular element quotas (based on total and organic particulate) of Brachybacterium sp. (B)
and I. abyssalis (I) monocultures and those bacteria co-cultured with E. huxleyi (Brachybacterium sp., B + E;
I. abissalis, I + E), under 475 (green) and 1056 µatm (orange). Total particulate carbon (a) and particulate
nitrogen (b). * Denotes significant differences.

3.2. Comparison between Monospecific Cultures and Co-Cultures under High CO2 Treatments

Under high CO2 concentration, abundances (Figure 1) and growth rates (Figure 2)
of axenic cultures of E. huxleyi were not significantly different from co-cultures (Figure 2).
However, the two bacteria benefited from the presence of E. huxleyi, dramatically in-
creasing in abundance under enhanced CO2 concentrations (from ~102 CFU mL−1 to
~106 CFU mL−1, Figure 3) after an initial lag phase (Figure 3). This longer coexistence
and enhanced bacterial abundance corresponded to decreased growth rates of E. huxleyi
in relation to the exponential phase (Figure 2). Within the initial 4 days (exponential
period), cellular contents of E. huxleyi did not show significant differences in estimated
particulate total nitrogen and carbon (Figure 4), decreasing only particulate inorganic
carbon when E. huxleyi was co-cultured with I. abyssalis at enhanced CO2 concentrations
(p = 0.057), resulting in the lowest average PIC/POC (Figure 5) and, at the end of the incu-
bation, significant increase in the coccoliths’ distal shield width (p = 0.02), distal shield area
(p = 0.02), central area length (p = 0.01), central area width (p = 0.04) and central area area
(p = 0.01) in relation to the axenic culture (Table 1). At the same time, bacteria carbon quotas
at enhanced CO2 concentrations were higher in co-existence with E. huxleyi (Figure 6).

38



Microorganisms 2022, 10, 2461

3.3. Responses to Increasing CO2 Concentrations

E. huxleyi abundances increased similarly under either CO2 treatment in the first 4
days of incubation (exponential, Figure 1) and consequently with no significant difference
in growth rate (Figure 2) or in the cellular quotas of axenic E. huxleyi treatments (Figure 4).
However, the co-existence of E. huxleyi with I. abyssalis significantly increased the coccol-
ithophore’s organic carbon (p = 0.002) and decreased inorganic carbon quotas (p = 0.04),
resulting in a PIC/POC decrease (p = 0.06) in relation to the axenic culture at increasing
CO2 concentrations (Figure 5). At the end of the incubation, almost all measures of coc-
colith size, with the exception of coccolith central area width, were larger under present
CO2 concentrations in the axenic E. huxleyi, while only coccolith central area length was
significantly affected in the co-cultures (Tables 1 and 3).

Table 3. Significance (p value) of t-test comparing coccolith measures and carbon dioxide conditions.
E. huxleyi (E) and E. huxleyi co-cultured with Brachybacterium sp. (E + B) and with I. abyssalis (E + I).

CO2 Effect

DSL DSW DSA CAL CAW CAA
E 0.01 0.003 0.002 0.002 0.1 0.04

E + B 0.47 0.45 0.4 0.002 0.4 0.4
E + I 0.21 0.09 0.1 0.01 0.4 0.3

Although E. huxleyi’s cellular contents only varied significantly in the presence of
I. abyssalis, estimated bacterial carbon quotas increased significantly (pTPC = 0.05) with
increasing CO2 concentrations in all conditions and for both bacteria (assuming that CO2-
specific E. huxleyi cellular quotas did not vary with co-existence) (Figure 6). These changes
in cellular quotas occurred despite virtually no variation in bacterial numbers within the
shorter incubation (Figure 3).

Prolonging the incubation period (bloom phase), resulted in the absence of both bacte-
ria cultured alone and of Brachybacterium sp. in all treatments except when cultured with
E. huxleyi at enhanced CO2 concentrations. Specifically, the growth rate of the two bacteria
in co-culture from day 4 to 13/14 was 0.5 for Brachybacterium sp. and 0.27 for I. abyssalis
at increased CO2 concentrations and 0.38 in the latter under present CO2. The observed
differences in growth rate might be related to the two bacteria distinct functional profiling
(Figure 7 and Table S5) according to the cluster of orthologous genes of proteins (COG) and
protein family (Pfam)-based annotations (Figure 7 and Tables S8–S10). However, genome
information does not directly reflect expression, here we can only consider the potential of
the two species. In the Brachybacterium sp. genome, a high number of CDSs were assigned
to the COG class ‘Carbohydrate transport and metabolism’ (Class G, Figure 7), while in
the I. abyssalis genome a high number of CDSs were assigned to the COG classes ‘Cell
motility’ and ‘Signal transduction mechanisms’ (Classes N and T, respectively, Table S5).
Unlike Brachybacterium sp., the I. abyssalis genome possessed complete metabolic pathways
for flagellum biosynthesis (flgBCDEFGHIKM and fliDEGHJKLMNOPLS) and motility
(cheABRWZ and motABY). Moreover, only in the I. abyssalis genome were several protein
domains identified found in TonB-dependent receptors (PF00593, PF03544, PF07660 and
PF07715), involved in the transport of sideropheres, as well as vitamin B12, nickel com-
plexes and carbohydrates (Figure 7, Idiomarina abyssalis). Finally, the observed differences
showed concomitant higher β-glucosidase activities under enhanced CO2 concentrations
and also leucine aminopeptidase in the cultures with E. huxleyi and I. abyssalis (Table S3).
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curring at a given timepoint. Idiomarina (γ-proteobacteria) and Brachybacterium (Actino-
bacteria) are frequently found in natural communities (e.g., [18,46]). γ-proteobacteria are 
often abundant in free living communities (e.g., [47]) and are well represented in 
nonaxenic cultures [15]), while Brachybacterium is relatively less abundant (Southern At-
lantic, [48]). Contrary to Roseobacter, the presence of the bacteria tested in this study at 
abundances of ~105 CFU mL−1 did not affect the average growth rate of E. huxleyi in rela-
tion to its axenic cultures under present CO2 concentrations. Additionally, no considera-
ble changes were observed in most enzymatic activities and cellular quotas of the cocco-
lithophore or the bacteria in the present ocean, with the exception of particulate nitrogen 
of E. huxleyi in co-culture with Brachybacterium sp. on day 4, potentially as a result of the 
decay of Brachybacterium sp. This is supported by the observation that Brachybacterium sp. 
is not able to grow alone under present CO2 conditions for a longer period of time, po-
tentially due to being restricted to inorganic nutrients and insufficient dissolved organic 
matter from the medium and E. huxleyi exudates. I. abyssalis was isolated from a fresh 
(months) E. huxleyi culture (isolated from offshore Terceira in 2016), potentially indicat-
ing a long-term commensal relation between the two organisms. Although E. huxleyi did 
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lithophore. This only occurred after the initial days of exponential growth, when E. hux-
leyi abundances were higher, increasing the probability of phytoplankton–bacteria en-
counter rate and the provision of carbon sources from the coccolithophore. This spe-
cies-specific effect [12] agrees with the response found here and could have consequences 
for carbon recycling. 
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4. Discussion
4.1. Co-Existence in the Present Ocean

Phytoplankton–bacteria interactions play a crucial role in the balance between or-
ganic matter production, recycling and transport into the deep. How specific relationships
influence biogeochemical cycling under present conditions is still not fully understood.
Testing the relationships between a cosmopolitan coccolithophore and two bacteria with
distinct functional profiles could hint at the complexity of the relationships occurring at
a given timepoint. Idiomarina (γ-proteobacteria) and Brachybacterium (Actinobacteria) are
frequently found in natural communities (e.g., [18,46]). γ-proteobacteria are often abundant
in free living communities (e.g., [47]) and are well represented in nonaxenic cultures [15]),
while Brachybacterium is relatively less abundant (Southern Atlantic, [48]). Contrary to Roseobac-
ter, the presence of the bacteria tested in this study at abundances of ~105 CFU mL−1 did not af-
fect the average growth rate of E. huxleyi in relation to its axenic cultures under present CO2
concentrations. Additionally, no considerable changes were observed in most enzymatic
activities and cellular quotas of the coccolithophore or the bacteria in the present ocean,
with the exception of particulate nitrogen of E. huxleyi in co-culture with Brachybacterium sp.
on day 4, potentially as a result of the decay of Brachybacterium sp. This is supported
by the observation that Brachybacterium sp. is not able to grow alone under present CO2
conditions for a longer period of time, potentially due to being restricted to inorganic nutri-
ents and insufficient dissolved organic matter from the medium and E. huxleyi exudates.
I. abyssalis was isolated from a fresh (months) E. huxleyi culture (isolated from offshore
Terceira in 2016), potentially indicating a long-term commensal relation between the two
organisms. Although E. huxleyi did not appear to benefit, I. abyssalis increased its growth
rate in the presence of the coccolithophore. This only occurred after the initial days of
exponential growth, when E. huxleyi abundances were higher, increasing the probability
of phytoplankton–bacteria encounter rate and the provision of carbon sources from the
coccolithophore. This species-specific effect [12] agrees with the response found here and
could have consequences for carbon recycling.
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4.2. Co-Existence-Driven Changes on Organisms’ Response to the Future Ocean

Our results showed that the effects of rising CO2 concentrations on the physiology
of E. huxleyi was affected by the presence of bacteria, which in turn were differently
impacted by it. A significant decrease of the growth rate of E. huxleyi was found after the
longer incubation (higher abundances) at higher CO2 concentration. More importantly,
this previously described decrease (e.g., [6,49]) was augmented by the presence of bacteria.
The growth rates of the tested bacteria were lower than those observed when the isolates
were incubated in the rich Marine Broth (µ ~2), but similar to other isolates grown with
0.5 mL Zobell Medium in 1 l filtered seawater [50]. The growth of heterotrophic bacteria
has been found to benefit from enhanced exudation of organic matter (e.g., carbohydrates)
by phytoplankton and resulting aggregated polysaccharides in the form of TEP that occur
under nutrient limitation at the end of phytoplankton blooms [10,51] or associated with
the exposure to increased CO2 concentrations [9]. Enhanced exudation of E. huxleyi as a
response to higher CO2/lower pH might, indeed, provide more substrate, but bacteria
might also increase their organic carbon demand to function as was seen here and in
previous studies [52]. Whether this is species-dependent is unclear, but it might be related
to the observed dependence of survival of bacteria isolates on the stress response of
E. huxleyi. Moreover, the two bacteria tested have distinct capacities for carbohydrate
utilisation, potentially related to differences observed in their responses.

In the natural environment, senescent phytoplankton and aggregates are quickly
colonised by bacteria (e.g., [53,54]) further degrading particulate organic matter into dis-
solved organic matter [55], which is then reutilised. However, bacteria also has the potential
to stimulate aggregation of phytoplankton cells between species [56]. Bacterial production
has been found to increase with increasing phytoplankton biomass (e.g., Chlorophyl a)
and with concomitantly enhanced organic matter at increased CO2 concentrations [56,57].
While both bacteria in the present study appear to benefit from the coccolithophore’s
exudations without negative effects on the growth of E. huxleyi’s (commensalism) under
future CO2 concentrations, under present conditions, Brachybacterium sp. was unable to
survive in association with E. huxleyi. Dissolved organic carbon is mostly comprised of total
dissolved carbohydrates and protein components [57,58]. Hence, the difference between
the response of the two bacteria might be related to the fact that Brachybacterium sp. was not
able to be as responsive to the exuded dissolved organic matter as I. abyssalis. I abyssalis was
seen to be a common associate of our isolates of E. huxleyi, but also sinking particles [18].
The reasoning could also be related to the presence of the complement of TONB-dependent
transporters in the I. abyssalis genome, which is known to be involved with the uptake of
several compounds such as large protein fragments [58,59]. In fact, Idiomarina was first
isolated from seawater of the deep sea and characterised as having a relevant protein
metabolism for its carbon source [60]. How much of the exudates stay in the water column
as TEP will impact the retention versus remineralisation of particulate organic matter [61]
and, therefore, the strength of the biological pump.

No differences between axenic and co-cultures were found for most analysed ex-
tracellular enzymatic activities after the first four days, potentially due to low bacteria
abundances and reduced quorum sensing. In fact, previous studies found maximum
Vmax of leu-aminopeptidase and β-glucosidase at the end of a mesocosm experiment with
a natural community [56,57]. The strongest response was found for proteases (leucine
aminopeptidase) in the co-cultures after the longer incubation, corroborating the difference
in the TONB-dependent transporters discussed above. The activity of these hydrolytic
enzymes would potentially enable an efficient utilisation of polymeric organic material
exuded by E. huxleyi. After the longer incubation, monospecific cultures showed higher
enzymatic activities under enhanced CO2 concentrations, in contrast to previous stud-
ies [62]. Higher E. huxleyi and bacteria abundances would increase the probability of cells
encountering each other and also potentially stimulating quorum sensing signals and
affecting their responses.
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More broadly, contradictory results have been found for the effect of elevated CO2
concentrations/reduced pH on marine heterotrophic bacteria, from morphological mod-
ifications and a temporary inhibition of growth in the case of Vibrio sp. [62,63], to lower
bacterial abundances due to higher viral lysis rates [63–65]. Studies considering CO2
levels relevant to projected concentrations (190 to 1050 µatm) showed varying bacteria
total abundance during phytoplankton blooms with small direct effects of CO2 concen-
trations [64,66,67]. Moreover, γ-proteobacteria and a few rare taxa (increased abundance)
were significantly affected by rising CO2, after nutrient addition [66,68] Despite differences
in relative abundances, the activity of free-living bacteria has been found to remain unal-
tered in a mesocosm study [66,67] while a reduction of 0.5 pH units resulted in a twofold
enhancement of the β-glucosidase and leu-aminopeptidase rates [56,57]. Many enzymatic
processes involved in the bacterial utilisation of organic substrates were shown to be pH
sensitive in previous studies. Indeed, the efficiency of leucine aminopeptidase has been
seen to triple at the highest CO2 concentration (280 to 3000 µatm), both in terms of total
activity and per cell [51]. In line with Yamada and Suzumura [69], protease activity rates
expressed by I. abyssalis and Brachybacterium sp. were mostly undetectable during the
incubation. The highest activity rates were observed at increased CO2 concentrations.
β-glucosidase rates were similar per hour to previous results published by Grossart, [62],
but showed different results concerning CO2 concentrations. Increased enzymatic hydroly-
sis [9,51,68,70] together with enhanced presence of gel particles that can be utilised as food
and surface for growth [51] at enhanced CO2 concentrations stimulates carbon and nutrient
cycling as organic matter is degraded.

5. Summary

The expected changes in a future ocean, such as carbonate chemistry, will affect
different organisms differently. Although there is increasing knowledge on the responses
of marine bacteria and phytoplankton to increasing CO2 concentrations, little is known
about their interactions. Photoautotrophs play a crucial role in the carbon cycle while
fixing carbon by photosynthesis. Much of the organic matter formed is then recycled by
microbes in the surface ocean, the so-called microbial loop [71,72]. In fact, in the present
ocean 50 to 96% of net marine primary production is remineralised in the surface ocean
within the microbial loop by bacteria [71,73]. Enhanced CO2 concentrations is expected to
affect planktonic communities, with consequences for the cycling of organic matter, namely
by enhancing photosynthesis of several marine algae analysed (e.g., [73,74]) as well as
the rate of organic carbon and TEP production [74,75], with important repercussions for
organic matter production and export to the seafloor [76]. However, the biotic interactions
are highly dependent on other environmental conditions, such as nutrient availability and
organisms’ abundance, which affect physiological conditions of the phytoplankton cells.

The present study shows that the impact of increasing CO2 concentrations is affected
by the interactions established between E. huxleyi and specific bacteria, which are key for
the aggregate dynamics and cycling of organic matter [67]. The growth of both bacteria
was enhanced when the bacteria were grown with the coccolithophore in the future ocean
CO2 scenario, potentially increasing recycling of organic matter produced and, therefore,
minimising the negative feedback to the atmosphere resulting from photosynthesis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms10122461/s1, Figure S1. Phylogenetic tree inferred from 16S rDNA sequences,
from Idiomarina abyssalis PhyBa_CO2_1 (in bold) and references strains (accession numbers in paren-
thesis); Figure S2. Phylogenetic tree inferred from 16S rDNA sequences, from Brachybacterium sp.
PhyBa_CO2_2 (in bold) and references strains (accession numbers in parenthesis); Table S1: Carbon-
ate chemistry at the beginning, after 4 days of incubation and through (average) the experiments;
Table S2: pHt after 13/14 days of incubation; Table S3: Average nutrient drawdown for all con-
ditions with E. huxleyi during the incubation period. Nutrients concentrations were measured (*)
at the beginning and on day 4. From day 4 to the end of the experiment data refers to estimates
assuming constant drawdown per cell and E. huxleyi buildup. Total nutrients concentrations used,
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corresponds to estimates considering constant drawdown per cell and E. huxleyi number of cells at
the end of the experiment; Table S4: Results of fermentation of carbohydrates by strains I. abyssalis
and Brachybacterium sp. Change in colour was expressed as (++) for clear positive, (+) for positive
and (−) for negative reaction; Table S5: Percentage of particulate matter attributed to each species in
the co-cultures based on average cellular quotas from the single cultures (white) or estimated for each
condition (grey); Table S6: Genome properties and quality metrics of the strains sequenced in this
study; Table S7: Overview of phylogenetic comparisons between selected pairs of strains; Table S8:
Number of genes associated with general COG functional categories; Table S9: Functional genome
profiling of Brachybacterium sp. PhyBa_CO2_2 genome according to COG and Pfam annotations;
Table S10: Functional genome profiling of Idiomarina abyssalis PhyBa_CO2_1 genome according to
COG and Pfam annotations.
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Abstract: Gypsum karst lakes are unique water ecosystems characterized by specific habitat condi-
tions for living organisms, including phytoplankton species, as primary producers and mediating
biogeochemical cycles in the water bodies. Studies of diversity and structure of phytoplankton
communities can be used to identify the specific and typical lake features and plan basin-wide moni-
toring. The aim of this research was to analyze the structural variables of algocenoses in the small
gypsum karstic Lake Klyuchik (Middle Volga basin), atypical for the subzone of mixed coniferous and
deciduous forest zone high values of water mineralization (brackish water) and low temperatures.
The lake has two water areas, connected by a shallow strait (ecotone zone) and differing from each
other in the chemical compositions and physical properties of the water. A total of 133 species of
phytoplankton with prevalence percentages of Bacillariophyta (46%), Chlorophyta (24%), and Ochro-
phyta (11%) were found; α-diversity varied from 4 to 30 specific and intraspecific taxa per sample.
According to Spearman’s correlation coefficients, the diversity indices (Shannon, Pielou, Simpson)
were mainly determined by the number of dominant species. The uniquely high (up to 130 g/m3)
biomass of phytoplankton was noted in the ecotone, on the border between the water column and
the bottom. The formation of mono- and oligo-dominant nannoplankton diatom communities with a
predominance of the rare species Cyclotella distinguenda Hustedt was demonstrated there. The roles
of flagellate algae and cyanobacteria were found to be less significant.

Keywords: phytoplankton; highly-mineralized water; gypsum karst lake; community; structural
variables; diversity indices

1. Introduction

Karst lakes are widespread types of natural lentic aquatic ecosystems in the landscape
world [1,2]. These lakes are mainly small, but relatively deep and often stratified. The
hydrochemical facies of these water bodies are typical complexes of predominating solutes,
pointing toward definite climatic and, accordingly, geochemical (weathering), soil, and
hydrogeological and hydrobiological conditions, under which lake waters acquire their
concentrations and compositions [3,4]. Gypsum karst lakes are characterized as sulphate
lakes, as they are rich in gypsum or calcium sulphate, and they have elevated conductivity
values [5]. These lakes are brackish (dissolve salts up to 2.0 g/L) and often cold water. Some
have powerful springs of underground water pressure, specific water balances, amplified
water exchanges, high transparency, and azure (ultramarine) water colors [4,6]. On the
global scale, surface outcrops of gypsiferous strata appear quite limited [7]. In this regard,
such lakes are often considered as endemic [8] or unique [4–6,9].

Therefore, these lakes are interesting model systems for the investigation of the dif-
ferent groups of microorganisms. It was found that karst lakes can even have different
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plankton community compositions and structures compared to other karst lakes of simi-
lar geneses and morphometric parameters, even within one catchment area [2,5,6,10,11]
Such lakes are interesting biotopes for the formation of special biodiversity; however, its
importance has not yet been thoroughly evaluated [5,12].

Phytoplankton is an essential part of water ecosystems, which plays a significant role
in food web dynamics, energy flow, and nutrient cycling [13]. Studying the patterns in the
species composition and abundance in phytoplankton communities helps to understand,
in detail, the complex biogeochemical phenomena in water ecosystems [14]. In addition to
environmental factors and the lake’s age, the latitude position has significant effects on the
diversity and development of the phytoplankton in lakes [15], including karstic ones.

The phytoplankton of karst lakes located in temperate zones are characterized by co-
occurrences of chrysophytes (Chrysophyceae), dinoflagellates (Dinophyceae), and diatoms
(Bacillariophyta) as the most diverse and abundant group [16], and, in some lakes, by
Cyanobacteria [17] or Chlorophyta [10]. In lakes of the “warm belt”, the dominant role
is taken over by Chlorophyta and Cyanobacteria [12,18]. In the spring, high turbulence
favors the development and maintenance of diatoms; during the summer, stratification—
dinoflagellates, and Cryptophyta, mainly in metalimnion [12,19]. Most of the planktonic
algae of karst lakes are cosmopolitan forms. Endemic species were found in the Plitvice
lakes [16,20], rare ones—in karst lakes of Greece [12], Romania [21], etc.

At present, there is little information about phytoplankton community structures
assessed by using standard biocenotic metrics [22–25]. Structural indicators of the phyto-
plankton community (e.g., species richness, diversity, evenness, dominance, size structure)
are rarely described in detail. It reduces the opportunity to determine the main connections
that are established in biological communities under certain abiotic conditions [26]. These
structural parameters may reflect the influences of a variety of stressors, including climate
change and the consequences related with it [27]. They are useful in understanding energy
transfer and may be beneficial for more holistic measurements of the health and resilience
of lake ecosystems, in general, to multiple stressors. In turn, a detailed study of structural
community indicators allows highlighting the features of typicality or the uniqueness of
water ecosystems. Such studies are also relevant from the point of view of identifying the
biodiversity of aquatic ecosystems, studying the biology and ecology of rare species, and in
planning the protection of unique landscapes or habitats [28].

The Middle Volga region in Russia is the zone of the classical manifestation of karst,
presented there by various forms [6], including the rarest gypsum karst. Lake Klyuchik
represents an example of gypsum karst lakes of sulfate water types. The unique features of
the lake are its feeding (by waters of the underground Surin River) [29] and the presence of
an ecotone, i.e., a transitional zone between two water areas of the lake where changes in
different habitat parameters have been recorded [30]. Due to its unique characteristics the
lake has been assigned as a nature sanctuary of regional value [31].

Previous studies carried out in Lake Klyuchik focused on taxonomical compositions
and the development of phytoplankton [32]. Moreover, we assessed the morphological
and ecological parameters of mass species in planktonic algocenoses, Cyclotella distinguenda
Hustedt [33]. Yet, the structural variables of phytoplankton communities, as well as their
spatial and temporal distributions, have not been sufficiently investigated.

The aim of this work was to analyze the various structural parameters of the phytoplank-
ton community, and their spatial and vertical distributions in connection with environmental
conditions in the small gypsum karst Lake Klyuchik with unique parameters.

2. Materials and Methods
2.1. Study Area and Sampling

Karstic Lake Klyuchik (middle Volga basin) is located in an active karst area of Central
Russia, Pavlovsky district, Nizhny Novgorod region (56◦58′ N, 43◦20′ E). Klyuchik is a
small lake with a surface area of 11 ha, a maximum depth of 13.5 m, and a mean depth of
3.8 m [34]. The lake is stretched from west to east in an oval shape, with a weakly sinuous
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coastline and moderately steep coastal slopes. The relief of the lake bottom is uneven, with
pits, represented by a sandy-silty substrate [35]. The lake has two water areas, connected
by a shallow strait (ecotone zone). Western and eastern parts of the lake differ from each
other in the chemical compositions and physical properties of water (transparency, water
temperature, oxygen concentration) [30].

The source of the lake feeding, the underground spring (the river Surin), is located
in its western part and is unloaded in the voklina at a depth of 15 m [29]. The western
part of the lake is cold water (temperature varies from 6–10 ◦C during year) and has
low oxygen content (40% saturation) in the surface horizon. The eastern part of Lake
Klyuchik is warmer (up to 22–25 ◦C in summer) and has a high oxygen concentration (more
than 115%) [30]. Maximum changes in these parameters are observed in the transitional
ecotone zone.

The western part of the lake is characterized by a uniform vertical distribution of
temperature (unstratified), oxygen, and pH throughout the year [30]; it does not freeze
in the winter. In the eastern part of the lake, the vertical distributions of environmental
parameters are more pronounced, especially during the summer season. The upper warm
layer of the epilimnion and the stretched metalimnion were found here. The hypolimnion
layer with stable temperature, oxygen, and other parameters were not observed in the
lake [30].

The lake is a brackish-water (salinity, ~2 g/dm3, electrical conductivity, 1515–1640 µS/cm) [30].
The water color index gradually increases from 40 degree (Platinum-Cobalt scale) in the
western part (bluish) of the lake to 62 and 80 degree in the central and eastern (greenish)
parts, respectively (Figure 1). The content of phosphates in the water was at the level
of permissible values and varied slightly over the lake (0.01–0.05 mg/L). Nitrogen was
contained in the water in two forms: nitrate ions 5.2 (mg/L) and ammonium nitrogen (less
than 0.01 mg/L) [29]. The sulfate content was high (90–160 mg/L) and could exceed the
maximum permissible values up to 7 times.

Figure 1. Map scheme of Lake Klyuchik. St. 1–St. 5—sampling stations; 2, 4, 6, 8, 10 are depths (me-
ters) (according to www.lakemaps.org/ru, accessed on 20 November 2021, with some modifications).
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Lake Klyuchik has an interesting regional importance because of the numerous recre-
ational activities that take place there.

Water samples of phytoplankton (a total of 76 samples) were collected with a Rut-
tner bathometer and preserved with an iodine–formalin solution in June–August 2017 at
five stations (Figure 1), which were chosen by taking into account the limnological and
hydrochemical characteristics of the lake. Stations 1 and 2 were set in the deepest western
part of the lake, where water has a bluish color. Stations 4 and 5 were located in the
central and eastern parts, respectively, which have a greenish water color; station 3 – in the
transitional zone. Integrated samples were taken at all stations. Additionally. in July and
August, we collected the samples at stations 1, 3, and 5 in increments of 1 m from the surface
to the bottom. The water temperature, and pH were measured in situ using a portable
Testo sensor, model 206_pH1 (Company Testo SE & Co. KGaA, Lenzkirch, Germany).
Transparency (m) was estimated with a Secchi disk (Papanin Institute for Biology of Inland
Waters Russian Academy of Sciences, Borok, Russia).

2.2. Data Analysis

In the laboratory the samples were concentrated to 5 mL by combining the settling
method and direct filtration [36], and examined under a light microscope (MEIJI Techno,
Saitama, Japan) at 1000 magnification. Phytoplankton was analyzed using a 0.01 mL Najott
chamber. We estimated the phytoplankton biovolume (mm3/L) using geometric shapes
closest to the cell shape, taking as a result the mean values of the measurements of 20
to 30 individuals [37,38]. The biomass of each species was calculated by multiplying the
number of cells and its biovolume (g/m3), total biomass—by summarizing each species
biomass [39].

Identification of diatoms was possible due to preparation of permanent slides using
Naphrax resin (Brunel Microscopes Ltd., Chippenham Wiltshire, United Kingdom) [40].
Centric diatoms were analyzed with the help of a JSM-25S scanning electron microscope
(JEOL Ltd., Tokyo, Japan) [33]. Phytoplankton species were identified based on morphology.
Nowadays, the optical method of phytoplankton analysis continues to be the principal
approach in the ecological monitoring of the water quality, despite some limitations [28,41].
The list guides used for species identification were performed in previous studies [42].
The current names of taxa were also checked using the AlgaeBase website (https://www.
algaebase.org/, accessed on 29 July 2021) [43].

The authors analyzed such parameters of the phytoplankton community (=coenocytic
parameters) as follows: abundance (N), 106 cells/L, biomass (B), g/m3, species richness (α
diversity, Sp—number of species in one sample). Phytoplankton alpha diversity indices
were evaluated using the Shannon–Weaver diversity index for abundance (HN, bit/Ex),
and biomass (HB, bit/g) [44,45].

H = −
S

∑
i=1

Pi · log2 Pi (1)

Pielou evenness index (EN and EB)

E =
H

Hmax
, (2)

where Pi is the relative abundance or biomass of the i-th species, S is the total number of
species in the sample, Hmax is the maximum Shannon–Weaver index for a given number of
a species.

Simpson dominance index (DN and DB)

D =
ni(n− 1)
N(N − 1)

(3)
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where ni is the abundance or biomass of the i-th species; N is the total abundance or biomass
of phytoplankton in the sample

Water saprobity was evaluated by Pantle–Buck indices, which were calculated accord-
ing to abundance (SN) and biomass (SB) [46].

S =
ΣS · h

Σh
(4)

where S is the indicator significance of the saprobic species-indicator, h is the abundance or
biomass indicator.

Size structures of phytoplankton communities were estimated two ways—as arith-
metic (by geometric shapes) volume (Vam) of the algae cell in a sample and a coenocytic
volume estimated as B/N (Vc, µm3). Moreover, we considered the share of a small cell
fraction (<20 µm, nannoplankton, according to: [47]) in the total phytoplankton abundance
(%N) and biomass (%B). In addition, the dynamics of flagellar forms of phytoplankton
were analyzed. They were evaluated by the share of the monad forms in total abundance
(%Nflagel) and biomass (%Bflagel) of algae.

The authors defined the dynamics of the number of dominant and co-dominant species,
which were extracted by abundance (SDN and SMN, respectively) and biomass (SDB, SMB).
The dominant species included species with an abundance or a biomass more than 10% of
the total value and the co-dominant species included species with an abundance (biomass)
of 5–10% [48].

2.3. Statistical Analysis

As data do not have normal distribution, the non-parametrical [49] Mann–Whitney
criterion (U-criterion) was used to compare the variables; and the Spearman correlation
(Rs) to estimate the relationship among the parameters of phytoplankton communities.
Statistical processing was conducted using the Statistica 8.0 software package (Statsoft
TIBCO, Palo Alto, CA, USA). The authors discussed reliable connections of parameters at
the significance level of p ≤ 0.05.

3. Results
3.1. Environmental Conditions

Table 1 shows the values of the environmental variables recorded at the sampling
stations. The depths of sampling stations ranged from 2 m in the transition zone (St. 3) to
10.7 m in the voklina (St. 1), in the area of the main groundwater supply, and from 7.0 (St. 4)
to 9.4 (St. 5) meters at deep-water stations in the eastern part of the lake. The transparency
of lake waters in the zone of maximum depths decreased twice from station 1 to station 5.
In the western part, the temperature varied from 7.5 to 8.0 ◦C in June to 10.5 ◦C in August.

Table 1. Limnological, physical, and chemical variables in different stations of Lake Klyuchik, mean
values with standard deviations, summer 2017.

Parameter St. 1 St. 2 St. 3 St. 4 St. 5

Depth (m) 10.7 3.0 2.0 9.4 7.0

Transparency (m) 8.0–8.5 to the
bottom

to the
bottom 3.4–5.4 3.0–4.5

Temperature (◦C) 7.5–9.5
8.8 ± 0.9

8.0–10.5
9.2 ± 0.7

8.1–13.6
10.6 ± 1.6

11.0– 15.8
13.8 ± 1.3

13.2–17.3
15.6±1.2

pH 7.0–7.1
7.1 ± 0.04

7.1–7.2
7.1 ± 0.03

7.1–7.6
7.3 ± 0.16

7.3–7.4
7.4 ± 0.02

7.4–7.6
7.5 ± 0.06
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The eastern part of the lake was warmer; the temperature changed there from 11.3 to
13.2 ◦C in June to 15.8–17.3 ◦C in August. During the study period, the pH value ranged
between 7.0 and 7.6, with an implicit tendency of increasing from June to August, and a
clearly manifested increase from the western part of the lake to the eastern one. In the same
direction, the color of the lake’s waters changed from sky-blue to greenish–blue.

3.2. Phytoplankton Community Composition

The phytoplankton community studied was composed of 133 species, including Bacil-
lariophyta 46%, Chlorophyta 24%; Ochrophyta 11%; Cyanobacteria 8%; and Charophyta,
Cryptophyta, Euglenozoa, and Myzozoa, less than 3% each. The number of phytoplankton
species per sample varied from 4 to 30 taxa (specific and intraspecific) at different stations.
We recorded 13–20 taxa in the integrated samples and 4–15 for particular depths in the
western part of the lake. In the ecotone zone (St. 3) the number of taxa increased up to
26–30 and 10–29, respectively.

3.3. The Spatial Distribution of Phytoplankton Abundance, Biomass, Diversity Indices,
Size Structure

Table 2 shows the average (M ± m) values of the structural (coenocytic) parameters of
the phytoplankton community in different stations (spatial distribution). The abundance
and biomass of phytoplankton fluctuated significantly during summer period.

Table 2. Structural variables of phytoplankton in Lake Klyuchik, mean values with standard deviation,
summer 2017.

Structural
Variables St. 1 St. 2 St. 3 St. 4 St. 5 U Criterion

St. 1 × St. 5

N 0.31 ± 0.07 3.57 ± 2.10 25.80 ± 11.40 1.90 ± 0.41 1.53 ± 0.65
B 0.94 ± 0.12 11.20 ± 6.00 55.50 ± 21.90 8.32 ± 0.48 6.82 ± 2.96 p ≤ 0.05

SN 1.59 ± 0.04 1.54 ± 0.02 1.94 ± 0.20 1.52 ± 0.01 1.64 ± 0.07
SB 1.55 ± 0.04 1.75 ± 0.13 1.87 ± 0.05 1.62 ± 0.07 1.49 ± 0.08

HN 2.25 ± 0.46 1.56 ± 0.21 1.01 ± 0.56 2.83 ± 0.02 2.22 ± 0.07
HB 2.19 ± 0.42 1.61 ± 0.23 1.31 ± 0.70 3.31 ± 0.17 2.23 ± 0.18
DN 0.37 ± 0.10 0.47 ± 0.04 0.71 ± 0.16 0.22 ± 0.01 0.34 ± 0.03
DB 0.36 ± 0.11 0.50 ± 0.08 0.64 ± 0.20 0.14 ± 0.02 0.36 ± 0.06
EN 0.58 ± 0.06 0.38 ± 0.04 0.21 ± 0.10 0.66 ± 0.01 0.51 ± 0.03
EB 0.57 ± 0.09 0.40 ± 0.06 0.27 ± 0.13 0.77 ± 0.02 0.53 ± 0.07
%N 74.00 ± 3.50 94.60 ± 1.60 91.60 ± 3.70 74.5 ± 2.60 73.40 ± 7.20 p ≤ 0.05
%B 59.80 ± 8.50 79.70 ± 9.40 82.80 ± 9.00 38.80 ± 5.10 44.60 ± 18.50 p ≤ 0.05

%Nflagel 0.60 ± 0.30 1.10 ± 0.20 0.20 ± 0.10 8.40 ± 5.90 11.30 ± 4.70 p ≤ 0.05
%Bflagel 0.40 ± 0.30 6.10 ± 3.70 1.00 ± 0.90 0.90 ± 0.70 14.30 ± 12.30 p ≤ 0.05

SDN 1.70 ± 0.30 2.00 ± 0.00 1.30 ± 0.30 3.00 ± 0.60 3.00 ± 0.60
SDB 2.70 ± 0.30 2.30 ± 0.30 1.00 ± 0.00 2.70 ± 0.30 1.70 ± 0.30
SMN 3.70 ± 0.30 2.30 ± 0.30 2.00 ± 0.60 3.30 ± 0.30 3.70 ± 0.30
SMB 3.70 ± 0.30 3.70 ± 0.90 1.70 ± 0.30 6.70 ± 0.30 3.30 ± 0.70
Vam 4.60 ± 1.10 12.50 ± 4.10 7.80 ± 1.90 16.20 ± 4.90 19.90 ± 4.70
Vc 3.30 ± 0.50 3.30 ± 0.20 2.30 ± 0.50 4.80 ± 0.90 5.60 ± 1.90
Sp 18.30 ± 5.30 17.30 ± 1.80 26.00 ± 4.60 20.00 ± 1.70 21.00 ± 3.20

The lowest average abundance (0.31 million cells/L) and biomass (0.94 g/m3) of
phytoplankton was recorded at station 1 (voklina). According to the diversity indices
in this part of the lake the oligo-dominant algocenoses with medium values of species
richness, diversity, evenness, and dominance developed. The phytoplankton community
was mainly formed by a small-cell species with an insignificant proportion of flagellar
forms (%B flagel—0.4; %N flagel—0.6) among them.

The northwestern shallower water area of the lake (St. 2) was characterized by a
ten-fold increase in the degree of phytoplankton development, with an unreliably pro-
nounced tendency to increase the temperature and pH of the water. The development of
2–4 dominant algae species was accompanied by a decrease in the diversity and evenness
of communities. At the same time, the proportion of small-cell fraction and flagellar forms
increased (especially in terms of biomass %Bflagel—6.1). At this station, the arithmetic
mean volume (Vam—12.5) of algal cells increased (almost three-fold), while the coenocytic
volume (Vc) did not change. This may indicate the appearance in the phytoplankton
communities of a few large forms of algae, which did not yet occupy a dominant position.
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The development of phytoplankton in the eastern water area of the lake (Sts. 4,
5) did not significantly differ from the station 2, but it was higher, especially biomass
(the statistical comparison from the U-criterion showed significant differences (p < 0.05))
than in the zone of the main groundwater supply (St. 1). In these sites of the lake, the
distribution of the phytoplankton species, in terms of abundance and biomass, was more
even. Accordingly, the Shannon indices (especially at St. 4) and the Pielou evenness indices
were higher here, and the dominance was less pronounced. In the eastern water area of the
lake, the role of large-celled algae species became more significant, whereas the proportions
of low-sized components in phytoplankton communities decreased. In these stations, some
representatives had sizes of more than 64 microns (net plankton, according to [48]). In
addition, the composition of dominant forms became richer, and there was a clear tendency
to increase the role of flagellar algae (especially on station 5).

In the ecotone zone (St. 3), the development of phytoplankton was the most productive.
Due to the diatoms “blooming”, monodominant (DN = 0.71, DB = 0.64) communities formed
in this part of the lake (Table 2), in which the only one species of centric diatoms—Cyclotella
distinguenda—dominated. Most of this diatom species had a cell diameter of less than
20 microns, so the share of small cell algae in the abundance (91.6%) and in the biomass
(82.8%) in this area of the lake was the maximum.

3.4. The Vertical Distribution of Phytoplankton Abundance, Biomass, Dominant Species, Diversity
Indices, Size Structure

Heterogeneity in the distribution of structural parameters of the phytoplankton com-
munity was also noted along the depth (Figures 2–5).

In the deepest part of the western area of the lake (station 1), two layers with notice-
able phytoplankton richness were distinguished (0–1 and 8–9 m in July, 0–2 and 7–9 m in
August) (Figures 1 and 2). In the first one (surface layer), the highest values of species rich-
ness (32 species), Shannon indices (HN = 3.52, HB = 3.36), and evenness index (EN = 0.70,
EB = 0.67) were established in July. In this month, the phytoplankton abundance and
biomass were typical for mesotrophic lakes (0.45 million cells/L, 1.37 g/m3). Algocenoses
were formed with a predominance of Cyclotella distinguenda and Melosira varians Ag., ac-
companied by large-celled benthic diatom forms (species of the genera Pinnularia, Caloneis,
Amphora, Navicula radiosa Kütz., etc.). At the depths of 5–7 m, the development of phyto-
plankton significantly decreased, increasing again in the bottom layer. Near the bottom,
there were the phytoplankton communities with the predominance of large-cell forms
(especially in the formation of biomass) and the participation of Melosira varians, Cyclotella
distinguenda and Meridion circulare (Grev.) Ag. A few flagellar algae (genera Chrysococcus,
Dinobryon, Euglena, Vacuolaria) were found at depths from 0.5 to 4.0 m.

In August, at station 1, the vertical distribution of structural parameters of phyto-
plankton was the same (Figure 2). In the surface water layer, the development of algae was
insignificant (the abundance reached 0.1–0.2 million cells/L, the biomass—0.1–0.26 g/m3).
Near the bottom (7–9 m), the abundant increased 1.5 times, and the biomass—6 times.
In the intermediate layer (3.0–6.0 m), the decrease in species richness (up to 4–6 species
in one sample) and diversity indices were found. In comparison with surface layers, the
participation of the small-celled fraction of plankton in the formation of its abundance be-
came more noticeable (by 1.5–2.2 times), and its contribution to the phytoplankton biomass
was maximal (up to 79%). From a depth of 6 m to the bottom, the proportion of large-cell
phytoplankton species increased because of the benthic species of the diatoms presence
in the sample (species from genera Nitzschia, Navicula, Cymbella, Gomphonema, Pinnularia)
(Figures 3 and 4). Thus, in the zone of the greatest depths of the western part of the lake,
two maxima of phytoplankton development were formed at the surface, and near the
bottom in July and at the bottom in August.
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Figure 2. Vertical distribution of diversity indices and structural variables (α-diversity, abundance,
biomass, saprobity, size structure) of phytoplankton in Lake Klyuchik in 2017 (July). A—Indicators
for the abundance; B—indicators for biomass; C—the number of species and size structures,
I—Station 1, II—Station 3, III—Station 5. N, 106 cells/L—abundance; B, g/m3—biomass; SN–
Pantle–Buck index, calculated to abundance; SB—Pantle–Buck index, calculated to biomass; HN
bit/Ex—Shannon–Weaver diversity index for abundance; HB, bit/g—Shannon–Weaver diversity
index for biomass; DN—Simpson dominance index for abundance; DB—Simpson dominance index
for biomass; EN—Pielou evenness index for abundance; EB—Pielou evenness index for biomass;
α-diversity—number of species per sample; Vam—arithmetic volume; Vc, µm3—coenocytic volume.
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Figure 3. Vertical distribution of diversity indices and structural variables (α-diversity, abundance,
biomass, saprobity, size structure) of phytoplankton in Lake Klyuchik in 2017 (August). A—Indicators
for the abundance; B—indicators for biomass; C—the number of species and size structures, I—Station
1, II—Station 3, III—Station 5. N, 106 cells/L—abundance; B, g/m3—biomass; SN—Pantle–Buck
index, calculated to abundance; SB—Pantle–Buck index, calculated to biomass; HN bit/Ex—Shannon–
Weaver diversity index for abundance; HB, bit/g—Shannon–Weaver diversity index for biomass;
DN—Simpson dominance index for abundance; DB—Simpson dominance index for biomass; EN—
Pielou evenness index for abundance; EB—Pielou evenness index for biomass; α-diversity—number
of species per sample; Vam—arithmetic volume; Vc, µm3—coenocytic volume.
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Figure 4. Vertical distribution of relative structural variables of phytoplankton in Lake Klyuchik
in 2017 (July). A—Share of small-celled fraction and flagellar species proportion counted for the
abundance, B—share of small-celled fraction and flagellar species proportion counted for the biomass;
I—Station 1, II—Station 3, III—Station 5. %N—a share of a small cell fraction (<20 µm) in the total
phytoplankton abundance; %B—a share of a small cell fraction (<20 µm) in the total phytoplankton
biomass; %Nflagel—a share of the monad forms in total abundance of algae; %Bflagel—a share of the
monad forms in total biomass of algae.
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Figure 5. Vertical distribution of relative structural variables of phytoplankton in Lake Klyuchik in
2017 (August). A—Share of small-celled fraction and flagellar species proportion counted for the
abundance, B—share of small-celled fraction and flagellar species proportion counted for the biomass;
I—Station 1, II—Station 3, III—Station 5. %N – a share of a small cell fraction (<20 µm) in the total
phytoplankton abundance; %B—a share of a small cell fraction (<20 µm) in the total phytoplankton
biomass; %Nflagel—a share of the monad forms in total abundance of algae; %Bflagel—a share of the
monad forms in total biomass of algae.
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At station 5 (in the eastern part of the lake), the maximum phytoplankton develop-
ment was clearly manifested near the bottom (Figure 2) with predominant large benthic
species of diatoms (genera Pinnularia, Amphora, Nitzschia, Cymbella). In July, their relative
biomass and abundance were more than 60% and 10%, respectively. In contrast to benthic
communities, communities on the surface of this station were formed by small-cell species
of phytoplankton, such as Cyclotella distinguenda, Hadmannia comta (Ehr.) Kociolek and
Khursevich, Monoraphidium minutum (Nägeli) Komárk.-Legn., and Dictyosphaerium subsoli-
tarium V. Goor with a significant relative abundance. The phytoplankton of this part of the
lake was enriched with flagellate algae, which were found in each layer (22.5 ± 3.2% and
75.9 ± 8.8% of the total abundance and biomass, respectively, for the entire water column).
Their relative biomass was the highest at the surface and gradually decreased at the bottom.
Among the monad fraction, both a few large-celled species (Peridinium cinctum Pénard.
and Ceratium hirundinella (O. Müll.) Dujard.) and numerous small-celled ones (Komma
caudata (Geitler) D.R.A. Hill., Kephyrion gen. spp.) were distinguished. Dominant species
Peridinium cinctum developed in a hole water column (from the surface to the bottom),
forming for 61–89% of the phytoplankton biomass in the surface and intermediate layers;
near the bottom—only 14%. Algocenoses that formed in the bottom layer (depth 7 m)
were characterized by high Shannon indices (HN = 3.43; HB = 3.25) and Pielou evenness
indices (EN = 0.72; EB = 0.68) of species and weak dominance in abundance (DN = 0.15)
and biomass (DB = 0.16) of phytoplankton (Figures 2 and 4).

In August, the vertical distribution of phytoplankton structural parameters at this
station was similar to that of July. In the surface layer, the biomass and abundance of phy-
toplankton corresponded to the oligotrophic state, in a depth of 6–7 m—to the mesotrophic
level (9.2 million cells/L – 4.53 g/m3) (Figure 3). Increasing the depth, there was a tendency
in enlarging of α-diversity, although the number of dominant species in abundance in the
bottom layers turned were lower than in the rest of the water column. The phytoplank-
ton community was mainly formed by small-celled species. Their proportion in the total
abundance was maximal between layers of 5 to 7 m, while the contribution in the biomass
sharply decreased near the bottom (Figure 5). At the deepest layer upon contact with the
bottom surface, the benthic species of algae (mainly large-cell pennate diatoms—Navicula
radiosa, Amphora ovalis (Kütz.), Pinnularia sp.)—enriched the plankton communities and
contributed the increase of the arithmetic volume of cells (Vam = 16640) (Figure 3). The
relative abundance of flagellate algae increased more than twice in comparison with July,
but their proportion in the total biomass remained the same. Dominant in abundance
were Komma caudata, species of the genera Cryptomonas, Chrysococcus, Dinobryon, and other
unidentified small-cell chrysomonads. These species vegetated (up to 8.92 million cells/L)
at a depth of 4–5 m to the bottom forming more than 90% of the total abundance on the
6-m layer. Most notable in the creation of biomass were large-celled Ceratium hirundinella
(up to 1.78 g/m3) and Peridinium cinctum (up to 2.0 g/m3), they prevailed in the bottom
layer of water, and Vacuolaria virescens Cienk. (up to 0.7 g/m3) at a depth of 4.0 m.

In the shallowest, station 3, in the ecotone zone during the summer, the highest inte-
grated abundance and biomass (97.8 g/m3) of phytoplankton were observed in August.
The vertical stratifications of phytoplankton abundance and biomass were the most pro-
nounced there. Phytoplankton was sharply concentrated in the bottom layer of water
(the abundance of this group of living organisms was 32 and 49 times higher than in the
surface in July and August, respectively, and the biomass was 21 and 36 times higher; the
maximum value of biomass was 130 g/m3) (Figures 2 and 4). In this part of the lake, oligo-
and even monodominant phytoplankton communities, poor in species, were formed with
an absolute prevalence of Cyclotella distinguenda near the bottom. Alfa-diversity indices
(especially in terms of the abundance of species) had higher values in the surface layers
and reached a minimum (Shannon indices: HN = 0.11; HB = 0.34 and Pielou evenness
indices: EN = 0.04; EB = 0.11) at the bottom during the period of diatoms “blooming”. In
the vertical distribution, there was a reduction of the proportion of flagellar algae from the
surface (25.2–37.9% of abundance, 73.9–87.1% of the biomass) to the bottom (0.11 and 0
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accordingly), and opposite, gradually increasing the share of small-celled plankton from
the surface to the bottom (by 2–5 times in terms of biomass), from the beginning of the
summer period to its end (Figures 3 and 5).

3.5. Statistical Analysis

Phytoplankton abundance and biomass in Lake Klyuchik were positive correlated
with each other (Rs = 0.89). The abundance tended to increase in more saprobic and trophic
waters (the correlation coefficients between N and SB was 0.63). At the same time, no
significant relations with the structural variables of phytoplankton communities were
revealed, except for the abundance and its evenness index (EN), which had a negative
relation (Rs = −0.54). The abundance of phytoplankton positively correlated (Rs = 0.52)
with the proportion of the small-cell species (%N) in its formation and negatively correlated
with the proportion of the dominant species, in terms of biomass (Rs = −0.59 and −0.69,
the relationship of this parameter with the abundance and biomass, respectively).

The correlation analysis showed that the Shannon–Weaver indices (HN, HB) positively
correlated with the Pielou evenness indices, and they had a significant negative correlation
with the Simpson dominant indices (Table 3).

Table 3. Spearman correlation matrix of the diversity indices of phytoplankton in Lake Klyuchik
(p ≤ 0.05).

HB HN DB DN EB EN

HB 1.00 0.88 −0.99 −0.89 0.86 0.88
HN 0.88 1.00 −0.87 −0.96 0.74 0.95
DB −0.99 −0.87 1.00 0.87 −0.88 −0.85
DN −0.89 −0.96 0.87 1.00 −0.73 −0.91
EB 0.86 0.74 −0.88 −0.73 1.00 0.78
EN 0.85 0.95 −0.85 −0.91 0.78 1.00

The Shannon indices had a negative relation with the proportion of the small-celled
species in the abundance and biomass, saprobity, and a weakly positive correlation, with
a relative abundance of flagellar forms and a diversity of dominant and mass species
(Table 4). A similar tendency was recorded with Pielou, which had a positive correlation
with a majority of structural variables. The Simpson dominant indices had the opposite
trend (Table 4).

Table 4. The correlation coefficients found by correlation analysis of α-diversity indices and some
structural variables of phytoplankton communities in Lake Klyuchik (p ≤ 0.05).

HB HN DB DN EB EN

N p ≥ 0.05 p ≥ 0.05 p ≥ 0.05 p ≥ 0.05 p ≥ 0.05 −0.54
SB p ≥ 0.05 −0.52 p ≥ 0.05 p ≥ 0.05 p ≥ 0.05 −0.55

%N −0.62 −0.76 0.59 0.76 −0.66 −0.82
%B −0.71 −0.85 0.73 0.74 −0.67 −0.81

%Nflagel 0.57 0.64 −0.54 −0.77 p ≥ 0.05 0.61
SDN 0.70 0.64 −0.65 −0.78 0.56 0.57
SMN 0.56 0.77 p ≥ 0.05 −0.75 p ≥ 0.05 0.74
SDB p≥0.05 p ≥ 0.05 p ≥ 0.05 p ≥ 0.05 p ≥ 0.05 0.53
SMB 0.74 0.67 −0.77 −0.74 0.68 0.76

No significant relationship was found between species richness and other structural
variables of phytoplankton communities. The number of dominant species by biomass was
negatively related to the abundance (Rs =−0.69) and biomass (Rs =−0.59) of phytoplankton
and positively to the coenocytic volume (Rs = −0.57). The number of dominant and
subdominant species in abundance had negative correlations with the share of the small-
cell species in the abundance (Rs = −0.51 and −0.85 respectively) and biomass (Rs = −0.51
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and −0.53) of phytoplankton, i.e., with its increase, the composition of coenose-forming
components with a size of less than 20 microns became poorer. Positive correlations were
also noted with the share of flagellates, in abundance (Rs = 0.53–0.86).

The number of dominant species was not determined by the species richness (p ≥ 0.05).
Usually, it was not notable (2–4 species in a sample, rarely more – up to 7, station 4), as well
the total number of species (average for the lake 15 ± 1, maximum 32–35).

There was a positive correlation (Rs = 0.65) between the arithmetic volume of algal
cells (Vam) and coenocytic volume (Vc) in phytoplankton communities of Lake Klyuchik;
the connection between these parameters and the abundance and biomass was negative,
but unreliable (p≥ 0.05). The low positive correlation of the small-cell species proportion in
abundance with the biomass of phytoplankton (Rs = 0.52) and the significant contribution in
those parameters (over 40–70%) (Table 4) reflected the predominance of the nannoplankton
component in phytoplankton communities.

Flagellate algae were poorly represented in the phytoplankton communities of the
lake. Their share on average for all stations was 4.3–4.5% of the abundance or biomass; at
some stations (St. 5) it increased to 11–14% (Table 2). The presence of monadic algae to a
certain depth was also unclear. At St. 1, they concentrated at a depth of 3 m (August) and
were the only group in that layer, or their noticeable development (up to 87% of the total
biomass) was noted in the surface layer (St. 3—ecotone zone); sometimes they created a
maximum (4.53 g/m3—up to 97% of the total biomass) in the bottom layer (St. 5) (Figure 5).
The proportion of flagellate algae in the abundance showed a positive correlation with
the arithmetic volume of the algal cell (Rs = 0.71), since the large-sized representatives
(Ceratium, Peridinium, Gonyostomum, Vacuolaria) or colonial (Dinobryon) species of algae
were mainly observed there.

A review of relations of phytoplankton structural parameters with environmental
parameters demonstrated a significant role of the depth. The depth of the lake had a positive
correlation with the number of dominant species (Rs = 0.62–0.66), diversity Shannon–
Weaver indices (Rs = 0.76 for HN and Rs = 0.61 for HB), and Pielou evenness (Rs = 0.82
for EN and Rs = 0.61 for EB), and negative with Simpson dominant indices (Rs = −0.68 for
DN and Rs = −0.61 for DB). A significant negative correlation was also noted between the
depth and water saprobity index by biomass s (Rs = −0.61).

The value of water transparency had a negative correlation with the abundance
(Rs = −0.97) and biomass (Rs = −0.90) of phytoplankton, the water saprobity index by
biomass (Rs = −0.77), and the proportion of small-celled algae that played a role in the
formation biomass (Rs = −0.80). Transparency correlated positively with diversity index
based on abundance (Rs = 0.62), evenness (Rs = 0.59), and the number of dominant species
(Rs = 0.73). The temperature factor had positive correlations with the volume of algae
cells (Rs = 0.53) and the proportion of the flagellar species in the forming of abundance
(Rs = 0.51) only. The value of pH showed a positive relationship only with the proportion
of flagellate algae, in terms of abundance (Rs = 0.57).

4. Discussion

Lake Klyuchik is a small gypsum karst lake with calcium sulphate water. Like most
gypsum reservoirs [4–6], it has brackish water (dissolved salts up to 2.0 g/L), high trans-
parency, and an azure (ultramarine) water color. The lake also has some specific charac-
teristics. Firstly, it has an ecotone zone that connects two parts of the lake differing from
each other in the chemical composition and physical properties of the water. Secondly, in
the western water area of the lake, there is an underground spring, the flow rate of which
varies from 1.79 m3/s to 4.21 m3/s [34]. According to the flow-based classification [50], it
belongs to the second-magnitude group of springs; from this point of view, lake Klyuchik
can be considered a unique hydrological object. The presence of an underground spring
ensures a constant low temperature in the western part of the lake (it does not freeze during
the winter) throughout the year, and a lack of temperature and oxygen stratification [30].
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With this combination of factors, Lake Klyuchik turned out to be similar to Lake Goluboe
(Samara Region, Russia) [17] and Lake Ochiul Beiului (Romania) [2].

The water transparency in Lake Klyuchik was in the range of 3 to 8 m and was peculiar
to oligotrophic–mesotrophic types of water bodies [51]. The values of transparency were
less in the ecotone zone due to the slight depth at this part of the lake (up to 2 m). The
coefficient of relative transparency, estimated as the ratio of the average transparency to
the average depth, was 1.1. It is typical to the class of optically deep water bodies, in
which the water transparency is 1–2 times greater than the average depth [51], favoring the
development of phytoplankton at considerable depths. Lake Klyuchik can be classified as
neutral or oligo-alkaline, according to the pH value [51].

We regard this lake as a model of an aquatic system, where the effect of the envi-
ronment ”severity” is clearly expressed. According to Bigon et al. [52], the environment
”severity” means the predominance among environmental conditions of one or few limiting
factors (acidification, pollution, thermification, etc.), which are responsible for influencing
the structural variables of the biotic communities and suppressing the effects of other
factors. In Lake Klyuchik, two main factors (temperature and mineralization, which have
great influence on the structure of algocenoses) are combined in an unusual way, not
typical for the lakes of the temperate forest zone. Although the amount of solar energy
supplied per unit of the lake surface area is typical for the forest zone, the thermal regime
of the lake is more similar for the northern lakes of the coniferous–deciduous forests. Lake
Klyuchik, consistent with the thermal regime, is similar to water bodies of the tundra and
forest–tundra, for example, the subarctic lakes of Fennoscandia [53]. On the other hand, the
values of mineralization are more typical for southern lakes of the steppe zone [6,10,17].

The continual inflow of underground cold, blue-colored waters, increases the albedo of
the lake in its western part. It contributes to a significant reflection of light energy from the
surface, weak water heating (average summer water temperature was 8.8 ± 0.5 ◦C, seasonal
temperature variations were 2.5–3.0 ◦C), and the formation of stable low-temperature
conditions in the summer season. The eastern part of the lake is more productive because
its waters are warmer in the summer (average temperature was 14.7 ± 0.9 ◦C, seasonal
temperature variations were 4.1–4.5 ◦C). The transparency of the waters is about two
times lower than in the western part, the waters are greenish–blue in color because of the
development of autotrophic plankton. With the same amount of incoming sun energy, its
absorption and, accordingly, water heating, are more efficient in the western part of the
lake. It contributes to the compensation of the low temperature background and stimulates
the development of thermophilic algae species.

The floristic list of algae in Lake Klyuchik was formed by nine taxonomical groups
where diatoms significantly prevailed in terms of the number of species (more than 40%).
The proportions of green algae and cyanoprokaryotes were lower, while in the majority
of water bodies in the temperate zone, they usually predominated [10,54,55]. The same
proportion of large taxa (divisions) of algae were recorded in Lake Goluboe, Russia [17],
and in Lake Ochiul Beiului, Romania [2], with similar habitat conditions. The species
composition of phytoplankton of Lake Klyuchik was represented mainly by benthic, littoral,
and truly planktonic forms with dominance of the cosmopolitan species (87.1%) and a low
proportion of boreal ones (12.9%) [32]. In this regard, this water bodies are similar to most
of the lakes [15].

Species richness is one of the most important parameters of the phytoplankton com-
munity [52,56,57]. The specific combination of environmental factors in Lake Klyuchik
was weakly beneficial for the formation of species-rich phytoplankton communities there.
The alpha diversity of phytoplankton (18–20 species per sample in summer season) was
significantly lower than in other waters bodies (e.g., in the lakes of the Pustynsky Reserve—
up to 40–50 species per sample) of the same karst zone of the Volga basin [54]. Similarly,
low values of α-diversity were noted for highly-humified and acidic water bodies [58–60];
in this term, it can be considered a common answer, in regard to biota communities and
stress conditions.
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Analysis of the spatial and vertical distribution of the main parameters of the phyto-
plankton structure of Lake Klyuchik and their correlations revealed some patterns. The
distributions of the taxonomic composition, quantitative development, and diversity in-
dices of phytoplankton were characterized by spatial heterogeneity. The abundance and
the biomass varied significantly during the summer period and generally characterized
Lake Klyuchik as a eutrophic lake [51] with the average biomass being more than 5.0 g/m3,
except for the area of voklina (St. 1). At this station, the phytoplankton abundance and
biomass were not high, peculiar to oligotrophic or the weakly mesotrophic state. In terms
of temporary changes, the maximum biomass values at stations 2 and 5 were recorded in
July, and at stations 3 and 4—in mid-August. At the deepest, station 1, biomass values were
similar during the summer. Successions of the dominant species are presented in previous
studies in more detail [32].

The dominant groups of phytoplankton were similar to those noted for other karst
lakes of temperate zones, including gypsum ones [2,10,16,21]. The phytoplankton of Lake
Klyuchik is characterized by co-occurrences of chrysophytes (Chrysophyceae—up to 20%
of the total abundance), dinoflagellates (Dinophyceae—up to 40% of the total biomass),
and diatoms (Bacillariophyta) in the warm water part of the lake, and practically complete
(50–100%) dominance of diatoms in the cold water part, where they often develop near
the bottom. In high transparency conditions (up to 8.5 m), and a lack of light limitation,
photosynthesis was possible throughout the entire water column, including the area near
the benthal zone. This area became available for the normal functioning of planktonic or
benthic algae, including representatives of the "shadow" flora, mainly from the diatoms.
Avoidance by diatoms of well-lit surface layers of highly transparent water bodies (both
marine and fresh) is a well-known fact in the ecology of phytoplankton and diatoms [47]
(the phenomenon of a deepened maximum of photosynthesis).

The proportion of dominance groups and individual development values of dominant
species were rather specific. In this regard, the ecotone zone of the lake is of particular
interest, where the most noticeable phytoplankton development was noted on the bor-
der between the water column and bottom sediments. The phytoplankton biomass was
uniquely high there (up to 130 g/m3) and was typical for hypertrophic water bodies [51].
Such development of phytoplankton sharply distinguished Lake Klyuchik from other water
bodies, the Middle Volga basin, including the highly eutrophic Cheboksary reservoir [61],
the Oka rivers [36], and others.

Despite the higher alpha diversity (26 taxa) in the ecotone zone, compared to the other
stations, monodominant phytoplankton communities were formed here, in which only
one species of centric diatoms—Cyclotella distinguenda—had prevailed. A small part of the
population of this diatom had a cell diameter of more than 20 microns [33]. It affected the
proportion of large and small cell components in the algocenoses. The share of small cell
algae in the biomass in this area of the lake was maximum.

Cyclotella-species ”blooming” are often phenomena in the karstic lake, in both the
temperate zone [16,20] and in the lakes of the warm belt [12,18,19], especially during spring
and autumn turbulence.

Cyclotella distinguenda is a rare species for the algoflora of the Volga basin, as well
as for river systems in Hungary [62]. This species of centric diatoms, according to its
ecological preferences, prefers mesotrophic conditions, and is sensitive to stratification [63].
In accordance with the literature data [16], similarly high values of biomass and abundance
of this species were not observed in other lakes. We suppose that the unique combination
and dynamics of the environmental factors of the lake (high mineralization, favorable
light conditions, low temperature background, and lack of thermal stratification) were
optimal for the mass development of this species and allowed it to regulate the structure
and productivity of algocenoses in weak competition conditions.

Such combinations of factors were likely not beneficial for the other groups of phyto-
plankton. Cyanobacteria are frequent components of phytoplankton communities in highly
mineralized water bodies of the steppe and semi-desert zones [64–66], and in the sub-

62



Microorganisms 2022, 10, 386

tropical zone [18,19], especially in the midsummer stratification period. In Lake Klyuchik,
despite the high values of mineralization, the development and "blooming" of cyanobacteria
were limited by low temperatures and by an absence in the western part of the reservoir, or
weakly expressed stratification (in the eastern part). The cyanobacteria found in plankton
were represented by small coccoid and filamentous forms (Aphanocapsa spp., Pseudanabaena
spp.), but their abundance was not significant.

A similar trend can be noted for coccoid green algae, the diversity, growth rate, and
productivity of which are stimulated by elevated temperatures [66,67].

The role of phytoflagellates (species from different taxonomic groups), frequent inhab-
itants of lentic water bodies [12,16,68], turned out to be less significant than other groups.
Flagellar algae are weakly dependent on light conditions due to their greater tendencies to
mixotrophic feeding and heterotrophic carbon assimilation [60,69,70], but they are sensitive
to turbulence [19]. Since there was no pronounced stratification in the lake, accumulations
of mobile monad algae at different stations of the lake could be formed in any part of
the water column and their preference for a certain depth was not clearly manifested.
However, the proportion of flagellate algae was statistically higher in the warm eastern
part of the lake.

Among structural parameters, species richness did not show significant relations with
other structural variables, whereas the number of dominant and subdominant species
turned out to be more indicative and showed correlations. It means that the alpha diversity
of phytoplankton (Shannon diversity index, Pielou evenness index and Simpson dominance
index) were mainly determined by the number of the dominant species (not by the species
richness of phytoplankton) and their ecological preferences (the ability to vegetate at low
summer temperatures in mesohaline conditions).

The size structure of the phytoplankton community, as an important indicator of water
ecosystem eutrophication [47], reflected the predominance of nannoplankton components
in phytoplankton communities of Lake Klyuchik. The proportion of small-celled organ-
isms increased in communities with more pronounced dominance and decreased with an
increase in species diversity and evenness.

The saprobity of water bodies within the limnosaprobic levels of their pollution with
organic matter changes, in parallel with the levels of trophicity, can be considered as struc-
tural indicators of communities [46]. The variations in the average values of the saprobity
indices in Lake Klyuchik was within the framework of oligo-β-mesosaprobic water pol-
lution, with higher values in the ecotone zone of the lake. As the saprobity enhanced,
we observed a tendency of simplification of phytoplankton communities (a decrease in
diversity and evenness) and an increase in the role of the small-cell fraction.

5. Conclusions

The investigation of the gypsum karstic lake with the unique abiotic environmental
factors made it possible to identify the most important features of the structure and dynam-
ics of phytoplankton communities developing in such conditions. These patterns expand
our understanding about the diversity of phytoplankton communities, in general, and
provide clarifications about their organizations under certain environmental scenarios. The
ideas will be useful for studying the biodiversity of phytoplankton communities for lakes
with unusual—as well as typical—parameters, to assist in the planning (i.e., in the protec-
tion of unique landscapes or habitats) and in the assessments of the ecological statuses of
these lakes.
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Abstract: Harmful algal blooms (HABs) are extreme biological events representing a major issue
in marine, brackish, and freshwater systems worldwide. Their proliferation is certainly a problem
from both ecological and socioeconomic contexts, as harmful algae can affect human health and
activities, the marine ecosystem functioning, and the economy of coastal areas. Once HABs establish,
valuable and environmentally friendly control actions are needed to reduce their negative impacts.
In this study, the influence exerted by the filter-feeding activity of the two sabellid polychaetes
Branchiomma luctuosum (Grube) and Sabella spallanzanii (Gmelin) on a harmful dinoflagellate was
investigated. Clearance rates (C) and retention efficiencies were estimated by employing the mi-
croalga Amphidinium carterae Hulburt. The Cmax was 1.15 ± 0.204 L h−1 g−1 DW for B. luctuosum and
0.936 ± 0.151 L h−1 g−1 DW for S. spallanzanii. The retention efficiency was 72% for B. luctuosum and
68% for S. spallanzanii. Maximum retention was recorded after 30 min for both species.
The obtained results contribute to the knowledge of the two polychaetes’ filtration activity and to char-
acterize the filtration process on harmful microalgae in light of the protection of water resources and
human health. Both species, indeed, were extremely efficient in removing A. carterae from seawater,
thus suggesting their employment as a new tool in mitigation technologies for the control of harmful
algae in marine environments, as well as in the aquaculture facilities where HABs are one of the most
critical threats.

Keywords: harmful algal blooms; bioremediation; filtration activity; polychaetes; dinoflagellates

1. Introduction

Marine phytoplankton forms the base of the food webs, but some species are con-
sidered “harmful” as they produce toxins that negatively affect human health, or blooms
with deleterious effects on aquatic ecosystems, fisheries, aquaculture, and tourism [1,2].
The term “Harmful Algal Blooms” (HABs) is used to describe all of these events (e.g., [3]).
HABs are natural phenomena that, in recent years, have increased in occurrence and
spread worldwide [4], and also in relation to an enhanced scientific knowledge and an
intensification of monitoring programs, especially in aquaculture sites [5].

Determining the causative factors for HABs is complex. Many studies have been
carried out to understand this ecological phenomenon, but the mechanisms responsible
for the bloom formation are still not fully understood and their prevention is a highly
difficult task [6]. In fact, not only eutrophication, but also other causes, can be responsible
for the expansion and intensification of HABs, such as human-mediated introduction
of alien harmful species, climatic variability, expanded utilization of coastal waters for
aquaculture, and habitat modification [7,8]. Preventive measures, such as nutrient input
control, are necessary to preclude the occurrence of high biomass HABs. However, HABs
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may continue to increase due to warming and rising CO2, according to the 2019 IPCC [9].
While the exact scenarios are unknown and more studies should be conducted, the fact that
HABs are, in part, natural events requires us to address methods to mitigate their impacts.
Effective and environmentally friendly control actions have become a priority to suppress
them [4,5]. Biological methods represent promising options to control HABs, as they
usually do not cause secondary pollution and can be species-specific [10]. They usually use
enzymolysis or parasitism effects on HAB species and nutrient competition, or allelopathic
effects of macroalgae or seagrass, or grazing by marine protozoa, zooplankton, and filter-
feeding shellfish [4]. Marine invertebrate filter feeders have been shown to extract large
quantities of phytoplankton from the water, thus having a pronounced grazing impact on
the phytoplankton communities and biomass in many shallow marine areas. The diversity
of organisms involved in the filtration process thus ensures water filtration, the use of
plankton, and water self-purification [11–13]. In coastal marine ecosystems, these filter
feeders constitute a large component both in terms of biomass and abundance and, due to
their intense filtering capacity, these organisms could potentially process large volumes of
water daily. Several researchers have studied the filtration activities of different zoological
groups, such as ascidians, polychaetes, bivalves, and sponges [14–24], with different types
and concentrations of particles [11,25].

Polychaetes species belonging to the Sabellidae family are characterized by the pres-
ence of a branchial crown, which protrudes out of the tube they inhabit to collect and sort
material of different sizes. Small particles are ingested, while large ones are rejected into the
water [26,27]. Several studies have been focused on the filtering organs and particle capture
mechanisms in sabellids [14–16,20–24,28–35]. Most of the field and laboratory studies
on filter feeder polychaetes have been carried out employing phytoplankton as a trophic
source [29,33,34]. In particular, Clapin [29] has shown that the sabellid Sabella spallanzanii
(Gmelin), when settled on artificial structures at about 5 m depth, is able to influence
the phytoplankton level through the filtration process, filtering 23.4 × 103 L m−2 day−1

(biomass = 258 g DW m−2), and, finally, to ensure, for almost five times a day, a turnover of
the overlying water column.

In the present paper, we investigate the filtration process of two sabellid species,
S. spallanzanii and Branchiomma luctuosum, on the potential toxic dinoflagellate species
Amphidinium carterae. We characterized the filtration process of these two sabellid species
and evaluated their clearance rate and retention efficiency. The filtration capability of these
two species was previously studied by using bacterioplankton as a trophic source [14–16].

Amphidinium carterae is a high-biomass producer [36–38], as well as a producer of more
than 20 secondary metabolites that have demonstrated haemolytic, cytotoxic, ichthyotoxic,
and antifungal activities [39,40].

Until now, mitigation measures tested for the blooms of this microalga were chemical
controls using modified sands, clay, and soil [41–43]. The obtained results are discussed in
light of the potential employment of the investigated polychaete species as bioremediators
of harmful microalgae, effective in protecting water resources and human health in coastal
waters, as well as in the field of the aquaculture.

2. Material and Methods
2.1. Polychaete Sampling

Adult specimens of S. spallanzanii and B. luctuosum were sampled in the Gulf of
Taranto (Mediterranean Sea, Ionian Sea, Italy), where rearing trials were realized in an
integrated multitrophic aquaculture (IMTA) system equipped with fish cages within the
framework of the Remedia Life Project (LIFE16 ENV/IT/000343). The experimental design
of the project consisted of an IMTA system including six fish cages, where the waste
restoration was realized by the presence of some marine organisms, including the selected
filter feeder polychaetes, acting as bioremediators. Polychaetes were obtained from natural
recruitment on plastic nets, used as collectors, immersed in the fish farm around the
fish cages suspended at about 12 m depth (Figure 1). After their collection, the worms
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were transferred to the laboratory and prepared for the filtration experiments. Prior to
experiments, as already reported by Licciano et al. [14], epibionts were removed from the
worm tubes, then 12 individuals of similar tube length were selected for each species, placed
in an aerated aquarium equipped with 25 L of sterile-filtered sea water (SFSW) (0.22 µm
pore size filters, Millipore), which was daily replaced, and kept in a temperature-controlled
room (22 ◦C) for 48 h. After starvation, individuals of S. spallanzanii and B. luctuosum were
separately utilized for the filtration experiments.
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Figure 1. (A) Map of the sampling site in the Gulf of Taranto (Mediterranean Sea, Ionian Sea,
Italy). (B) Specimen of the polychaete Sabella spallanzanii. (C) Specimens of the polychaete
Branchiomma luctuosum. (D) Rearing trials of the polychaetes in the integrated multitrophic aquacul-
ture (IMTA) system realized in the Gulf of Taranto. Polychaetes were arranged in polypropylene nets,
which were hung vertically within a typical long-line system.

2.2. Microalgal Culture Conditions

The experiments were carried out using a strain of the dinoflagellate, A. carterae,
previously isolated from the Gulf of Taranto [44,45]. Microalgal cultures were grown
in f/2 medium [46]. Culture media was prepared with Gulf of Taranto seawater (salin-
ity of 38‰) filtered through glass fiber filters (Whatman GF/C) and then autoclaved.
All microorganisms were grown in 1000 mL Erlenmeyer flasks with 500 mL of f/2 medium
and kept in optimal growth conditions in a thermostatic chamber at 20 ± 1 ◦C under an
illumination cycle of 12D:12N (100 micromol photons m−2 s−1) and stirred at 100 rpm by
means of a mechanical stirrer.

For the filtration experiments, microalgae were collected after thirty days of growth
(exponential phase). Before biological tests, microalgal cultures were counted using a
1-mL Sedgwick Rafter chamber, and then appropriate aliquots were added to the experi-
mental beakers to obtain the required final concentrations of A. carterae corresponding to
6 × 103 cells mL−1.

2.3. Amphidinium carterae Retention and Clearance Rate Calculation

In order to evaluate the clearance rate (C) and the retention efficiency (R) of A. carterae
by S. spallanzanii and B. luctuosum, two separate experiments were carried out.

For each species, six starved worms were individually placed in six beakers filled with
10 L of SFSW (treatments), and six beakers were filled only with SFSW and employed as con-
trols, for a total of 12 beakers. Just prior to the beginning of the experiments, an A. carterae
suspension of a known concentration (2.2 × 105 cells mL−1) was added to both the treat-
ment and control beakers so that the final concentration was about 6 × 103 cells mL−1
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for both sabellid species. The retention of A. carterae cells by the two investigated filter
feeders was assessed by evaluating the removal of algal cells from SFSW over 4 h at a
temperature of 22 ◦C. Aliquots of SFSW (10 mL) were aseptically collected from the treat-
ment and control beakers every 15 min within the first hour and every 30 min during the
following 3 h, for a total of 11 sampling times. In order to determine the phytoplankton
abundances, from each beaker at the end of each sampling time, the aliquots of SFSW were
immediately fixed with an acid Lugol’s iodine solution to a final concentration of 1% and
stored at 4 ◦C until analysis. Amphidinium counts were performed by using an inverted
microscope (Labovert FS Leitz) equipped with phase contrast and following the Utermöhl
method [47]. Three replicates were prepared from each aliquot. At each time, a mean value
from the three replicates was computed. For each species, the retention efficiency R was
calculated as a percentage for the difference in algal abundances at each sampling time by
the following equation:

R (%) = 100 × [(c0 − ct)/c0] (1)

where c0 is the initial algal concentration in the experimental beakers and ct is the algal
concentration at the end of time t.

In order to determine the dry weights (g) of the employed filter feeders, at the
end of the experiments, each worm was drawn out of the tube, dried at 60 ◦C for 24 h,
and then weighed.

Clearance rates were assessed according to Coughlan [48] by evaluating the algal
removal in the treatment beakers as a function of time. Taking into account the predictable
shifts between feeding activity and rest during the filtration process of the worms, recog-
nizable by the intrusion of the branchial crown within the tube, for each species, C was
calculated within each sampling time as the mean ± standard deviation (SD) of the C
values recorded in all the treatment beakers at each time point and expressed in liters per
hour, per gram, of dry worm tissue (L h−1 g−1 DW). Furthermore, according to Navarro
and Widdows [17], the maximum clearance rate (Cmax) was also calculated for each species
as the mean ± SD of the highest C values recorded in each treatment beaker during the
entire experimental period (4 h).

2.4. Statistical Analysis

Analysis of variance was used to assess significant variations in A. carterae abundance
in the treatment and control beakers. The experimental design consisted of two factors:
polychaetes (Po, two levels, i.e., absent and present, fixed) and time (Ti, 11 levels, fixed and
crossed with Po), with n = 6 per combination of factors, for a total of 132 observation units.

Prior to analysis, the homogeneity of variance was tested using the Cochran test.
The Student–Newman–Keuls test (SNK) was used for post hoc comparisons among means [49].
Analysis was done using the GMAV 5 computer program (Statistical software for Windows
developed by Institute of Marine Ecology; Marine Ecology Labs, A11, University of Sydney,
NSW 2006 AUSTRALIA, 1997).

3. Results
3.1. Filtration Activity on Amphidinium carterae by Sabella spallanzanii

The mean concentrations of A. carterae in the control and treatment beakers during the
filtration experimental observations employing the polychaete S. spallanzanii are shown
in Figure 2A.
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Figure 2. Changes in Amphidinium carterae abundances measured in the control and treatment beakers
with (A) Sabella spallanzanii and (B) Branchiomma luctuosum.

The algal density remained almost unchanged in the control beakers and a mean value
of 5.92 ± 0.493 × 103 cells mL−1 was measured for the entire duration of the experiment.
By contrast, an exponential reduction in phytoplankton concentration was detected in
the treatment beakers (y = 7885.7 e−0.141x; R2 = 0.9809). Analysis of variance revealed a
significant Po × Ti interaction (Table 1) and post hoc comparisons among means showed
that A. carterae concentration in the treatment beakers was always significantly lower than
in the control beakers (p < 0.01), except for T0 and T15. In particular, the algal density
decreased with time in the treatment beakers, starting from T30, when the mean value
of 5.33 ± 0.279 × 103 cells mL−1 was recorded (p < 0.01). The lowest algal concentration
of 1.72 ± 0.130 × 103 cells mL−1 was measured at time T 240. This last value, however,
was not significantly different from the previous one recorded at T 210.

Table 1. Summaries of ANOVA testing for differences in average Amphidinium carterae abundances
measured at the different sampling times in the control and treatment beakers with Sabella spallanzanii.

Source of Variation DF MS F p

Po 1 157,564,720.3712 6543.83 ***
Ti 10 8,376,261.4636 347.88 ***

Po × Ti 10 8,036,449.4879 333.76 ***
Residual 110 24,078.35

TOT 131

Cochran Test
Transformation

C = 0.1854 (p < 0.05)
None

SNK Test AT < AC

Po(Ti) (AT T0 = AC T0)

(AT T1 = AC T1)

AT T0 > AT T1 > AT T2 > AT T3 > AT T4 > AT T5 > AT T6 > AT T7 > AT T8 > AT T9 > AT T10

Ti(Po) (AT T10 = AT T11)

AC T0 = AC T1= AC T2 = AC T3 = AC T4 = AC T5 = AC T6 = AC T7 = AC T8 = AC T9 = AC T10 = AC11

Reported are: Po: polychaetes; Ti: time; AT: algal concentration in the treatment beakers; AC: algal concentration
in the control beakers; AT T0: algal concentration in the treatment beakers at T0; AT T1: algal concentration in the
treatment beakers at T1; AT Tn: algal concentration in the treatment beakers at Tn (with n = 1,2,3 . . . . . . 11); AC
T0: algal concentration in the control beakers at T0; AC T1: algal concentration in the control beakers at T1; AC Tn:
algal concentration in the control beakers at Tn (with n = 1,2,3 . . . . . . 11); ***: p < 0.001.
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The retention efficiency of A. carterae by S. spallanzanii gradually increased with time,
with the highest value occurring 210 min after the beginning of the experiment, when the
value of R = 68% was recorded (Figure 3A).
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Figure 3. Retention efficiency calculated within each sampling time for (A) Sabella spallanzanii and
(B) Branchiomma luctuosum.

The clearance rate values measured for S. spallanzanii within each sampling time
are shown in Figure 4A. At T 90, the highest C value was recorded for this species
(C = 0.75 L h−1 g−1 DW), while the lowest value was measured at T 15 (C = 0.11 L h−1 g−1

DW). The C values significantly differed among sampling times (p < 0.001). The Cmax,
calculated as the mean value of all the single maximal values recorded for each individual,
was 0.936 ± 0.151 L h−1 g−1 DW.
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Figure 4. Clearance rates (C) calculated within each sampling time for (A) Sabella spallanzanii and
(B) Branchiomma luctuosum.

3.2. Filtration activity on Amphidinium carterae by Branchiomma luctuosum

In Figure 2B, the abundance of A. carterae recorded at the different experimental times
in the control and treatment beakers employing the polychaete B. luctuosum is shown.

After the beginning of the experiment, the phytoplankton concentrations in the treat-
ment beakers lowered exponentially as function of time (y = 8473.2 e−0.152x; R2 = 0.9509).
By contrast, the algal concentration in the control beakers remained almost unvaried during
the experimental observations, with the mean value of 5.92 ± 0.493 × 103 cells mL−1.

The SNK test performed on the Po × Ti interaction after ANOVA (Table 2) revealed
that A. carterae concentration in the treatment beakers was always significantly lower than
in the control ones (p < 0.01), except for the initial times of the experimental observations
T0 and T15.
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Table 2. Summaries of ANOVA testing for differences in average Amphidinium carterae abun-
dances measured at the different sampling times in the control and treatment beakers with
Branchiomma luctuosum.

Source of Variation DF MS F p

Po 1 149,460,080.9 2990.75 ***
Ti 10 8,872,472.823 177.54 ***

Po × Ti 10 8,561,803.017 171.32 ***
Residual 110 49,974.1591

TOT 131

Cochran Test
Transformation

C = 0.1902 (p < 0.05)
None

SNK Test AT < AC

Po(Ti) (AT T0 = AC T0)

(AT T1 = AC T1)

AT T0 > AT T1 > AT T2 > AT T3 > AT T4 > AT T5 > AT T6 > AT T7 > AT T8 > AT T9 > AT T10

Ti(Po) (AT T10 = AT T11)

AC T0 = AC T1= AC T2 = AC T3 = AC T4 = AC T5 = AC T6 = AC T7 = AC T8 = AC T9 = AC T10 = AC11

Reported are: Po: polychaetes; Ti: time; AT: algal concentration in the treatment beakers; AC: algal concentration
in the control beakers; AT T0: algal concentration in the treatment beakers at T0; AT T1: algal concentration in the
treatment beakers at T1; AT Tn: algal concentration in the treatment beakers at Tn (with n = 1,2,3 . . . . . . 11); AC
T0: algal concentration in the control beakers at T0; AC T1: algal concentration in the control beakers at T1; AC Tn:
algal concentration in the control beakers at Tn (with n = 1,2,3 . . . . . . 11); ***: p < 0.001.

In particular, a significant reduction of microalgae in the treatment beakers was
observed at T 30 (p < 0.01) when the value of 5.49 ± 0.23 × 103 cells mL−1 was recorded.
At the following sampling times, the algal density further decreased, with time in the
treatment beakers reaching the lowest value at T 240 (1.46 ± 0.155 × 103 cells mL−1),
although no significant difference was detected comparing this value with that recorded at
the previous time T 210.

As shown in Figure 3B, the retention efficiency measured for B. luctuosum within each
sampling time increased with time. At the end of the experimental observations (T 210),
the highest value of R = 72% was reached.

The clearance rates calculated for B. luctuosum within each sampling time are reported
in Figure 4B. The C values ranged from the maximum of 0.86 L h−1 g−1 DW measured at T
90 min to the minimum of 0.13 L h−1 g−1 DW at T 15, with significant differences among val-
ues over time (p < 0.001). The Cmax calculated as the mean of all the single highest C values
measured in each treatment beaker with B. luctuosum was 1.15 ± 0.204 L h−1 g−1 DW.

4. Discussion

The problem of harmful algae is crucial due to their effects, including risks for hu-
man health, as microalgae are the link in the food chain responsible for the transfer of
plankton toxicity to humans [50]. The blooms of harmful microalgae also have a neg-
ative influence both on marine resources, directly poisoning wild and farmed fish and
invertebrates, and on tourism, because of the effects related to water discoloration and the
production of repellent odors and foams. This translates into damage to the marine ecosys-
tem, which inevitably affects the economy of coastal activities and fishing communities
directly linked to coastal resources.

The proliferation of potentially harmful microalgae is, therefore, also a problem from
an economic point of view. In particular, serious economic losses of several million pounds
are caused by HABs in different countries, such as the UK, Australia, and the USA. Thus,
the advance in management strategies and mitigation technologies aimed at their removal
is of paramount importance in the protection of a significant fraction of the world’s water
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resources, human health, and economic growth [51,52]. In this framework, phytoplankton
filtration by macroinvertebrates could constitute a potential remedy.

This work represents a preliminary attempt to evaluate the ability of the filter feeder
polychaetes Sabella spallanzanii and Branchiomma luctuosum to remove, in relation to their
filtration process, a microalgal potentially toxic species, such as Amphidinium carterae, repre-
senting a danger to human health when present at high concentrations in seawater [36–38].

From our results, some interesting issues can be inferred.

- The potentially harmful microalgal species A. carterae, here used, when present in
the surrounding environment, can be an integral part of the natural diet of the two
investigated polychaetes. The Cmax and highest retention efficiencies obtained are
0.936 ± 0.151 L h−1 g−1 DW and 68% for S. spallanzanii, and 1.15 ± 0.204 L h−1 g−1

DW and 72% for B. luctuosum, respectively.

Clearance rates of other polychaete species were always estimated by using phy-
toplankton in laboratory and field experiments [22–24,29,30,33,34,53–56]. In particular,
the filtering activity of S spallanzanii has been investigated by Clapin [29] and Lemmens
et al. [56], who reported that this species has a filtering capacity similar to that of the macro-
filter-feeder community inhabiting the Posidonia sinuosa meadows of Southern Flats in Cock-
burn Sound (Australia). They estimated a mean filtering capacity of about 12 m3 d−1 m−2

habitat and a feeding efficiency of 13 L mg−1 O2 consumed.
Clearance rates on phytoplankton have also been recorded by employing other filter

feeders. For example, due to their importance from an economic point of view, a group
of filter feeders that has been widely studied in this regard is represented by mussels.
From a paper by Cugier et al. [57] on the filtration capacity of phytoplankton of some
bivalves, it appears that the clearance rates of these organisms vary from a minimum of
0.1 L h−1 g−1 DW to a maximum of 4 L h−1 g−1 DW. Thus, because of these considerations,
it is clear that filter feeders, including polychaetes, play a crucial role and have a significant
impact on the concentration of phytoplankton in their surrounding environment.

It is also important to underline that filter feeder polychaetes play a very crucial
role in regulating the abundance of some components of the ecosystem, which not only
include microalgae, as demonstrated by the present study, but also bacteria. In partic-
ular, some studies undertaken in order to investigate the effect of the filtration activity
of S. spallanzanii and B. luctuosum on bacterioplankton density showed that the clearance
rates and retention efficiencies for these two sabellid species were 12.4 L h−1 g−1 DW and
70% for the former, and 43.2 L h−1 g−1 DW and 98% for the latter [14–16]. The different
values of clearance rates obtained using bacteria or phytoplankton as trophic sources is
not surprising since several studies have shown that clearance rate values vary in relation
to the size of the particles used. The recorded values of clearance rate obtained in the
present study are particularly remarkable as a phytoplanktonic component with dimen-
sions around 12–18 µm in length and 8–10 µm in width was supplied to the polychaetes.
Amphidinium carterae, indeed, was considerably larger than bacteria that also constitute a
significant constituent of the polychaetes’ diet. Furthermore, several works have shown
that the higher the concentration of suspended particles (algal cells, etc.), the lower the
filtering activity and the food pressure on the plankton [11]. This means that, at relatively
low particle concentrations, the relationship between the filtration rate and the quantity
of particles is linear, or almost linear. Above a certain concentration threshold, however,
this relationship becomes non-linear, [25]. Based on these considerations, presumably em-
ploying different concentration of A. carterae could give rise to a variability in the filtering
activity on phytoplankton, leading to a relative decrease in the abundance of harmful algae
in aquatic ecosystems.

- The here-obtained results on the filtration capability of the polychaetes S. spallanzanii
and B. luctuosum on the harmful dinoflagellate A. carterae suggest that these inverte-
brates represent a new tool to reduce the impact of harmful algae on marine life and
could constitute a potential advantage in comparison to the up-to-now used biore-
mediation methodologies in the bioremediation process. Current strategies to reduce
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the potential economic and human health effects from HABs to fisheries and aquacul-
ture include chemical (e.g., flocculation [43]), physical, and biological measures [4].
Among these strategies, flocculation has been classified as the most cost-effective
and convenient way to rapidly remove algae [58–60]. Flocculation by the sole use of
natural clay, however, requires a high dosage in order to attain a fairly high (> 90%)
removal efficiency [61,62]. New methods were tested to further increase the removal
efficiency of natural clay minerals for the mitigation, for example, of A. carterae [41,43],
but in general, the use of clay remains often too rudimental, confined, or problem-
atic for large-scale implementation and could potentially have detrimental effects
on filter-feeding invertebrates [63,64]. For these reasons, in many countries, severe
environmental controls preclude the use of these techniques [3]. As regards physical
methods, often used to minimize HABs’ impacts on aquaculture plants, they consist,
for example, of enhanced flushing and aeration of cages and/or feeding cessation that
would help to manage the problem, but only in a small volume of water [10]. Finally,
biological methods are environmentally friendly and can be specific for algal cells,
without impact on non-HAB species. These include the use of bacteria, fungi, phages,
macroalgae or seagrass, protozoa, zooplankton, and filter-feeding shellfish [4].

The employment of these two species in the control of harmful algae could also be
recommended in the case of aquaculture production, where HABs are one of the most
critical threats. Evidence on the occurrence and impacts of HABs on marine fisheries
and mariculture is being gathered by ongoing regional programs (e.g., [65]), national
programs (e.g., UK FSA, https://www.food.gov.uk/business-guidance/biotoxin-and-
phytoplankton-monitoring, accessed on 9 December 2021), and global programs (Global
HAB Status Report) [66,67]. In the Gulf of Taranto, we realized an integrated multitrophic
aquaculture (IMTA) system involving these polychaetes and macroalgae as bioremediators,
reared/cultivated in association with fish cages, obtaining a high production of bioreme-
diator biomass. At the same time, a restoration of the aquaculture-rearing environment
was achieved in terms of microbial contamination (i.e., total coliforms and Escherichia coli)
and nutrient concentrations (i.e., phosphorous and nitrogen salts were also realized) [68],
as well as an amelioration of the benthic communities under the cages. It is noteworthy to
underline that B. luctuosum is not originally in the Mediterranean Sea and can be considered
an invasive species. However, in the long term, this species has reached a “naturalized” con-
dition, so becoming a part of the fouling community everywhere along the Mediterranean
coast without any negative impact [69]. The here-obtained results represent an added
value indicating the potentiality of the reared polychaetes to remediate the surrounding
farming environment also in terms of harmful algae, thus contributing to the realization of
an eco-friendly approach. This is useful to guarantee food safety and environmental quality,
taking into account that managing global food security is one of the greatest challenges
of the twenty-first century. The realization of an IMTA system including polychaetes is
also noteworthy considering that, despite the many reported cases of laboratory success in
controlling HABs, only a few field applications are described [70]. In fact, there are great
difficulties in cultivating and transporting the control agents when these technologies are
applied in the water, and they cannot be applied in the case of a rapid response to HAB
events. Therefore, as already suggested by Yu et al. [4], the main challenge of the biological
control for HABs mitigation is to transfer the laboratory experiments into the environment
that seems achievable in the case of the two considered polychaete species.

5. Conclusions

In conclusion, although our results are preliminary, they indicate a conspicuous
filtration capability of the toxic microalga A. carterae by the two considered filter feeder
polychaetes S. spallanzani and B. luctuosum. However, further studies will be carried out
to confirm these results in the field. Furthermore, in the future, other experiments will be
conducted using other typically planktonic algal species of different sizes to evaluate the
effectiveness of the proposed technology in different conditions.
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Since harmful algae have become an important global issue, the idea of employing
the two considered polychaetes as bioremediatiors for purification of the water column
is a sustainable, eco-friendly novelty also considering that, over the past several decades,
researchers have made great efforts to develop an integrated management approach for
HABs control.

The employment of S. spallanzanii and B. luctuosum in the control of HABs could
be recommended not only also in the case of the bioremediation of marine ecosystems,
but also in aquaculture facilities where HABs are one of the most critical threats.
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Abstract: Cyanobacteria are blue-green Gram-negative and photosynthetic bacteria which are seen
as one of the most morphologically numerous groups of prokaryotes. Because of their ability to fix
gaseous nitrogen and carbon dioxide to organic materials, they are known to play important roles
in the universal nutrient cycle. Cyanobacteria has emerged as one of the promising resources to
combat the issues of global warming, disease outbreaks, nutrition insecurity, energy crises as well
as persistent daily human population increases. Cyanobacteria possess significant levels of macro
and micronutrient substances which facilitate the versatile popularity to be utilized as human food
and protein supplements in many countries such as Asia. Cyanobacteria has been employed as a
complementary dietary constituent of feed for poultry and as vitamin and protein supplement in
aquatic lives. They are effectively used to deal with numerous tasks in various fields of biotechnology,
such as agricultural (including aquaculture), industrial (food and dairy products), environmental
(pollution control), biofuel (bioenergy) and pharmaceutical biotechnology (such as antimicrobial,
anti-inflammatory, immunosuppressant, anticoagulant and antitumor); recently, the growing interest
of applying them as biocatalysts has been observed as well. Cyanobacteria are known to gener-
ate a numerous variety of bioactive compounds. However, the versatile potential applications of
cyanobacteria in biotechnology could be their significant growth rate and survival in severe environ-
mental conditions due to their distinct and unique metabolic pathways as well as active defensive
mechanisms. In this review, we elaborated on the versatile cyanobacteria applications in different
areas of biotechnology. We also emphasized the factors that could impede the implementation to
cyanobacteria applications in biotechnology and the execution of strategies to enhance their effective
applications.

Keywords: cyanobacteria; bioactive compounds; bioremediation; photobiocatalysis

1. Introduction

Cyanobacteria are blue-green algae that generate biomasses via the conversion of
carbon dioxide using solar energy [1]. Cyanobacteria have a wide variety of colors such
as pink, red, yellow, green and brown [2], and they exist in diverse ecosystems such as in
rock surfaces, oceans, soil and freshwater [3]. It is important to know that cyanobacteria
are the first universal oxygen-producing photosynthetic microbes and for many billions of
years, they have contributed to the universe’s oxygen generation [4]. Cyanobacteria are
microscopic organisms; however, they could be observed via unaided eyes in the form of
blooms or colonies [5,6]. The potential of cyanobacteria to adapt to several environmental
conditions, ability to generate oxygen and simple genomes (enabling easy manipulations),
as sources of bioactive compounds, and their fast growth rate have prompted many re-
searchers to perform thorough investigations on cyanobacteria as supplements in human
food, animal feed, in industry and in medicine [7,8]. However, alterations in climate change,
global warming, nutrients availability and biotic factors determine the rapid growth rate of
cyanobacteria [9–11].
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Cyanobacteria are abundant sources of bioactive compounds. Their secondary metabo-
lites are rich sources of vitamins, enzymes and toxins which are crucial in many biotech-
nological industries [7], for instance, in the production of bioplastics from cyanobacte-
ria’s polyhydroxy-alkanoates (PHA) [12,13]. PHA accumulates intracellularly in many
cyanobacteria species, which can be utilized in bioplastics production with properties such
as polyethylene and polypropylene [12]. A wide variety cyanotoxins have been generated
from cyanobacteria [14]. These bioactive compounds among others include saxitoxins,
microcystins, and anatoxins [15]. This review emerged to broadly elaborate the important
roles of cyanobacteria in biotechnology.

2. Cyanobacterial Metabolites

Cyanobacteria exhibit metabolic processes such carotenogenesis and photosynthesis,
which generate highly valued primary and secondary metabolites. Primary metabolites are
those metabolites that are strictly involved in processes such as reproduction, growth and
cell division, which are referred to as developmental processes [15]. Primary metabolites
include antioxidants, primary proteins and lipids [16]. These metabolites could be re-
engineered to produce important biotechnological products such as dyes, biofertilizers,
food supplements and bioplastics [17–20]. However, secondary metabolites are not used
by cyanobacterial cells and are not directly engaged in their normal growth, reproduction
or development [21]. Secondary metabolites are typically distinctive to specific organisms
and are not regularly available in all environmental conditions. Hence, they are produced
for defensive purposes [22]. Secondary metabolites from cyanobacteria include toxins,
phenolic compounds, essential oils, alkaloids, steroids and antibiotics [23–29].

Previous epidemiological research revealed that cyanobacteria have a quite simple
genetic material [30], enabling easy manipulations and modifications for the discovery of
new important metabolites. These metabolites could be produced naturally from cyanobac-
teria via their responses to environmental stresses such as alteration of light intensity and
deficiencies in micro and macro nutrients, which could alter their photosynthetic cellular
metabolism [31].

Chen et al. [32] elucidated the manipulation of cyanobacteria growth conditions
by comparing two phases. In the first phase, the cyanobacteria were allowed to grow in
suitable and favorable conditions, whereas in the second phase, cyanobacteria were allowed
to grow in unfavorable environmental conditions such as nitrogen deficiency, elevated
intensity of light and deficiency of nutrients. The results revealed significant levels of
secondary metabolites such as essential oils, starch granules, lipids and biopolymers from
the second phase when compared to the first stage [32,33]. Rachana et al. [34] uncovered
the exploitation of the cyanobacteria metabolic pathway (Methylerythritol 4-phosphate,
MEP) to generate valuable secondary metabolites such as chlorophyll, fatty acids, and
hormones. These products possess antimicrobial, antibiotic and anticarcinogenic properties
that facilitate their active roles in pharmaceutical industries [34,35].

2.1. Phenolic Acids

Phenolic acids are aromatic rings consisting of one or more hydroxyl groups and one
carboxyl group. Phenolic acids produced by cyanobacteria are essential for the defense
against oxidative destruction that could result from hydroxyl radicals and the reactive
oxygen species [36]. The buildup of phenolic acids in cyanobacteria ensures the adaptability
and tolerance of cyanobacteria against several environmental stresses such as interaction
with heavy metals and UV light [37,38], which could result in the deposition of free radicals
in cells, damage to deoxyribose and chemical destruction of DNA [39].

As an example, Singh et al. [40] investigated how phenolic acids produced by cyanobac-
teria played an important role in the rummaging of free radicals and ensuring tolerance
and adaptability when the cultures of various cyanobacteria species (Oscillatoria acuta,
Plectonema boryanum, Anabaena doliolum and Haplosiphon intricatus) were subjected to a high
sodium chloride concentrations (considered as unfavorable condition). The experimental
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results revealed significant accumulation of phenolic acids including vanillic acid, gallic
acid, chlorogenic acid, caffeic acid and ferulic acid [40]. In another instance, Tanutcha
et al. [41] revealed that the treatment of the cyanobacteria specie, Halothece sp. PCC7418
cells with temperature shock allowed for the robust production of phenolic compounds
and phycobiliproteins. The quantification of phenolic compounds and phycobiliproteins in
aqueous extracts showed that the amounts of the metabolites were regulated by the hot
and cold temperature shocks [41].

Phenolic acids produced by cyanobacteria with great scavenging of free radicals and
detoxification of reactive oxygen species (ROS) facilitated their relevance as therapeutic
agents. For instance, anti-winkle and skin whitening facilitated by ferulic acids [42], anti-
aging effect facilitated by gallic acids [43], effective heart failure recovery facilitated by
syringic, gentisic and gallic acids [44], as well as antimicrobial effects of other phenolic
compounds were generated by cyanobacteria [45–47].

2.2. Vitamins

Vitamins participate in many metabolic pathways, acting as coenzymes. They also
engage in diverse processes such as antioxidants, controlling and regulating cell function-
ing and growth of tissues [48]. There are various categories of vitamins utilized by living
organisms. These include lipid-soluble vitamins (vitamin A, D, E, and K) and water-soluble
vitamins (vitamin B1, B2, B3, B5, B6, B7, B9, B12 and C). Cyanobacteria produce vitamin A,
B, C, E and K in response to environmental stress, as elucidated by Helliwell et al. [49] and
Asensi-Fabado et al. [50]. Deficiency of vitamins in humans is a significant menace globally
and necessitates immediate attention. In the notion for bioactive metabolites generation,
cyanobacteria denote one of the most capable potentials with many biotechnological appli-
cations and for allowing the advancement of an eco-sustainable creation of natural bioactive
metabolites. It is important to know that not all vitamins are generated by all plants and
some vitamin (B, D and K) are scarce in many plants [48,50]. Hence, cyanobacteria have
been demonstrated to generate these vitamins that are scarce in several vascular plants [48].
Individuals acquire significant number of vitamins via the consumption of fruits, vegeta-
bles and dairy products such meat, fish and eggs. However, an individual with some
vitamins’ deficiency could be treated with artificial or synthetic vitamin, through oral or
intramuscular delivery of vitamins: B12 (oral and intramuscular), D1 (oral ergocalciferol),
C (oral) and K1 (intramuscular) [51–55].

Cyanobacterial products are fascinating and have gained increasing attention because
of their high contents in vitamins, minerals, essential amino acids and protein [56]. As an
example, Spirulina products are extensively promoted due to their high contents of vitamin
B12, high contents of protein (>60%) and additional micronutrients [56]. Spirulina is known
to be an important vitamin B12 source for vegans and vegetarians, as chemical analyses
showed that vitamin B12 dry weight levels range from 127 to 244 µg/100 g [57]. The range
could be rendered into a day-to-day Spirulina intake of 1.6–3.2 g to reach the satisfactory
consumption of 4 µg/day for cobalamin (vitamin B12) according to the EFSA [58]. However,
the suppliers of Spirulina suggested a regular intake of 3–9 g/day would be efficient to
enhance vitamin B12 requirements [59]. So far, Arthrospira sp. (Spirulina) has been made
accessible for human intake as a nutritional supplementto combat the deficiency of Vitamin
B12 especially, thereby improving bone strength and stiffness as well as inhibiting the
formation of ulcers [60,61]. In addition, numerous studies have showed the medicinal
important of Spirulina as a rich source vitamin E and β-carotene. Previous investigation
by Carcea et al. [62] revealed the generation of vitamin E from Spirulina with the content
ranging between 2.8 and 12.5 mg/100 g in improved techniques and higher in traditionally
dried Spirulina [62]. From the experimental samples, th etraditionally dried technique
was recorded to be 30.9 mg/100 g content of vitamin E [62]. Research also showed a
significant amount of β-carotene in Spirulina where the content varied between 33.5 and
231.6 mg/100 g) [62]. High contents of β-carotene were also examined in Synechoccus
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sp. and Anabaena cylindrica and in some fruits such as oranges, potatoes, broccoli and
carrots [48,63].

Excluding the vascular plants, Anabaena cylindrica is also an exceptional source of
vitamin C, an antioxidant that could offer a defensive mechanism against oxidants in
cyanobacteria [64]. In response to UV radiation stress and preventing destruction of
cell membrane, cyanobacteria (Arthrospira sp.) could generate a low amount of vitamin
D [65,66]. Tarento et al. [67]. emphasized that a significant amount of vitamin K1 could be
experimentally examined in the marine plant Anabaena cylindrica compared to the content
of vitamin K1 in parsley and spinach [67].

2.3. Peptides

Peptides are small proteins which can be categorized based on their biosynthesis
into ribosomal peptides (gene encoded) and non-ribosomal peptides (non-gene encoded).
They could also be categorized according to their 3D-structure, covalent binding and
modification, source, properties and function [68]. Peptides and polyketides biosynthesis
in microbes have exceptional segmental pathways controlled by non-ribosomal peptides
(NRPs) and polyketides (PKs). Polyketides (PKs) and non-ribosomal peptides (NRPs) are
extensively useful as drugs today, and one possible source for new PKs and NRPs are
cyanobacteria. However, there is limited information on the varieties of microorganisms
and their PKs and NRPs biosynthetic genes in the marine deposit [69]. NRPS includes
components, each of which joins proteinogenic amino acids with non-proteinogenic amino
acids, carbohydrates, fatty acids and additional building blocks to form peptide chains [69].
Natural products of PKs and NRPs are secondary metabolites of microbes, used by mi-
crobes in adaptation and resistance to environmental stresses [69]. So far, over twenty three
thousands natural products of non-ribosomal peptides and polyketides have been recog-
nized and categorized, and they had been extensively applied in medicine as antitumor
and antibiotic therapies [70,71].

Biological synthesis of PKs and NRPs are catalyzed by polyketide synthases (PKS)
and non-ribosomal peptide synthases (NRPS) [72]. Remarkably, the gene clusters of NRPS
and PKS commonly exist in microbes, such as cyanobacteria, compared with eurkarya or
archaea [72]. Previous investigations revealed that these gene clusters exist in Anabaena, Nos-
toc, Lyngbya, Planktothrix, Microcystism, Pleurocapsa and Nodularia genera. However, Nostoc
and Pleurocapsa species are known as the common NRP- and PK-producing cyanobacte-
ria [73].

Ribosomal peptides (RPs) are proteinogenic amino acids that can be observed on
ribosomes that are used as building blocks in ribosomal peptides’ biosynthesis [68,74].
Cyanobacteria also generates lanthipeptides, one of the major ribosomal peptide families
including microviridins and cyanobactin. The potential of cyanobacteria to generate
lanthipeptides is due to the availability of class II lenthipeptidase and prochlorosins in their
genome (such as the marine Synechococcus and Prochlorococcus) [75–77].

2.4. Terpenoids

Terpenoids are known to be the largest group of bioactive compounds. They are catego-
rized into carotenoids, sesterterpenoids, steroids, hemiterpenoids, diterpenoids, sesquiter-
penoids and monoterpenoids. Research shows that over fifty five thousands terpenoids
have been discovered so far [78,79]. Triterpenoids were found in a significant amount
both in natural cyanobacterium-dominated microbial mats and in laboratory cyanobacte-
rial cultures, for instance, in 2-methylhopanoids (2-MeBHPs) [80,81]. 2-methylhopanoids
(2-MeBHPs) belong to pentacyclic triterpenoids, which act as biomarkers for enhanced
cyanobacteria in some ecological sites [81]. In addition, 2-MeBHP encourages thawing and
freezing resistance, pH stress resistance and osmotic pressure resistance in cyanobacteria to
ensure their existence in unfavorable environments such as hot springs, arctic and Antarctic
soils, desert soil crusts and in high saline lakes [82,83].
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Carotenoids, also known as tetraterpenoids, are important for energy dissipation
and light-harvesting during the process of photosynthesis [83,84]. Examples of common
carotenoids synthesized by cyanobacteria include zeaxanthin, echinenone and β-carotene.
Kusama et al. [85] highlighted the importance of zeaxanthin and echinenone to shield
PSII (photosystem II) against singlet oxygen [85]. In addition, for protection against direct
UV-B radiation, Pseudanabaena sp. CCNU1 generates β-carotene, zeaxanthin, echinenone,
myxoxanthophyll and canthaxanthin [84]. Carotenoids are necessary to provide protection
against photooxidative destruction resulting from direct UV light during the photosynthesis
process. Carotenoids are secondary metabolites (lipophilic) generated from the pathways
of isoprenoids [84]. Filamentous Calothrix PCC 7507 and Synechocystis sp. PCC 6803
have been shown to generate sesquiterpenoid geosmin, a sesquiterpene with no isopropyl
group [86,87].

Recent studies revealed the biological activities of cyanobacterial carotenoids as a
source of medicine for the treatment of several infections. For example, carotenoids and
their derivatives obtained from cyanobacteria proved high superoxide anion radical (O2

•−)
anti-inflammatory and scavenging effects that facilitate psoriasis treatment [88]. A signif-
icant level of carotenoids was observed in Tychonema sp. LEGE 07175 and Cyanobium sp.
LEGE 07175. The extracts revealed a strong antiaging result by hindering hyaluronidase
synthesis, the enzyme that promotes hyaluronic acid depolymerization [89]. Antimicrobial
sesterterpene from a Scytonema sp. (UTEX 1163) culture demonstrated growth inhibition
against several pathogenic microbes such as Mycobacterium tuberculosis, Bacillus anthracis,
Candida albicans, Staphylococcus aureus and Escherichia coli [89,90].

3. Biotechnological Applications of Cyanobacteria

Cyanobacteria are remarkably the most crucial group of microbes in the universe
as they satisfy important environmental roles in the universe, as an important global
supplier of oxygen, nitrogen and carbon [91]. Owing to their enormous array of industrial
applications, they have been the subject of quite a lot of research. They are important
sources of biofertilizers, biofuels, food additives and coloring dyes [92]. Cyanobacteria
are used in water treatments, bioplastics production, cosmetics, forestry, feed for animals,
production of hydrogen, bioethanol production and biogas production [93–99]. Here, we
review the highly demanded applications of cyanobacteria in biotechnology.

3.1. Cyanobacteria as Food Supplements

Cyanobacterial carotenoids including zeaxanthin, beta-carotene, canthaxanthin and
nostoxanthin are great sources used in food supplements, colorants, food additives and
animal feed. The productions of these metabolites are on the rise. The supplements are
sold in the form of tablets, granules and capsules. As an example, β-carotene, riboflavin,
vitamin B12 and thiamine are greatly used supplements generated by cyanobacteria such
as Spirulina [60,66]. In addition, cyanobacteria are known to be used as whole food or as
dietary supplements such as minerals, amino acids, proteins, complex sugar, carbohydrate,
phycocyanin, active enzymes, essential fatty acids and chlorophyll [100].

Arthrospira platensis (a filamentous, gram-negative cyanobacterium) is frequently used
as a whole food supplement. It is grown globally and applied as an animal feed supplement
in aquariums, poultry, aquariums and many agricultural industries worldwide. Dried
Spirulina contains 8% fat, 5% water, 51–71% protein and 24% carbohydrate. It is a valuable
supplier of several important nutrients and nutritional minerals, including iron and vitamin
B12. Vitamin B12 is important in the production of hemoglobin, maintains the nervous
system and participates in DNA synthesis [101,102]. Previous research revealed that
several nutritional supplements of cyanobacterial origin such as Spirulina, chlorella and
Aphanizomenon flos-aquae are readily available in the consumer markets in the United
States [103].

Several dietary supplements are frequently generated from the biomass of cyanobacte-
rial species and eaten whole, unlike extracts utilized in pharmaceutical productions [103].
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For example, ketocarotenoid (astaxanthin) is seen as a powerful antioxidant compared
to vitamin A and vitamin C as well as several carotenoids which perform a crucial role
in preventing destruction in human cells via photooxidation. Haematococcus pluvialis has
been known to generate astaxanthin, which is a strong inhibitor of protease known for the
treatment of several diseases including the human immunodeficiency virus disease (the
virus that is responsible for the acquired immunodeficiency syndrome (AIDS) which is the
final stage of HIV disease) [34,104,105].

3.2. Cyanobacteria in Medical and Pharmaceutical Biotechnology

Cyanobacteria is comprise of several secondary metabolites that are useful in the
field of medical biotechnology. These microbes have achieved tremendous attention from
researchers because of the generation of bioactive compounds that are incredibly useful
in medical settings [106]. Although they generate effective toxins, they also generate var-
ious metabolites that are vital in terms of their anticancer, antibiotic, anti-inflammatory,
immunosuppressant and antimicrobial effects [106–110]. Several global investigations
have explored various bioactive compounds from cyanobacteria as anticancer potentials.
For instance, Aurilide (isolated from Dolabella auricularia) revealed varying cytotoxicity
from picomolar (pM) in nanomolar (nM) concentrations against numerous cancer cell
lines. Aurilide aids mitochondrial-induced apoptosis by selectively binding to prohibitin 1
(PHB1) in the mitochondria and triggering the proteolytic dispensation of optic atrophy
1 (OPA1) [111,112]. Biselyngbyaside is another drug obtained from Lyngbya sp. Biselyn-
gbyaside A shows cytotoxicity against HeLa S3 cells with an IC50 value of 0.1 µg/mL.
However, Biselyngbyolide B, C, E and F have an antiproliferative impact in HeLa and
HL-60 cells, whereas Biselyngbyolide C prompts endoplasmic reticulum (ER) stress and
apoptosis in HeLa cells [113,114]. In addition, cryptophycin isolated from Nostoc sp. var.
ATCC 53789 and GSV 224 is an excellent anticancer agent. Cryptophycin prevents micro-
tubule formation and demonstrates anti-tumorigenic action against various solid tumors
implanted in mice involving multidrug-resistant cancer cells. The IC50 value of crypto-
phycin was found to be lower than 50 pM for cell lines multidrug-resistant cancer [115].
In recent studies on cancer therapy, cryptophycin copulated with peptides and antibodies
had been developed for targeted drug delivery [116]. The antiproliferative actions of Arg-
Gly-Asp (RGD)–cryptophycin and isoAsp−Gly−Arg (isoDGR)-cryptophycin conjugates
were experimented against human melanoma cell lines (M21 and M21-L). The investigation
revealed that the conjugations exhibit anticancer efficacy at nanomolar concentrations
with diverse expression integrin αvβ3 (a type of integrin that is a receptor for vitronectin)
levels [116,117].

Apratoxin and its derivatives, developed from several types of marine cyanobacteria
(such as Moorea producens strain (RS05), Lyngbya bouillonii, L. sordida, L. majuscula, genera
Phormidium, and genera Neolyngbya), are known to combat diverse forms of cancer cell
lines [106,118,119]. Curacin A islolated from Lyngbya majuscula is effective against cancer
of the breast [120]. Consequently, in addition to the natural resources, cyanobacteria pro-
vide a favorable means, presenting a comprehensive variety of substances for new drug
discovery and development [121]. Secondary metabolites of cyanobacteria can be applied
as natural compositions in cosmetology [122]. For instance, they can be used as photo-
protective Mycosporine-like Amino Acids (MAAs) in sunscreens to shield the skin from
destructive UVR. In addition, cyanobacteria natural pigments such as phycobiliproteins
and carotenoids may be employed as natural colorants as well as antioxidants to shield the
skin from destruction resulting from exposure to UV irradiation [123]. Therefore, the field
of cyanobacteria exploration is very crucial research.

3.3. Cyanobacteria in Bioplastic and Biofuel Production

Cyanobacteria features such remarkable approaches for fixation and absorption of
atmospheric nitrogen and CO2, and employing them it for growth in unfavorable climatic
environments, such as unfertile soils and saline waters, make them extremely suitable
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for production of biodegradable plastics and biofuels [124]. Although numerous means
are available for bioplastic and biofuel production, cyanobacteria have been studied as
energy-rich suppliers due to the triacylglycerol (TAG) and diacylglycerol (DAG) production,
which can be employed as biodiesel precursors [125]. Cyanobacteria such as Synechocys-
tis, Spirulina, Anabaena and Nostoc muscorum can function as bio-factories for biofuel and
bioplastic generation. For instance, they have the metabolism for generating cost-effective
and sustainable biopolymer polyhydroxyalkanoates (PHAs), and polyhydroxybutyrate
(PHB), among other copolymers [34]. Biopolymeric PHB presents material features such as
polypropylene, a standard plastic obtained from petroleum (fossil fuels). However, in com-
parison to standard plastics, PHB is biodegradable, and its application as a complementary
of standard plastics can assist in alleviating the critical ecological influences of fossil fuels
and plastics in nonbiodegradable overconsumption [126,127].

Species of cyanobacteria such as Synechococcus and Synechocystis species can generate
lactate and succinate which are important chemicals in the production of bioplastics. Succi-
nate is an essential biotechnological chemical, a precursor of adipic acid, 1,4-butanediol, and
other four-carbon chemicals [128]. In recent study by Durall et al. [128], the highest succi-
nate titer was achieved in dark incubation (compared to the light and anoxic darkness condi-
tions) of an engineered cyanobacteria strain (Synechocystis PCC 6803), coupled with a limited
glyoxylate shunt (aceA and aceB) overexpressing isocitrate lyase with phosphoenolpyruvate
carboxylase, with supplemented medium using 2-thenoyltrifluoroacetone [128]. Further-
more, a research team at Kobe University [129] illustrated the method by which Synechocys-
tis sp. PCC 6803 (one of the most global researched cyanobacterial strains known to be the
model microbe for photosynthate production because of its fast growth and the ease of
genetic manipulation) could generate D-lactate (utilized in biodegradable plastic produc-
tions). The research team demonstrated that malic enzyme accelerates the production of
D-lactate via genetically modifying D-lactate synthesis pathways using cyanobacteria. They
eventually succeeded in producing the world’s maximum amount of D-lactate (26.6 g/L)
directly from light and carbon dioxide [129,130].

The process of generating petroleum products (such as jet fuel, heating oil, propane,
gasoline, and diesel) could be a serious potential environmental threat (pollution), and
the release of toxic substances such as greenhouse gasses (methane, ozone, carbon diox-
ide (CO2) and nitrous oxide) into the atmosphere could be hazardous to humans, plants
and animals [131,132]. Cyanobacteria provide excellent assurance as suppliers of renew-
able biofuels for the energy sector [133]. Biofuels such as 2-methyl-1-butanol, isobutanol,
2,3-butanediol ethanol, isobutanol and ethylene have been produced from engineered
cyanobacteria (Synechocystis sp.) [134]. Biofuels including gasoline, jet fuel, biodiesel and
ethanol are being generated from genetically modified cyanobacteria by some US-based
companies such as Joule Unlimited and Algenol [15,135–137].

3.4. Cyanobacteria in Bioremediation

Cyanobacteria are characterized by high adaptability to various stress conditions,
being at the same time quite resistant to toxic compounds of different origins [31]. There-
fore, such photosynthetic bacteria seem to be relevant for numerous approaches in the
field of bioremediation, including soil remediation, wastewater treatment and degrada-
tion of organic pollutants. Water pollution represents a real environmental problem as a
consequence of anthropogenic activity both in the context of urbanization and industri-
alization of the environment as well agricultural practices. Several research groups have
successfully explored the potential application of cyanobacteria for wastewater treatment,
demonstrating that polluted water from different sources can be treated effectively with
the help of such microorganisms, and the system based on photosynthetic procaryotic cells
can be considered as a promising alternative to conventional biological processes such as
activated sludge.

Extensive aquaculture generates a huge amount of polluted nitrogen-rich water re-
leased into the costal seas, directly improving the nitrogen pool in marine ecosystems,
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altering the balance of species [138]. The marine cyanobacterium Synechococcus sp. has
been shown to effectively remove ammonium from brackish aquaculture wastewater [139].
The tested microorganism assimilated ammonium through the actions of glutamine syn-
thetase (GS, EC 6.3.1.2) and glutamate synthase (GOGAT, EC 1.4.1.13) cooperated in the
GS-GOGAT cycle, which is closely related to the adaptive strategy of the Synechococcus
species to changing nutrient conditions [140].

An interesting approach to biological wastewater treatment is the use of a cyanobacterial-
bacterial consortium that operates on the synergistic action between photosynthetic mi-
croorganisms and heterotrophic bacteria. It should be stressed that such photosynthetic
microbes are known from exopolysaccharides production that are useful in establishing a
symbiotic association of cyanobacteria with other organisms [141]. Brewery wastewater
containing high concentrations of organic pollutants and significant amounts of nitrogen
and phosphorus has been treated using a cyanobacterial-bacterial consortium dominated by
the filamentous cyanobacterium Leptolyngbya sp. [142] Cyanobacterial-bacterial aggregates
grown under optimal pH and temperature conditions were found to be highly effective and
successfully reduced the levels of nitrogenous compounds, including nitrate (up to 80%),
ammonium (up to 90%) and phosphorus compounds (up to 70%) in crude wastewater.
The introduction of an additional wastewater pretreatment step involving electrocoagu-
lation followed by the use of an electrochemically treated supernatant as a medium for
the cultivation of microorganisms increased the level of removal of pollutants [143]. The
bioremediation potential of the studied consortium was successfully verified under stressed
conditions in a flat-plate photobioreactor filled with hydrophilic support [144]. The pro-
posed solution is very important from a technological point of view as it brings laboratory
ideas closer to the practical disposal of brewery wastewater. Other examples illustrating
the applicability of bacterial consortia for wastewater treatment are as follows: Dinophysis
acuminata and Dinophysis caudata living in a consortium were reported to effectively remove
phosphate, phenol and cyanide from coke-oven wastewater [145], the effective mixing of
nitrogen-fixing soil cyanobacterial culture was municipal wastewater treatment [146] and
mixed cyanobacteria formed mats degraded pesticide lindane in pesticide-contaminated
effluents, showing high resistance against its toxicity [147].

The most important demonstration of the degradation potential of cyanobacterial
cells is their ability to remove heavy metals from sewage of various origins. The ability
of cyanobacteria to tolerate and interact with metal ions makes them an attractive tool
for environmental biotechnology [148]. Cyanobacteria employ a variety of mechanisms
such as biosorption, bioaccumulation, activation of metal transporters, biotransformation,
and induction of detoxifying enzymes to sequester and minimize the toxic effects of heavy
metals [149]. Hexavalent chromium can be present in some aquatic systems as a result
of textile, paint, metal cleaning, plating, electroplating, and mining industries [150]. As
chromium (Cr(VI)) is potentially toxic and carcinogenic to humans, its removal from water
and wastewater is required to avoid serious health and environmental problems. The
living cyanobacterial consortium consisting of Limnococcus limneticus and Leptolyngbya
subtilis has been found to be efficient in the removal of Cr (VI) from wastewater [151],
whereas the mat-forming cyanobacterial consortium consisting of Chlorella sp., Phormidium
sp. and Oscillatoria sp. efficiently removed hexavalent chromium from the sewage in the
tannery industry [152]. It is worth noting that cultivation of microbes under conditions
that force cells to organize themselves into a mat or application of naturally forming mats
can be applied on a large scale and used practically in bioremediation. Cadmium is a
toxic metal and its exposure remains a global concern [153]. An interesting strategy for the
sequestration of Cd (II) from aqueous solutions was proposed, including axenic cultures of
Nostoc muscorum immobilized on the glass surface through the formation of biofilms [154].
A microorganism growing as a biofilm expressed the ability to adsorb Cd(II) in a wide
concentration range of ~24 ppb to 100 ppm and a pH range of 5 to 9. Strains belonging
to Nostoc genera that produce EPS are known for their ability to remove metals, and the
application of mixotrophic cultivation conditions increased the uptake capacity of heavy
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metal ions by the Nostoc species [155]. The self-flocculating Oscillatoria sp. was shown
to possess metabolic properties to eliminate Cd from metal-contaminated water [156].
Authors analyzed the mechanism of bacterial activity against Cd and they found that
metal adsorption by negatively charged functional groups in cyanobacterial biomasses
was the major mechanism used by Oscillatoria sp. to remove metals from the aqueous
medium followed by Cd bioaccumulation in living cells. The potential in municipal sewage
remediation has also been shown for Anabaena oryzae, characterized by a high removal
efficiency for cadmium, lead, zinc, iron, copper and manganese [157].

Cyanobacteria are present very often in polluted environments [158], and due to their
naturally evolved resistance and selectivity against environmental pollutants, they exude
a significant metabolic potential for xenobiotic degradation. For example, Spirulina spp.
demonstrated the ability to metabolize the phosphonate xenobiotic Dequest 2054® [159],
Leptolyngbya sp. has the ability to degrade phenol, significantly decreasing its concentration
in the cultivation medium [160], Aphanothece conferta demonstrated high degradation
efficiency against aliphatic hydrocarbons, whereas aromatic hydrocarbons were degraded
by Synechocystis aquatilis [161]; cyanobacteria have also been reported to have the relevant
enzymatic system to participate in the degradation of textile dyes [162,163].

3.5. Applications of Cyanobacteria Species in Biocatalytic Processes

Cyanobacteria, as organisms capable of photosynthesis, are a group of biocatalysts
with unusual activities that can find application in biocatalytic processes for obtaining
crucial derivatives used in various industries. One of the derivatives with extensive use in
the pharmaceutical and fragrance industry are unsaturated alcohols, e.g., cinnamyl alcohol,
essential both for the synthesis of Taxol and Chloramycin and for the production of aromatic
compounds [164,165]. Traditionally, this compound is obtained from cinnamaldehyde of
natural origin, but the chemical reduction of the aldehyde group to a primary hydroxyl
group with the double bond intact is problematic, so a mixture of products (Scheme 1) is
usually obtained. The solution to this problem may be the use of selected cyanobacterial
strains that can chemoselectively reduce aldehyde to alcohol without breaking the double
bond in the side chain [165].
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Yamanaka et al. [165] have selected the strain Synechocystis sp. PCC 6803 as the most
efficient, capable of converting cinnamaldehyde to cinnamyl alcohol with an efficiency of
up to 98%. In addition, they demonstrated that the reaction is strictly light-dependent, and
the coenzymes (NADPH) needed for reduction are regenerated in photosynthetic electron
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transfer reactions; thus, there is no need for additional supporting substrates, which greatly
simplifies the whole process.

Another group of compounds of industrial importance are optically pure secondary
alcohols used as chiral building blocks for the synthesis of optically active products. The
whole cell biocatalytic reduction of the corresponding ketones is a favorable alternative
to traditional chemical processes. Acetophenone is often used as a model substrate for
screening in case of bioreduction and it can undergo enantioselective bioreduction to R- or
S-phenyl ethanol (1, Scheme 2). Several methods have been developed using whole cells
of heterotrophic microorganisms or plant tissues [166–168], but typically these processes
require co-substrates to support coenzyme regeneration systems. The intracellular oxidore-
ductase that is responsible for the asymmetric acetophenone reduction reaction is not itself
dependent on light but requires the presence of reduced NAD(P)H, which is one of the
products of the light phase of photosynthesis (Scheme 2). Lighting is therefore essential for
the regeneration of the cofactor. According to the literature data, cyanobacterial enzymatic
systems could be effectively applied for the reduction of acetophenone to S- phenyl ethanol
(e.g., Spirulina platensis–45% yield, 97% e.e [169]; Arthrospira maxima- 45,8% yield, 98,8%
e.e. [170]; however, the efficiency and enantioselectivity of processes are dependent on the
growth rate of biocatalysts, substrate concentration and light regime [169,170].
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Similar relationships have been observed in the reduction of diethyl 2-oxophosphonates
to corresponding S-2-hydroxyalkylphosphonates (Scheme 2), which in an optically pure
form can also be used as a synthon for the synthesis of derivatives used in medicine to
agriculture [171–173]. The biological activity of phosphonates is based, among other things,
on enzyme inhibition and therefore they are difficult substrates for biocatalytic processes,
especially in the scaling-up context. Additionally, phosphonates with a carbonyl group
that is located right next to the aromatic ring were inefficiently transformed by fungal
biocatalysts [174,175]; therefore, special attention was turned to the strain of Nodularia
sphaerocarpa capable of reducing the substrate (3) (Scheme 2), with a yield of 99% and
an enantiomeric excess of 93%. As in the case of acetophenone, the efficiency of the re-
action was closely correlated with the concentration of the substrate used and the best
results were obtained using 1 mM of diethyl 2-oxo-2-phenylethylphosphonate (3) [176].
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Other substrates tested in the discussed study were not reduced very effectively (diethyl 2-
oxopropylphosphonate (2)—transformed with Arthrospira maxima with 20% yield and 99%
e.e, diethyl 2-oxobutylphosphonate (3)—transformed with Nodularia sphaerocarpa with 27%
yield and 80% e.e.) [176]. In the next stage of the research mentioned above, immobilization
in calcium alginate was used to increase the resistance of the biocatalyst to the toxic effects of
substrates, and the influence of shaking (better contact of the substrate with the biocatalyst)
on the reduction efficiency was checked. Also, in this case Nodularia sphaerocarpa turned
out to be the most effective strain. The use of mixing or immobilization made it possible to
increase the scale of the process. Packing the immobilized photobiocatalyst in a simplified
flow reactor allowed for increasing the substrate (3) (2-oxo-2-phenylethylphosphonate)
concentration to the value of 10 mM, although in the 500 mL batch culture conducted with
stirring, a better efficiency (44% of yield, 91% of e.e.) was obtained compared to 38% of the
yield and 86% of e.e. obtained in the column reactor [177].

A quite recent finding was that NAD(P)H or flavin-dependent enzymes involved in
many light-independent metabolic processes may have unnatural activities after exposure
to light. Cofactors of these enzymes can form electron-donor-acceptor (EDA) complexes
with unnatural substrates (Scheme 2). EDA can be excited by visible light which allows
for the flow of electrons and consequently the formation of the reduced product [178]. The
first enzyme of this type to be described was NADPH-dependent carbonyl ketoreductase,
which catalyzed the radical dehalogenation of halolactone upon exposure to light [179].
Later, in a similar manner, asymmetric reductive cyclization [180,181], intermolecular hy-
droalkylation [178] or asymmetric hydrogenation [182] using ene-reductase was achieved.

Another meaningful application of cyanobacteria is related to the activity of the fatty
acid photodecarboxylase (FAP) of microalgae Chlorella variabilis origin. This enzyme is
inside the cell, and is involved in the lipids metabolism and driven by blue light and the
presence of FAD. This mechanism was deeply analysed and described by Damine Sourigue
et al. [183]. Scientists studied the microalgal strain Chlorella variabilis NC64A and discovered
that phototrophs produced by photodecarboxylase belong to the oxidoreductases and
catalyses decarboxylation of saturated and unsaturated fatty acids, with the releasing of
the corresponding alkanes or alkenes. This enzyme interacts with substrates by binding
them in a tunnel-like site, which leads directly to the flavin dinucleotide, which is crucial as
a moiety sensitive to light excitement, which is followed by the electron transfer from the
substrate. Such a sequence initiates the reaction. This discovery has not gone unnoticed by
researchers involved in the application of biocatalysts of different origins for the synthesis of
variable chemical compounds according to green chemistry rules. Photodecarboxylase from
Chlorella variabilis NC64A (Cv FAP) was considered a part of the cascade of reactions finally
leading to biofuel production. The very first approaches were focused on the evaluation of
the activity of the enzyme (Cv FAP) towards structurally different fatty acids (saturated and
unsaturated) [184,185]. Usually, reactions were carried out at pH 8.5 under illuminations
by blue light of intensity = 13.7 µEL−1:s−1 and the proportions of the substrate and enzyme
were as follows: [substrate] = 30 mM, [decarboxylase] = 6.0 µM. According to the general
scheme (Scheme 3) below, a number of fatty acids were tested: lauric, myristic, palmitic,
margaric, stearic, oleic, linoleic and arachidic.
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The best conversion degrees were obtained for the four substrates: palmitic, margaric,
stearic and arachidic acids (above 90%). The differences in the results were correlated to
the differences in the substrates biding, which in turn is due to differences in matching
between the tunnel site in enzyme structures and the substrate moiety. However, further
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experiments were meant for the scaling of the selected reactions and applying the palmitic
acid as a starting compound; this approach succeeds and leads to the scale elevation
up to 155 mg of pentadecane production. These results were important in relation to
the necessity of green chemistry solution implementations in the chemical industry. The
practical side of the mentioned results appeared in the cascade of the reactions, starting
from triglycerides hydrolysis via decarboxylation and leading to the release of glycerol,
hydrocarbon and carbon dioxide (Scheme 4) [184–186]. Previous approaches were based
on the two-step process design as a sequence starting from the hydrolysis conducted by
the lipase from Candida rugosa, which delivers fatty acids for the next reaction catalysed by
photocarboxylase (Scheme 4).
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Further developed protocols were performed as one-step ones. In addition, the mode
of the biocatalysts applied for photodecarboxylations was modified. Instead of using
the purified enzyme, whole-cell biocatalysts were involved in the reaction. Genetically
engineered cells of E. coli were able to produce photodecarboxylase at ae high level and
with great activity towards studied substrates, which is why for the next set of experiments
such a biocatalyst was applied. The limiting factor was finding a compatible reaction–
environment lipase, which is at the same time insensitive to blue light, which is essential
for decarboxylase activity. These boundary conditions were met by immobilized lipase
from the fungus Rhizopus oryzae [186] and finally the one pot sequence of reactions was
set. The effectiveness of this protocol was checked against plants oils (e.g., soybean oil)
and waste cooking oil and for different physical chemical parameters (e.g., temperature,
biocatalysts and substrates concentrations, reaction duration). This allowed for selecting
the best protocol for scaling (from 1 mL to 15 mL of the final volume of reaction mixture),
which was conducted with soybean oil with the receiving of almost 1 g of hydrocarbon
(21.2% of isolated yield).

The above achievements are the base for further discoveries as they proved the practical
and biotechnological function of photobiocatalysts; nevertheless, it should be emphasized
that they require the individual protocols for almost every designed biocatalytic process.

4. Conclusions and Future Perspective

This review has highlighted that cyanobacteria are promising sources of several pri-
mary and secondary metabolites that are known for their biological activities. These
bioactive compounds were reviewed to possess several impacts in various biotechnolog-

92



Microorganisms 2022, 10, 2318

ical industries. Nonetheless, to improve the usefulness of cyanobacteria for human and
animals exploitation, extensive research is essential for profiling cyanobacterial secondary
metabolites, known to be generally employed in different countries in the areas of nutraceu-
ticals and pharmaceuticals applications, including in antimicrobial and antitumor activities.
Furthermore, cyanobacterial enzymatic systems are currently applied as biocatalysts for
conducting chemically different reactions to achieve various synthetic goals. This field
is still not fully explored and offers biological tools of different features compared with
light independent organisms (e.g., fungi and heterotrophic bacteria). There is a need for
further research on how to effectively exploit cyanobacteria using green technological
advancements as well as efficient insights on cyanobacteria applications on larger scales.
Future investigation that is also promising is essential to explore more beneficial roles of
cyanobacteria in biotechnology.
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Abstract: Coccoid cyanobacteria produce a great variety of secondary metabolites, which may
have useful properties, such as antibacterial, antiviral, anticoagulant or anticancer activities. These
cyanobacterial metabolites have high ecological significance, and they could be considered responsi-
ble for the widespread occurrence of these microorganisms. Considering the great benefit derived
from the identification of competent cyanobacteria for the extraction of bioactive compounds, two
strains of picocyanobacteria (coccoid cyanobacteria < 3 µm) (Cyanobium sp. ITAC108 and Synechococ-
cus sp. ITAC107) isolated from the Mediterranean sponge Petrosia ficiformis were analyzed. The
biological effects of organic and aqueous extracts from these picocyanobacteria toward the nauplii of
Artemia salina, sea urchin embryos and human cancer lines (HeLa cells) were evaluated. Methanolic
and aqueous extracts from the two strains strongly inhibited larval development; on the contrary, in
ethyl acetate and hexane extracts, the percentage of anomalous embryos was low. Moreover, all the
extracts of the two strains inhibited HeLa cell proliferation, but methanol extracts exerted the highest
activity. Gas chromatography–mass spectrometry analysis evidenced for the first time the presence
of β-N-methylamino-L-alanine and microcystin in these picocyanobacteria. The strong cytotoxic
activity observed for aqueous and methanolic extracts of these two cyanobacteria laid the foundation
for the production of bioactive compounds of pharmacological interest.

Keywords: picocyanobacteria toxicity; Cyanobium; Synechococcus; Artemia salina; sea urchin embryos;
HeLa cell line; microcystin; BMAA

1. Introduction

Picocyanobacteria (PCCs) (0.2–3 µm) [1] are a conspicuous component of the phyto-
plankton communities. Unicellular coccoid forms [2–4] and prochlorophytes [5,6] represent
them. In marine environments, the most represented genera are Synechococcus, Synechocys-
tis, Cyanobium, Cyanobacterium [7] and Prochlorococcus [8]. PCCs can be detected both
in the free-living population in the water column and associated with other organisms
(foraminifers, corals, sponges, mollusks) or substrates [9].

PCCs may contribute significantly (i.e., up to 50%) to phytoplankton productivity
and biomass in marine waters [10] and they can be responsible for up to 98% of the total
biomass in brackish systems [11,12]. PCCs play an important role in the functioning of
the microbial loop [13,14], and they actively participate in the modulation of energy and
matter flows as well as in the sustenance and development of higher trophic levels [15,16].

However, interest in these microorganisms has recently increased due to the property
they have of producing a great variety of secondary metabolites, mainly isolated until now
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from the filamentous species [17–19]. Indeed, studies on PCC biomolecules have developed
in more recent years [20–24]. The identified secondary metabolites may have useful
properties, such as antibacterial, antiviral, anticoagulant or antitumor activities [25–28].
These cyanobacterial metabolites have high ecological significance and could be considered
responsible for the widespread occurrence of these microorganisms [29]. Their ability
to produce bioactive molecules could be associated with ultraviolet radiation protection,
anti-predatory defense, allelopathy, resource competition and signaling [22,30]. As an
example of anti-predatory defense, Synechococcus blooms are known to inhibit zooplankton
grazing by producing extracellular polysaccharides [31]. Moreover, Synechococcus and
Synechocystis marine strains are responsible for the production of the microcystin [32–34],
a toxin considered highly toxic to potential grazers of cyanobacteria [35] and previously
detected only in freshwater strains.

The secondary metabolites produced by PCCs comprise oligopeptides, cyanobactines,
2-methylisoborneol (MIB) and geosmin (1,2,7,7-tetramethyl-2-norborneol) (GSM) [20,22,24],
some of which are cyanotoxins. The most frequently detected cyanotoxins are hepatotoxins
(microcystins, nodularins), neurotoxins (β-methylamino-L-alanine, β-N-methylamino-L-
alanine, i.e., BMAA) [36,37] and dermotoxins (lipopolysaccharide, LPS) [38].

To date, a limited number of studies explored these small forms of cyanobacteria to
identify new bioactive compounds [24,27] also because their isolation is time consuming
and costly [20]. However, some PPC species isolated from water samples and substrate
collected on beaches were tested to evaluate their ability to produce secondary metabolites
with promising applications in cosmetics [39] and pharmaceutics [22,27,40]. Despite the
enormous range of biochemicals potentially available from numerous species, currently
commercial production of cyanobacteria relies on few genera/species as Arthrospira, Spir-
ulina, Nostoc and Aphanizomenon flos-aquae, primarily used as “health food” or added while
manufacturing food supplements and food additives [41,42]. Furthermore, a potential
commercial development of cyanobacterial compounds for non-biomedical applications,
as herbicides, algicides and insecticides, must be considered [43].

Among the various investigations, the assessment of the cyanotoxin potential of
marine PCCs living in association with sponges is particularly interesting, as these inverte-
brates are considered a huge source of bioactive molecules [44].

Previous investigations on Cyanobium and Synechococcus strains isolated from the ma-
rine sponge P. ficiformis demonstrated that these two strains are toxic to Artemia salina nau-
plii and can interfere with sea urchin (Paracentrotus lividus) embryonic development [28,45].
Furthermore, toxic effects of these PCC strains have also been evidenced on mussel hemo-
cytes, in which chromatin condensation and fragmentation, typical signs of apoptosis,
occurred after cyanobacteria challenge [46].

With the aim to investigate more in depth the bioactivity and chemical nature of
secondary metabolites from Cyanobium sp. ITAC108 and Synechococcus sp. ITAC107,
fractionated extracts with different solvent polarity were tested on A. salina, sea urchin
embryos and human cancer cell lines. Moreover, chemical analyses (GC-MS and LC-MS)
were performed to try to identify the compounds responsible for the extract’s bioactivity.

2. Materials and Methods
2.1. Cyanobacterial Biomass: Culture Conditions, Growth Curve and Harvest

Two cyanobacterial strains, Synechococcus sp. ITAC107 and Cyanobium sp. ITAC108,
previously isolated from the Mediterranean marine sponge Petrosia ficiformis [45] were
investigated in this study as target species for biological activity screening. Cyanobacterial
strain identification was based on both morphological [7,47,48] and molecular criteria as
previously described [49].

Cyanobacterial cultures were grown in MN medium enriched with B12 vitamin
(5 µg/L) [50]. Culture media was prepared with natural seawater filtered through glass
fiber filters (Whatman GF/C, GE Healthcare Company, Maidstone, England) and auto-
claved. The cultures were performed in 6 L flasks with 4 L of medium with constant
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aeration. They were incubated at 24.0 ± 1.0 ◦C under white fluorescent light at a photosyn-
thetic photon flux of 20 µmol photon−2 s−1 [51] and an illumination cycle of 18D:6N.

Picocyanobacteria cells were counted under an epifluorescence microscope (AX-
IOSKOP ZEISS, Oberkochen, Germany). According to the Guillard and Sieracki [52]
method, OD was measured spectrophotometrically at 750 nm with a Varian Cary UV–
Visible Spectrophotometer. These data were used to fit a linear regression model between
the variables N and OD. The linear correlation between N and OD for Synechococcus was
y = 8E + 07x − 21,943 (R2 = 0.99) and for Cyanobium, y = 4E + 06x − 35,670 (R2 = 0.99),
where y = N (mL−1) and x = OD.

Cyanobacteria cells were harvested after seven days of growth (exponential phase)
by centrifugation (5100 rpm for 20 min at 5 ◦C). Concentrated biomass was washed
with distilled water to remove NaCl. The solid residue was separated from the super-
natant, freeze-dried and stored at −20 ◦C under N2 atmosphere in amber vials until the
extraction process.

2.2. Fractionated Extraction of Cyanobacterial Biomass

A fractionated extraction was performed on cyanobacterial freeze-dried samples. The
extraction procedure was performed according to Francavilla et al. [53]. The idea was
to sequentially extract organic compounds from cyanobacterial biomass playing on their
difference in polarity. Therefore, four solvents with different polarity indexes (P) were
used to perform the extractions [54]. n-Hexane (P = 0.1), ethyl acetate (P = 4.4), methanol
(P = 5.1) and water (P = 10.2) were selected as solvents. Briefly, 0.5 g of ground freeze-dried
cyanobacterial biomass was homogenized at 17,000 rpm, using an UltraTurrax T18 IKA
homogenizer (IKA®-WERKE GMBH & CO. KG, Staufen, Germany), twice each time with
5 mL of n-hexane at room temperature for 1 min followed by centrifugation. Further
extractions in the similar manner were performed sequentially on the pellet using ethyl
acetate, methanol and then deionized water (at 80 ◦C). The isolated supernatants for each
solvent (hexane, ethyl acetate, methanol and aqueous) were combined and evaporated
under vacuum. The dried extracts were weighed and stored at −20 ◦C until analysis.
To evaluate the effect of the extracts on A. salina vitality and on sea urchin development,
the dried extracts were dissolved in filtered (0.22 µm) sea water (FSW) to obtain a stock
solution of 100 µg/mL.

2.3. Acute Toxicity Assay Using Nauplii of Artemia salina

Dried cysts of A. salina (JBL NovoTemia, Germany) were hatched in FSW (1 g cysts/L)
at 25 ◦C under continuous illumination and aeration to obtain the nauplii. The A. salina
nauplii were collected and transferred to 96-well microplates after 24 h of incubation. Ten
individuals were transferred to each microplate well containing 100 µL of total volume. A
two-fold serial dilution of extracts over 10 wells was performed. Cyanobacteria extracts,
prepared as described in the previous paragraphs, were used starting with a dilution of
stock solution (50 µg/mL). After 24 h of exposure at 25 ◦C in darkness, the number of dead
larvae in each well was counted. Filtered seawater, methanol, hexane and ethyl acetate
were used as negative control. Results are presented as percentage of mortality ± standard
deviation (SD) and LC50 values was estimated using the Probits statistical method [55].

2.4. Sea Urchins and Embryo Toxicity Assay

Adult P. lividus sea urchins were collected during the breeding season by SCUBA
diving in the Ionian Sea (E 18◦00′47′′, N 39◦58′14′′). The sea urchins were acclimated at
least for 24 h in natural FSW at 18.0 ± 1 ◦C (salinity 38.0 ± 0.2‰, pH 8.0 ± 0.2). The field
studies did not involve endangered or protected species. All animal procedures were in
compliance with the guidelines of the European Union (directive 2010/63/U.E.).

P. lividus embryos were obtained as previously described [56]. Briefly, sperm solution
was added to an egg suspension, and in vitro fertilization was assured by the observation
of the vitelline membrane under a light microscope.
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Twenty microliters of the cyanobacterial extracts were added to 20 mL of embryo
culture immediately after the vitelline membrane elevation (within 5 min). After 24 and
48 h, aliquots of embryos suspension were fixed with cold methanol and observed under
a light microscope (Nikon Eclipse 50i, Tokyo, Japan). One hundred embryos from each
treatment were counted to obtain the percentage of normal embryos. Pictures were taken
using a camera connected to the microscope.

Three replicates for each extract were performed. The results of the sea urchin embryo
toxicity test are reported as the mean of the percentage of deformed embryos ± SD.

The plutei dimensions were evaluated by using the ImageJ program, and differences
were obtained by the Student’s t-test. Differences were indicated as statistically significant
with P-values < 0.01.

2.5. Cytotoxicity
2.5.1. HeLa Cell Culture Conditions and Treatments

HeLa cells (human cervix adenocarcinoma; cell line ATCC® CCL 2™) were cultured
in sterile conditions in 25 or 75 cm2 plastic flasks with DMEM, supplemented with 10%
(v/v) FBS, 2 mM L-glutamine and 100 µg/mL penicillin/streptomycin and maintained in
5 % CO2 at 37 ◦C in an incubator (Thermo Fisher Scientific, Waltham, MA, USA). Cells
were detached and harvested with a 0.3% (v/v) trypsin solution and then transferred to
new flasks every 2–3 days (70–90% confluence) for propagation. The culture medium
was changed every 2 days. All experiments were performed between passage 3 and 10 of
propagation. Concentrated extracts were dissolved in DMSO, and the experiments were
carried out incubating HeLa cells with DMEM containing 10 µg/mL of different solvent-
free extracts. The final concentrations of DMSO did not exceed 0.05%. Cells incubated with
fresh medium were used as control.

2.5.2. MTT Test

MTT assay was performed using different extracts (ethyl acetate, methanol and aque-
ous) from the two cyanobacteria on the HeLa cells.

Cells were seeded in 96-well plates (20 × 103 cells/well) and incubated for 24 h at
37 ◦C. After incubation, the medium was removed and replaced with a medium containing
aqueous, methanol or acetate extracts (diluted 1:100 in the medium). After treatment, MTT
solution (5 mg/mL in sterile filtered PBS, pH 7.4) was added to each well to reach a final
concentration of 0.5 mg MTT/mL, and plates were incubated at 37 ◦C for 3 h. The dark-blue
formazan crystals were then solubilized by cell lysis with 200 µL/well 2-propanol/HCl
4N, and absorbance was measured at 550 nm with a Multiskan Fc Microplate Photometer
(Thermo Fisher Scientific, Waltham, MA, USA). Data were reported as percentage of control
(mean ± SEM) of eight sample replicates per treatment. Three independent experiments
were performed.

2.6. Secondary Metabolite Determination

Secondary metabolite analysis was performed by using a gas-chromatograph coupled
with a single quadrupole mass spectrometer (GC-MS) apparatus (6890 GC coupled to a
5973 inert MSD, Agilent Technologies, Santa Clara, CA, USA) as already described [57].
Methanolic and aqueous extracts were first methoximated with 10 µL of a 20 mg/mL
MeOX solution in pyridine at 40 ◦C for 90 min and then silylated with 90 µL of MSTFA at
70 ◦C for 60 min. After cooling at room temperature for 5 min, 1 µL of the solution was
injected into the GC-MS, which operated in splitless mode.

The injector temperature was set at 280 ◦C. Metabolites were separated on a DB-1ht
capillary column 30 m × i.d. 250 µm × 0.1 µm using a continuous flow rate of 1 mL/min
of ultrapure helium. The column oven temperature was set at 50 ◦C for 2 min; then the
temperature was increased from 50 to 350 ◦C with a ramp of 10 ◦C/min and a hold time
of 10 min. The total run time was 42 min. The mass detector was operated at 70 eV in the
electron impact (EI) ionization mode. The ion source and transfer line temperatures were
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set at 250 and 300 ◦C, respectively, whereas nominal mass scan spectra were acquired with
a mass scan range of 50–550 m/z.

Fractionated extracts were also analyzed by gas chromatography coupled to high-
resolution and high-accuracy mass spectrometry (Thermo Scientific™ Q Exactive™ GC
Orbitrap™ GC-MS/MS system, GC-HRMS, Waltham, MA USA) using the same column
and gas-chromatograph conditions. Ion source and transfer line temperatures were set
at 330 and 280 ◦C, respectively, HRMS spectra were acquired with a mass scan range of
50–750 m/z, resolution (FWHM at m/z 200) was 60,000, mass accuracy 1 ppm using internal
lock mass correction and 207.03235 m/z as lock mass. Low-resolution data were analyzed
by Agilent ChemStation, whereas for HRMS measurements, deconvolution, feature identi-
fication and putative metabolite identification were carried out using Thermo TraceFinder
4.1 software. Peak deconvolution was automatically performed with TraceFinder, where
NIST 2014 and GC-Orbitrap Metabolomics mass spectral libraries were used to annotate
the peaks with a search index threshold of >700. Compound identification was made using
a total confidence score that considers the NIST spectral match as well as the percentage of
fragment ions that can be explained from the elemental composition of the molecular ion
assigned by NIST.

Extracts were also analyzed by liquid chromatography coupled with mass spectrome-
try (LC-MS). A Surveyor MS Pump coupled with an LCQ DECA XP Plus (Thermo Finnigan,
Thermo Fisher Scientific, Waltham, MA, USA) ion trap mass spectrometer, equipped with
an ESI source, was used for our purposes [58]. A reverse-phase Thermo Scientific Biobasic-
C18 column (100 mm× 2.1 mm i.d., particle size 5 µm) with a C18-Security Guard cartridge
precolumn (10 mm × 2.1 mm i.d., particle size 5 µm) was used for chromatographic separa-
tion at room temperature (25 ◦C). The injection volume was set at 2 µL. A gradient binary
elution was performed using solvent A (0.1% formic acid in water) and solvent B (0.1%
formic acid in acetonitrile) at a constant flow of 0.2 mL/min.

The gradient program was set as 5% B (0–5 min), 5–95% B (5–40 min), 95% B (40–45 min),
5% B (45–50 min), 5% B (50–60 min). The mass spectrometer was run in the positive ion
mode, and the capillary voltage was set at 3.5 kV. The ion trap scanned the 200–1400 m/z
range during the separation and detection. Automatic gain control was employed using
three microscans and a maximum injection time of 140 ms. Electrospray operating con-
ditions were as follows: heated capillary temperature, 280 ◦C; sheath gas, 55 L min−1;
auxiliary gas 28 L min−1. The spectrometer was calibrated externally with a mixture of
caffeine, MRFA and Ultramark according to the manufacturer’s instruction.

Data were acquired using Thermo Xcalibur software, whereas untargeted analysis
was carried out using MS-DIAL [59].

3. Results
3.1. Fractionated Extraction Yields

The yield of fractionated extractions using solvents with different polarity index is
showed in Figure 1. The increase in polarity from hexane to methanol was associated
with an increase in the extraction yield. Therefore, the highest yields were found using
methanol, but different values were observed between the strain Synechococcus sp. ITAC107
(87.6% d.w.) and Cyanobium sp. ITAC108 (54.4% d.w.). Interestingly, a further increase in
polarity achieved by switching from methanol (P = 5.1) to water at 80 ◦C (P = 10.2) did not
correspond to an increase in extraction yield. Moreover, the water extract was higher for
Cyanobium sp. ITAC108 (44.1% d.w.) compared to Synechococcus sp. ITAC107 (10.6% d.w.).
Hexane and ethyl acetate fractions showed lower extraction yields that ranged between
0.02% d.w. (Cyanobium sp. ITAC108) and 0.04% d.w. (Synechococcus sp. ITAC107) in hexane
and 0.08% d.w. (Cyanobium sp. ITAC108) and 0.06% d.w. (Synechococcus sp. ITAC107) in
ethyl acetate, respectively.
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Figure 1. Fractionated extraction yield (expressed as % dry weight) of Cyanobium sp. ITAC108 and
Synechococcus sp. ITAC107 biomass. Different solvents with different polarity indexes (hexane, ethyl
acetate, methanol and water) were used.

3.2. Toxicity Test
3.2.1. Artemia salina

The toxicity test showed that the extracts from Synechococcus sp. ITAC107 and
Cyanobium sp. ITAC108 were toxic to Artemia nauplii after 24 h in a dose-dependent
manner. Most of the extracts were found to be toxic, inducing the maximum percentage
(100%) of death at the maximum administered dose. As an exception, the ethyl acetate
extract of Cyanobium sp. ITAC108 did not affect brine shrimp vitality. On the contrary, the
most toxic sample was the water extract from Cyanobium sp. ITAC108 since its LC50 was
3.13 mg/mL (Table 1). For Synechococcus sp. ITAC107, we observed that the methanolic
extract exerted a stronger activity (6.25 µg/mL) than polar and water fractions. In Table 1,
data about the LC50 of all the fractions are reported.

Table 1. The 24 h LC50 values (with 95% confidence limits) for A. salina exposed to
cyanobacterial extracts.

Strains LC50 24 h
µg/mL 95% Confidence Limits

Cyanobium sp. ITAC108 MetOH 6.25 4.71–8.29
Cyanobium sp. ITAC108 Water 3.13 1.87–4.76

Cyanobium sp. ITAC108 Hexane 9 7–11
Cyanobium sp. ITAC108 Ethyl Acetate - -

Synechococcus sp. ITAC107 MetOH 6.25 3.96–9.86
Synechococcus sp. ITAC107 Water 10.19 5.93–17.55

Synechococcus sp. ITAC107 Hexane 7 4–11
Synechococcus sp. ITAC107 Ethyl Acetate 16.3 13–20.67

3.2.2. Effects on Sea Urchin Embryo Development

Twenty-four hours after fertilization, the control sample presented a prismatic shape.
All the cyanobacterial extracts affected the development of sea urchin larvae. Toxicity
assays with water and methanolic extracts from Cyanobium sp. ITAC108 and Synechococcus
sp. ITAC107 displayed an evident toxic effect by completely inhibiting embryogenesis
(Figure 2): after 24 h, in a sample treated with water and methanolic extracts, most embryos
showed, respect to control (Figure 3A), an anomalous development, blocked at the morula
stage (Figure 3B,C,E,F). Morulae exhibited anomalous cell division in most cases. On the
contrary, in ethyl acetate (Figure 3D) and hexane extracts the percentage of anomalous
embryos was low: 21.8 ± 10.6 and 19.4 ± 3.2 for Cyanobium sp. ITAC108 and 21.1 ± 15.1
and 32.8 ± 19.5 for Synechococcus sp. ITAC107. There were no significant differences
(P > 0.01) with control, which showed that only 7.3% ± 1.3% were anomalous embryos.
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Figure 3. Micrographs of P. lividus embryos after 24 h of treatment with cyanobacteria extracts.
(A) Control sample; (B,C) sea urchin embryos treated with aqueous extracts from Cyanobium sp.
ITAC108 and Synechococcus sp. ITAC107, respectively; (D) sea urchin embryos treated with hexane
extracts from Synechococcus sp. ITAC107; (E,F) sea urchin embryos treated with methanolic extracts
from Cyanobium sp. ITAC108 and Synechococcus sp. ITAC107, respectively. Bar represents 100 µm.

Forty-eight hours after treatment, in control 97.3% ± 1.6 % of sea urchin embryos
developed into normal pluteus larvae (Figure 4A,E) with an average length of 518 ± 35 µm.
No effects were observed for embryos incubated with hexane and ethyl acetate extracts
from Cyanobium sp. ITAC108 (Figure 4B). Hexane extract from Synechococcus sp. ITAC107
exerted a bland effect on sea urchin embryos that reached the pluteus stage (Figure 4C),
but in this case the larval dimensions had a significantly (P < 0.01) reduced size (Figure 4F)
compared to controls (Figure 4A) with an average length of 338 ± 33 µm. In addition,
skeletal deformations (Figure 4F) were recorded in this sample treatment. On the contrary,
a very dangerous effect was detected with inhibition of embryonic development after
incubation with ethyl acetate extract from Synechococcus sp. ITAC107. In the last case,
embryos did not survive more than 24 h (Figure 4D), presenting in most cases a completely
deformed skeleton (Figure 4G).
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Figure 4. Micrographs of P. lividus embryos after 48 h of treatment with cyanobacteria extracts.
(A) Control sample. (B) Sea urchin embryos treated with ethyl acetate extracts from Cyanobium sp.
ITAC108. (C) Sea urchin embryos treated with hexane extracts from Synechococcus sp. ITAC107.
(D) Sea urchin embryos treated with ethyl acetate extracts from Synechococcus sp. ITAC107.
(E) Untreated P. lividus embryo. (F) Embryo treated with ethyl acetate extracts from Synechococ-
cus sp. ITAC107. (G) Embryo treated with ethyl acetate extracts from Synechococcus sp. ITAC107. Bar
represents 100 µm.

3.2.3. Effects on HeLa Cells

In this study, we have explored the effect of various extracts of two cyanobacterial
strains on human epithelial-like HeLa cells.

The cytotoxicity of hexane, ethyl acetate, methanol and water extracts from Cyanobium sp.
ITAC108 and Synechococcus sp. ITAC107 was assessed using the MTT assay. As shown
in Figure 5, all the extracts inhibited HeLa cell proliferation, but methanol extracts from
both cyanobacteria strains exerted the highest activity with 52% and 53% of cell growth
inhibition, respectively. Aqueous extracts from the two cyanobacteria also inhibited HeLa
growth with a percentage of 48% and 36%, respectively. Cells treated with ethyl acetate
extracts were metabolically more active, showing 36% and 32% of inhibition, while for
hexane extracts from strain Cyanobium sp. ITAC108 and Synechococcus sp. ITAC107, 24%
and 35% of cell growth inhibition were observed, respectively.

3.3. Secondary Metabolite Determination

Both the methanolic and water extracts from Cyanobium sp. ITAC108 and Synechococ-
cus sp. ITAC107 were analyzed by GC-MS to identify those metabolites responsible for
the toxicity of extracts. The β-N-methylamino-L-alanine, BMAA, was identified in the
chromatograms of the methanolic extract at 16.71 min as tms derivates using the accurate
mass 116.0889 and 291.1263. The relevant extracted ion chromatograms of all the samples
are shown in Figure 6, where it is possible to observe, along with BMAA, the presence of
2,4-diaminobutyric acid (2,4-DAB), which also has neurotoxic properties [60].
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Figure 6. Extracted chromatograms of m/z 291.1263 ion for methanolic and aqueous extracts for
Cyanobium sp. ITAC108 and Synechococcus sp. ITAC107 in the region comprised between 16 and
17 min. In the chromatograms, it is possible to identify 2,4-DAB and BMAA.

Table S1 shows all the other annotated metabolites identified in the extracts using
GC-HRMS.

The microcystin-VF was identified in LC-ESI(+)-MS at m/z 972.51 ([M + H]+) in
the methanolic extract of both PCCs. As it was not possible to identify other secondary
metabolites among those already identified in PCCs [61], an untargeted approach was used
to analyze LC-ESI(+)-MS data. As methanolic extracts showed a greater activity toward
HeLa cells than aqueous extracts did, during the untargeted analysis carried out using
MS-DIAL, methanolic and aqueous extracts were considered as different classes. Figure S1
reports the PCA score plot of the samples, where it is possible to see that methanolic
extracts are separated from aqueous along PC1, whereas PC2 permits the separation of
Cyanobium sp. ITAC108 from Synechococcus sp. ITAC107 aqueous extracts.

Table S2 lists all the significant (P-values < 0.05) characteristics that were identified
and putatively annotated. Data curation is beyond the scope of the present paper; however,
it is evident that there are different classes of compounds characterizing the extracts and
possibly having a role in the recorded PCC activity.

4. Discussion

In the present investigation, we focused our attention on two marine strains of PCCs:
Cyanobium sp. ITAC108 and Synechococcus sp. ITAC107, already characterized by mor-
phological and molecular criteria [49]. Previous investigation on these two PCC strains,
suggested better characterization of their potential as bioproducers given their ability to
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affect HeLa cell vitality [49] and to gain more insight into the nature of the more active
molecules. The potential as producers of bioactive compounds of some strains of Syne-
chococcus and Cyanobium genera was previously reported by some authors [27,62–64] who
emphasize the importance of also studying marine PCCs [22,24,27]. As unicellular coccoid
forms, these two PCCs were easily cultured in the laboratory, requiring less care and
exhibiting a faster growth rate than the filamentous forms. These properties make them
good candidates as bioproducers.

The first step toward the identification of the chemical nature of these compounds was
the fractionation of the crude extracts, which suggested that both samples contain a very
low amount of apolar (lipophilic) compounds (aldehydes and ketones, hydrocarbons, esters,
short chain alcohols, etc.). However, these types of compounds from both cyanobacteria
strains were found to be toxic to A. salina at the highest concentration used (50 µg/mL)
except for the Cyanobium sp. ITAC108 ethyl acetate sample. On the other hand, a very high
content of polar compounds likely phenols, ammines, amides, carboxylic, etc. (87.6% d.w.)
was found in Synechococcus sp. ITAC107, while Cyanobium sp. ITAC108 contained a
significantly lower amount (54.4%) of them. All these fractions were toxic to brine shrimp.
Methanolic extracts from the two strains showed comparable activity.

During the fractionated extraction, hot water was used to solubilize very polar and pro-
tic compounds including most likely carbohydrates, polymers and proteins. Cyanobium sp.
ITAC108 seems to contain a significantly higher amount of this latter class of compounds
compared to the sample from Synechococcus sp. ITAC107. The amount of protic and polar
compounds reflects the stronger toxicity of Cyanobium sp. ITAC108 toward Artemia nauplii
compared to that of Synechococcus sp. ITAC107. Although in some cases Cyanobium strains
did not demonstrate toxicity for A. salina [27], other studies [63,65] showed that one strain
of Cyanobium and one of Synechococcus caused acute toxicity in the brine shrimp nauplii,
inducing 100% mortality with aqueous and methanolic extracts.

The toxic effect of the different extracts of the cyanobacterial strains was also evident
for the embryos of the sea urchin, P. lividus. After treatment with water and methanolic
extracts from both cyanobacteria strains, embryogenesis stopped at the first stages (seg-
mentation) of development (within 24 h), providing strong evidence for the presence of
polar compounds interfering with growth factors. Affecting the segmentation phase of the
embryo, we may suppose that both extracts interfere with cell mitotic activity.

For some extracts (i.e., hexane), embryogenesis of the sea urchin embryos was not
inhibited. However, after a longer treatment with hexane extract from Synechococcus sp.
ITAC107, the resulting larvae were significantly smaller than the control larvae. This
suggests that a chronic effect may occur with this hexane extract and that the reduced
size of the larvae could be due to the action of compounds present in low concentrations.
Sellem and coworkers [66] also suggested this possibility when they tested the effects of
different concentrations of unsaturated fatty acids of a dinoflagellate species to embryos of
the sea urchin P. lividus.

Besides invertebrates, toxicity is often evaluated on mammalian cells by using cancer
cell lines [67–69]. Interestingly, some study reported a good correlation between the toxic
activity evidenced by the A. salina test and that observed with tumor cell lines [70]. Here,
we report about the effect of the various fractionated extracts on the human cervical cancer
HeLa cell line that was already affected by the total crude extracts from both PCCs [49]. The
toxicity was checked using the MTT assay, which showed that the cells were metabolically
less active in the presence of all the extracts in comparison to control (without extracts).
Although the response of cells to various extracts and the percentage change in metabolic
activity was different depending on the extract type, methanolic fractions from both PCCs
exerted the highest negative effect. The different responses may be due to the selective
cellular response and affinity to compounds present in the various extracts.

Methanolic extracts from other cyanobacteria strains are known to induce an antipro-
liferative effect on HeLa cells [71], but to our knowledge, this is the first time that different
fractionated extracts from these two strains were tested on Hela cells.
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All these results highlighting a strong bioactivity of the methanolic and aqueous ex-
tracts of both PCCs suggested analyzing them by GC-MS and identifying those metabolites
responsible for the toxicity of the extracts.

All four extracts of the two PCCs had various bioactive components possessing nu-
merous activities. BMAA is one of the important compounds that we found in methanolic
extracts along with 2,4-DAB, whereas it was not possible to identify the other BMAA
constitutional isomer, i.e., N-(2-aminoethyl)-glycine (AEG). BMAA is a neurotoxin pre-
viously identified by other researchers in symbionts and free-living cyanobacteria [68].
Prochlorococcus marinus, Synechoccous spp. and Synechocystis spp. [22,72,73] represent the
PCC strains until now identified as BMAA producers

Here, we report for the first time the presence of BMAA and one of its constitutional
isomers, 2,4-DAB, in a Cyanobium and in a Synechoccoccus strain isolated from a marine in-
vertebrate (i.e., the sponge Petrosia ficiformis) that could be the main compound responsible
for the observed toxicity.

LC-MS also revealed the presence of the hepatotoxic microcystins (MCs) in our sam-
ples. Microcystins, representing the main secondary metabolites here identified, are cyclic
heptapeptides typically produced by cyanobacteria that could be the main products in-
fluencing the survival of different model organisms we used. These cyanotoxins have
been already found in PCCs as reported in Śliwińska-Wilczewska and coauthors [22].
According to their review, the most common MC isomers are MC-LR and MC-YR, while
the MC-VF identified in our strains was already detected only in the filamentous Mi-
crocystis aeruginosa [74]. Other secondary metabolites produced by PCCs are 2-MIB and
GSM [20]. However, both compounds were not identified either in the methanolic or in the
aqueous extracts.

Finally, considering that the two strains used here have shown high growth rates
in laboratory cultures, the metabolites of their active fractions could be considered as
easily accessible by-products from biomass that can increase the value of their large-scale
culture. However, it is known that the genomic organization of biosynthetic gene clusters,
complex gene expression patterns and low yields of compounds synthesized by native
producers restrict access to many of these valuable molecules for detailed studies [75].
Recently some investigations have highlighted the importance of genetic engineering in
this field. An example of this is represented by the production of key compounds of the
hapalindole family of indole-isonitrile alkaloids obtained by engineering the fast-growing
cyanobacterium Synechococcus elongatus UTEX 2973 [75].

5. Conclusions

This work provides further useful data to expand the range of cyanobacteria from
which new compounds with significant bioactivity could be identified. Particularly in-
triguing was the bioactivity of polar extracts (especially the methanolic ones) of two PCC
strains belonging to Cyanobium and Synechococcus genera. To our knowledge, this is the first
time in which BMAA, 2,4-DAB and microcystin have been found in cyanobacteria isolated
from a marine sponge. We consider these substances to be responsible for cytotoxicity and
antimitotic activity, but further investigations are needed to isolate and better characterize
these compounds. Furthermore, it will be important to deepen the observations on the
long-term effects as the extracts of ethyl acetate, which, although not having antimitotic
activity, block the development of the sea urchin by preventing the gastrulation phase.
Furthermore, future investigations could help to know the cause of the skeletal deforma-
tion induced by the hexane extract from Synechococcus sp. ITAC 107. According to our
results, we consider the active fractions to be promising for the isolation of compounds
for potential biotechnological applications, including the field of pharmacological agents.
In addition, considering that the two strains used here have shown high growth rates in
laboratory cultures, the metabolites of their active fractions can be considered as easily
accessible by-products from biomass that can increase the value of their large-scale culture.
However, although a high growth rate has been shown in the laboratory, large-scale pro-
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duction of bioproducts is likely to be best achieved by engaging in the engineering of these
cyanobacteria. Another challenge to be faced in the near future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9102048/s1, Figure S1: PCA score plot of the samples where it is possible
to see that methanolic (square) extracts are separated from aqueous ones (dot) along PC1 whereas
PC2 permit to separate Cyanobium sp. ITAC108 from Synechococcus sp. ITAC107 aqueous extracts,
Table S1: Metabolites identified in the extracts using GC-HRMS, Table S2: lists of all the signifi-
cant (P-values < 0.05) characteristics distinguishing methanolic from aqueous extracts obtained and
annotated by MS-DIAL.
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A Combination of Aqueous Extraction and Ultrafiltration for
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Abstract: The purification of phycocyanin (PC) from Spirulina generally involves a combination of
different techniques. Here, we report the results on PC yields from a combined aqueous extraction-
ultrafiltration (UF) process of a strain of Arthrospira maxima cultivated in a farm devoted to producing
PC with food-grade purity. Samples optimized from different biomass/solvent ratios were purified
by using a polyethersulphone (PES) membrane with a molecular weight cut-off (MWCO) of 20 kDa.
The UF system was operated at 2.0 ± 0.1 bar and at 24 ± 2 ◦C up to a volume concentration factor
(VCF) of 5. A diafiltration (DF) process was conducted after UF in order to increase the PC recovery
in the retentate. Samples were collected during both UF and DF processes in order to evaluate
membrane productivity and PC purity. The average permeate fluxes of about 14.4 L/m2h were
measured in the selected operating conditions and more than 96% of PC was rejected by the UF
membrane independently ofthe extraction yields and times. The concentration of PC in the final
retentate was 1.17 mg/mL; this confirmed the observed rejection and the final VCF of the process
(about 5-fold when compared to the concentration of PC in the crude extract). In addition, the
combination of UF and diafiltration allowed the removal of about 91.7% of the DNA from the crude
extract, thereby improving the purity of the phycocyanin in the retentate fraction.

Keywords: Spirulina; phycocyanin; extraction; ultrafiltration; diafiltration

1. Introduction

Photosynthetic organisms, such as microalgae and cyanobacteriarepresent promising
renewable sources of healthy food ingredients and functional food products due to their
high contents of bioactive compounds, such as essential amino acids, antioxidant molecules,
minerals and fibers. Compared to other natural sources of bioactive ingredients, these
organisms have many advantages, including a wide biodiversity, the possibility to grow
under conditions of low water utilization and the plasticity of their metabolism, which can
be induced to produce specific molecules [1,2].

The production of microalgae-based protein products, for example, involve microalgae
cultivation followed by harvesting, drying, cell disruption, protein extraction, hydrolysis
and separation [3]. Among cyanobacteria, Arthrospira platensis (traditionally known as
Spirulina), a blue-green coil shaped species, has received increased attention in receent years
due to its high content of proteins, vitamins, minerals and many essential amino-acids and
fatty acids [4]. It is an important source of phycocyanin (PC) and allophycocyanin (APC)
water soluble proteins belonging to the phycobiliprotein family [5]. PC is a natural blue
colorant, with an estimated molecular weight of 100–200 kDa; thanks to its therapeutic
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properties as an antioxidant, anti-inflammatory molecule, as well as its anti-cancer activi-
ties [6–9], the PC has great potential for industrial and commercial development. Its market
value is estimated to be around 10–50 million US$ per annum [10].

The purification of PC from Spirulina and other microalgae has been investigated and
optimized by several authors [11–16]. Purification generally involves different techniques
that include extraction, centrifugation and separation by chromatography or ion exchange
and dialysis. These procedures are time consuming and directly increase facilities and
equipment-related expenses, thereby leading to an increase in production costs. In this con-
text, membrane-based processes, such as microfiltration (MF) and ultrafiltration (UF), offer
a useful approach as fractionation, purification and concentration steps asalternatives to
expensive sequential purification techniques such as ammonium sulphate precipitation and
gel filtration chromatography. These processes, thanks to their mild operating conditions,
prevent possible thermal denaturation and deactivation of the PC molecules. Additional
advantages over conventional technologies includean easy scale-up combined with high
selectivity, modularity, low energy consumption, no phase change and no use of chemical
additives [17,18].

UF membranes with a molecular weight cut-off (MWCO) of 50 kDa were used by
Herrera et al. [19] to concentrate a spirulina extract up to a VCF of 1.9. A food grade
phycocyanin powder with a purity ratio of 0.74 was obtained after adsorption on activated
charcoal and spray drying. Jaouen et al. [20] investigated the use of MF and UF tubular
inorganic membranes for the clarification of raw extracts after sonication of a spirulina
culture, while UF, nanofiltration (NF) and reverse osmosis (RO) organic membranes were
used for the concentration of the clarified extract. NF membranes exhibited the best
performance in the concentration of the clarified extract: in selected conditions of operating
pressure and tangential velocity (30 bar and 1.5 m/s, respectively), the recovery of PC and
permeation flux resulted in 100% and 85 L/m2h, respectively.

A combination of an aqueous two-phase system, UF and precipitation was developed
by Rito-Palomares et al. [15] in order to reduce the number of unit operations and increased
the yield of the protein. In this approach, the use of a 30 kDa UF membrane followed by
precipitation with ammonium sulfate led to a protein purity of 3.8 ± 0.1% and an overall
product yield of 29.5% (w/w).

Figueira et al. [21] obtained a C-PC extract with purity of 0.95 suitable for use as a food
dye (purity between 0.75 and 1.5) by using a combination of UF and 6 diafiltration cycles.
In this approach, a 50 kDa polyethersulfone UF membrane in flat-sheet configuration
was used.

Recently, Brião et al. [22] simplified the purification step by using the phosphate buffer
extraction followed by UF and one-step of diafiltration (DF) membranes; throughthis pro-
cedure, a food-grade PC from A. platensis has been produced. Similarly, UF in diafiltration
mode was assessed by Balti et al. [23] for protein fractionation of A. platensis in order to
produce different protein extracts more or less purified, notably in salt and chlorophyll.

This study aimed at developing a sustainable process for the recovery, fractionation
and purification of PC from a strain of A. maxima extracts. It was based on a ‘green’ aqueous
extraction of PC from the Arthrosphira biomass followed by a purification/fractionation step
of the centrifuged extract through the use of a 20 kDa UF membrane aimed at removing
mainly non-protein molecules, such as DNA, co-extracted with phycobiliproteins. To
enhance the PC purification, UF was combined with a diafiltration (DF) step based on the
addition of purified water to the UF retentate.

The effect of the biomass-water ratio on the PC concentration was investigated. Mem-
brane productivity, cleaning efficiency and membrane retention towards PC and DNA were
also assessed.
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2. Materials and Methods
2.1. Chemicals

Bradford reagent, water CHROMASOLV®Plus for HPLC, bromophenol blue ACS
reagent, ammonium bicarbonate BioUltra (≥99.5%) and acetonitrile anhydrous (99.8%)
wereall acquired from Sigma-Aldrich (Milan, Italy). A 40% acrylamide/bis solution, ammo-
nium persulfate, sodium dodecyl sulfate (SDS), trimethamine and glycine were purchased
from Bio-Rad Laboratories (Hercules, CA, USA). Boric acid and ethylenediaminetetraacetic
acid (EDTA) were acquired from Carlo Erba (Milan, Italy). Glycerol 99.0–101.0% was
purchased from Honeywell Research Chemicals (Seelze, Germany). Coomassie R-250
solution was purchased fromAmersham Pharmacia Biotech (Uppsala, Sweden). Agarose
CSL-AG5 for gel electrophoresis was purchased from Cleaver Scientific (Rugby, UK). Gel
red nucleic acid gel stain 10,000× in water was purchased from Biotium (Fremont, CA,
USA). Tetramethylethylendiamine (TEMED) was purchased from Chem-Lab (Zedelgem,
Belgium). GeneRuler DNA Ladders 10Kpb was purchased from Thermo Fisher Scientific
Inc. (Swindon, UK). All other reagents were of analytical grade.

2.2. Biological Materials

Dried biomass samples of the Arthrospira maxima strain cultivated according to the Oil
Fox® technology and registered trademark Spirulina-fox® and covered by an international
patent [24] were used.

2.3. Aqueous Extraction of Phycocyanin (PC) from A. maxima Biomass

The PC extraction from A. maxima samples was carried out at different biomass-
solvent ratios in order to investigate the amount of solvent needed to maximize the yield
of extraction. Ultrapure distilled water was added to dried A. maxima biomass to obtain
suspensions of 200 mL at concentrations of 0.005, 0.01, 0.015 and 0.02 g/mL, respectively. All
suspensions were stirred on a magnetic plate at 500 rpm for 24 h at RT. Three independent
extractions were carried out and results of the PC concentration were expressed as mean
value ± SD.

2.4. Feed Solution

After incubation time, the crude extract of A. maxima was centrifuged for 15 min at
6000 rpm, the supernatant removed and then frozen at −20 ◦C. The supernatant was used
as a feed solution in the ultrafiltration experiments.

2.5. Ultrafiltration (UF): Experimental Set-Up and Procedure

Dead-end UF experiments were performed using the SterlitechTM HP 4750 high-
pressure stirred cell (Sterlitech, Kent, WA, USA) with a filter area of 13.85 cm2 and a
processing capacity of 300 mL. The cell filtration system was equipped with a flat-sheet
polyethersulphone (PES) membrane (Nadir® UP020 P, from Microdyn-Nadir GmbH, Wies-
baden, Germany) with a thickness of 210–250 µm and a nominal MWCO of 20 kDa. Fil-
tration experiments were carried out according to a batch concentration configuration at
a transmembrane pressure (TMP) of 2 bar and an operating temperature of 24 ± 2 ◦C.
Stirring inside the cell was accomplished by using a magnetic stirrer. An initial volume of
crude extract (UF feed) of 100 mL was used and the permeate was collected separately up
to a final volume of 80 mL corresponding to a volume concentration factor (VCF) of 5.

VCF is dimensionless and defined as:

VCF =
Vf

Vr
(1)

where Vf and Vr are the feed and retentate volumes, respectively.
Diafiltration experiments were performed by adding distilled water to the UF retentate

at the same flowrate of the permeate so as to keep the retentate volume constant (15 mL)
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during the process. Six diafiltration volumes (addition of 90 mL of distilled water) were
added before stopping filtration.

The diafiltration volume (ratio of the solvent volume added per volume of feed
solution) was determined as follows [25]:

DV =
Vp

V0
=

Vw

V0
(2)

where Vp and V0 are the volumes of permeate and feed solution, respectively, and Vw is
the volume of water added during the diafiltration process.

The diafiltration was operated at the same parameters of temperature, stirring condi-
tions and transmembrane pressure asthe UF.

The schematic flowchart of the combined extraction–filtration process investigated in
this study is depicted in Figure 1.

Microorganisms 2022, 10, x FOR PEER REVIEW 4 of 14 
 

 

(15 mL) during the process. Six diafiltration volumes (addition of 90 mL of distilled wa-

ter) were added before stopping filtration.  

The diafiltration volume (ratio of the solvent volume added per volume of feed so-

lution) was determined as follows [25]: 

𝐷𝑉 =
𝑉𝑝

𝑉0

=
𝑉𝑤

𝑉0

 
(2) 

where Vp and V0 are the volumes of permeate and feed solution, respectively, and Vw is 

the volume of water added during the diafiltration process. 

The diafiltration was operated at the same parameters of temperature, stirring con-

ditions and transmembrane pressure asthe UF. 

The schematic flowchart of the combined extraction–filtration process investigated 

in this study is depicted in Figure 1. 

 

Figure 1. Schematic flowchart of the combined extraction/UF process investigated. 

2.6. Data Processing 

The permeate flux (Jp), expressed in L/m2h, was determined by measuring the per-

meate volume collected in a given time according to Equation (3): 

𝐽𝑝 =
𝑉𝑝

𝑡 𝐴
 

(3) 

where Vp (L) is the permeate volume, t (h) is the permeation time and A (m2) is the 

membrane area. 

The hydraulic permeability of the UF membrane was determined by measuring the 

water permeate flux at different TMP values (at an operating temperature of 25 °C). The 

fouling index was determined by measuring the hydraulic permeability before and after 

filtration experiments, according to the following equation: 

𝐹𝐼 = (
𝑊𝑝1

𝑊𝑝0

) ∙ 100 
(4) 

where Wp0 and Wp1 are the pure water permeability before and after UF experiments, 

respectively. 

Figure 1. Schematic flowchart of the combined extraction/UF process investigated.

2.6. Data Processing

The permeate flux (Jp), expressed in L/m2h, was determined by measuring the perme-
ate volume collected in a given time according to Equation (3):

Jp =
Vp

t A
(3)

where Vp (L) is the permeate volume, t (h) is the permeation time and A (m2) is the
membrane area.

The hydraulic permeability of the UF membrane was determined by measuring the
water permeate flux at different TMP values (at an operating temperature of 25 ◦C). The
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fouling index was determined by measuring the hydraulic permeability before and after
filtration experiments, according to the following equation:

FI =
(

Wp1

Wp0

)
·100 (4)

where Wp0 and Wp1 are the pure water permeability before and after UF experiments, respectively.
After the experiments with the crude extract, the UF membrane was cleaned in two

steps. The first cleaning step was performed with distilled water for 30 min at a temperature
of 40 ◦C in order to remove the reversible polarized layer. The hydraulic permeability
measured afterwards was Wp2.

In the second step, the membrane was submitted to an enzymatic cleaning with a
solution of Ultrasil P3 (Henkel-Ecolab, Dusseldorf, Germany) at 0.5% w/w for 30 min at
40 ◦C. At the end of the cleaning procedure, the membrane was rinsed with distilled water
for 10 min and the hydraulic permeability, indicated as Wp3, was measured.

The cleaning efficiency (CE) was evaluated by using the flux recovery method accord-
ing to the following equation:

CE =

(
Wp3

Wp0

)
·100 (5)

where Wp3 is the water permeability measured after the enzymatic cleaning.
The rejection rate (R) of PC was calculated as described in Equation (6):

R =

(
1 − Cp

C f

)
·100 (6)

where Cp and Cf refer to the concentration of PC within the permeate and feed, respectively.

2.7. Analytical Assays
2.7.1. Phycocyanin (PC) Concentration

The PC concentration was measured by using a UV-VIS spectrophotometer (Shimadzu
UV-160A, Kyoto, Japan) at wavelengths of 615 nm and 652 nm. The total amount of PC
was calculated by using the following equation [26,27]:

PC =
A615 − 0.474(A652)

5.34
(7)

where PC is the phycocyanin concentration (mg/mL), A615 is the optical density of the
sample at 615 nm and A652 is the optical density of the sample at 652 nm.

The PC purity was monitored spectrophotometrically by the A615/A280 ratio [28]
according to the Equation (8):

PP =
A615

A280
(8)

where A280 is the optical density of the sample at 280 nm.
The purification factor (PF) was calculated from the ratio of PC concentration in

purified (PCp) and crude extract (PCc) by Equation (9) [29]:

PF =
PCp

PCc
(9)

2.7.2. Protein Analysis by SDS-PAGE of the Feed, Retentate and Permeate after UF

The protein concentration was measured by the Bradford method [30] and the protein
sample was separated by the acrylammide gel electrophoresis under denaturant conditions
(SDS-PAGE) [31]. The protein extract, solubilized in a loading buffer, was activated for
4 min at 100 ◦C. 20 µL for each sample were loaded onto a 12% polyacrylamide gel. The
electrophoretic run was performed by placing the gel in the electrophoretic chamber filled
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with a buffer solution (Buffer Tris Glycine) and setting the amperage and voltage (60 mA
in the stacking gel and 120 mA in the running gel at a power of 200 V). Once the run was
over, the gels were placed in a Coomassie R-250 solution overnight and then destained
by washing in water, ammonium bicarbonate and acetonitrile solution. The gels were
scanned using the “GS800” (Biorad, Hercules, CA, USA) densitometer and analyzed with
the “QuantityOne” software (Biorad, Hercules, CA, USA) to identify the polypeptide bands.

2.7.3. DNA Detection

To evaluate the nucleic acid occurrence in the three fractions after ultrafiltration, the
quantity of DNA molecules has been assessed by the NanoDrop™ One/OneC Microvolume
UV-Vis Spectrophotometer (Thermo Fisher Scientific Inc., London, UK); absorbances at
260 nm and 280 nm were measured and concentrations were calculated as:

DNA concentration (ng/µL) = A260nm·50 ng/µL
1a.u.

(10)

The quality of the DNA has been evaluated by the direct measurements of the ratios
A260/A280.

For the electrophoresis analysis, equal volumes of feed, permeate and retentate from
the same UF assay were solubilized in an equal volume of loading buffer under stirring
overnight at RT. Samples were separated in a 0.8% agarose gel using 0.5X TBE as the
running buffer; bromophenol blue was added to the samples as a tracking dye. The 10 kbp
DNA ladder was used (Thermo Fisher Scientific Inc.). After 30 min of running at 70 mA,
120 V, the gel image was digitalized using a UV Transilluminator (Consort bvba, Turnhout,
Belgium) equipped with a photocamera.

All analytical measurements were performed in triplicate. Results were expressed as
mean value ± SD.

3. Results
3.1. Aqueous Extraction of PC

The variable biomass-solvent ratio strongly influences the PC concentration in
the aqueous extract [32]. As illustrated in Figure 2, the maximum yield of PC
(0.232 ± 0.0042 mg/mL) in the aqueous extract was obtained by using the largest biomass-
solvent ratio (0.02 g/mL). Therefore, UF experiments were performed by using an aqueous
extract sample obtained with a biomass-solvent ratio of 0.02 g/mL.
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In Figure 3, the SDS-PAGE pattern of the supernatant from the crude extract at different
biomass-solvent ratiosis reported. As it is observed, only a prominent polypeptide band at

122



Microorganisms 2022, 10, 308

approx. 19 kDa was resolved in all aqueous extracts. The abundance of this band increased
accordingly with the concentration of the extracts. Very weak bands at 50 kDa, 35 kDa and
10 kDa were also detected.The majority of A. maxima proteins, mainly the hydrophobic
ones, remained in the biomass pellet, along with all the other water insoluble molecules
(see the Supplementary Figure S1).
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Figure 3. SDS-PAGE of the centrifuged extracts from 0.005 g/mL (lanes 2 and 3), 0.010 g/mL
(lanes 4 and 5), 0.015 g/mL (lanes 6 and 7) and 0.020 g/mL (lanes 8 and 9) biomass-solvent ratio.
20 µL of each extract were loaded on the gel. Precision Plus ProteinTM Standards (Biorad, Hercules,
CA, USA) were loaded on lane 1.

3.2. Ultrafiltration/Diafiltration

The feed solution was ultrafiltered with the selected membrane under operating
conditions of pressure and temperature of 2 bar and 24 ± 2 ◦C, respectively. The initial
permeate flux of about 19.2 L/m2h decreased sharply to 26.5% in the first steps of the
process to reach a steady-state value of about 11.5 L/m2h at a VCF of 3.1; then, the
permeate flux continued to decrease, reaching 9.5 L/m2h when the final VCF of 5 was
reached (Figure 4).
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The addition of water in the DF steps produced a dilution of the retentate stream and
an increase of the permeate flux at the beginning of each cycle of DF (with the exception of
the last two DF steps) (Figure 4), followed by flux decay due to concentration polarization
phenomena [22]. Figures 5 and 6 illustrate the samples collected during the UF and DF
steps, respectively.

Microorganisms 2022, 10, x FOR PEER REVIEW 8 of 14 
 

 

 

Figure 5. UF samples. (a) Aqueous crude extract (supernatant of centrifugation); (b) UF permeate; 

(c) UF retentate (at VCF 5). 

 

Figure 6. Permeate samples recovered in the course of diafiltration. 

Figure 7 shows the pure water flux of the UF membrane before and after the treat-

ment of the crude extract and after cleaning treatments. The initial water permeability of 

the membrane, of about 140.3 L/m2hbar, dropped to 67.0 L/m2hbar after the treatment of 

the crude extract. Therefore, the fouling index was estimated to be 52.3%. The cleaning 

with distilled water and enzymatic detergent at 40 °C allowed an increase in the mem-

brane water permeability at 74.9 L/m2hbar and 114.2 L/m2hbar, respectively. Thus, the 

cleaning efficiency result was about 81%. 

 

Figure 7. Water permeability of UF membrane before the treatment of aqueous extract and after 

cleaning procedures (Wp0, initial water permeability; Wp1, water permeability after treatment of 

aqueous extract; Wp2, water permeability after cleaning with water; Wp3, water permeability after 

enzymatic cleaning). 

  

Figure 5. UF samples. (a) Aqueous crude extract (supernatant of centrifugation); (b) UF permeate;
(c) UF retentate (at VCF 5).

Microorganisms 2022, 10, x FOR PEER REVIEW 8 of 14 
 

 

 

Figure 5. UF samples. (a) Aqueous crude extract (supernatant of centrifugation); (b) UF permeate; 

(c) UF retentate (at VCF 5). 

 

Figure 6. Permeate samples recovered in the course of diafiltration. 

Figure 7 shows the pure water flux of the UF membrane before and after the treat-

ment of the crude extract and after cleaning treatments. The initial water permeability of 

the membrane, of about 140.3 L/m2hbar, dropped to 67.0 L/m2hbar after the treatment of 

the crude extract. Therefore, the fouling index was estimated to be 52.3%. The cleaning 

with distilled water and enzymatic detergent at 40 °C allowed an increase in the mem-

brane water permeability at 74.9 L/m2hbar and 114.2 L/m2hbar, respectively. Thus, the 

cleaning efficiency result was about 81%. 

 

Figure 7. Water permeability of UF membrane before the treatment of aqueous extract and after 

cleaning procedures (Wp0, initial water permeability; Wp1, water permeability after treatment of 

aqueous extract; Wp2, water permeability after cleaning with water; Wp3, water permeability after 

enzymatic cleaning). 

  

Figure 6. Permeate samples recovered in the course of diafiltration.

Figure 7 shows the pure water flux of the UF membrane before and after the treatment
of the crude extract and after cleaning treatments. The initial water permeability of the
membrane, of about 140.3 L/m2hbar, dropped to 67.0 L/m2hbar after the treatment of the
crude extract. Therefore, the fouling index was estimated to be 52.3%. The cleaning with
distilled water and enzymatic detergent at 40 ◦C allowed an increase in the membrane
water permeability at 74.9 L/m2hbar and 114.2 L/m2hbar, respectively. Thus, the cleaning
efficiency result was about 81%.
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Figure 7. Water permeability of UF membrane before the treatment of aqueous extract and after
cleaning procedures (Wp0, initial water permeability; Wp1, water permeability after treatment of
aqueous extract; Wp2, water permeability after cleaning with water; Wp3, water permeability after
enzymatic cleaning).
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3.3. Analyses of Phycocyanin

In Figure 8, the electrophoresis of the fractions obtained after the UF treatment of the
0.020 g/mL feed solution is shown. Only one polypeptide band of aprox. 19 kDa was
resolved in feed and retentates. This band appeared more concentrated in the retentate
withrespect to the starting concentration of the feed fraction. No polypeptide band has
been resolved in the permeate fraction.
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Figure 8. SDS-PAGE of the UF fractions from the aqueous extract of A. maxima at a concentration of
0.02 g/mL.An intense polypeptide band of approximately 19 kDa was resolved in the feed (lane 2)
which became more intense in the retentate (lane 3) but was not detectable in the permeated fraction
(lane 4). 20 µL of each fraction were loaded on the gel. Precision Plus ProteinTM Standards (Biorad,
Hercules, CA, USA) wereloaded on lane 1.

In Figure 9, the absorbance spectra of the UF fractions in the range of 480–750 nm are
reported. Higher absorbance was observed in the retentate fraction with respect to feed
and permeate samples. The concentration of PC and related purity in the feed in the UF
fractions and in the final retentate after diafiltration are reported in Table 1.
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Table 1. Concentration and purity of PC obtained by aqueous extraction followed by UF and
diafiltration (PF, purification factor).

Samples PC Concentration
(mg/mL) PC Purity PF

Feed 0.232 ± 0.0042 0.74 ± 0.030 -
Permeate 0.0089 ± 0.00085 - -
Retentate 1.124 ± 0.0234 0.93 ± 0.009 4.84

Final retentate 1.174 ± 0.0244 1.16 ± 0.010 5.06

The concentration of PC in the retentate was4.8-fold higher than that of the feed
solution and it was in agreement with the VCF of the process. The rejection of the UF
membrane towards the PC was 96.2% and according to the mass balance of the process,
96.9% of the PC was recovered in the retentate.

The purity value of the crude extract increased from 0.74 to 0.93 in the UF retentate:
accordingly, the UF process allowed a purification factor of 4.84. After six diafiltration
cycles, the PC purity of the retentate and the purification factor increased to 1.16 and 5.06,
respectively. This behavior can be attributed to the removal of most contaminant particles
smaller than the nominal MWCO of the UF membrane (20 kDa) during the first 6 cycles
of DF.

3.4. DNA Analyses

The agarose gel electrophoresis of two independent extractions is reported in Figure 10.
As can be seen, nucleic acid contamination occurred in the feed solution, suggesting that
DNA molecules were co-extracted during solubilization with proteins from A. maxima
biomass; after ultrafiltration, the DNA molecules were not detected in the retentate, sug-
gesting that the DNA was efficiently removed; on the other hand, DNA was not detected in
the permeate fraction, suggesting that during filtration DNA was degraded in very small
fragments not detectable through electrophoresis in our conditions. This is corroborated by
the evidence of the Abs 260/280 ratio values (Supplementary Table S1).
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electrophoresis markers (Lane 4).
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The contents of DNA measured in all fractions from the UF and diafiltration process
of the feed solution are reported in Table 2.

Table 2. Mass balance of DNA in both UF and DF processes.

Sample DNA
(ng/µL) Volume DNA

(µg)

Feed 425 ± 8.5 100 42,500.0 ± 637.5
UF Permeate 413 ± 8.2 80 33,040.0 ± 495.6
UF Retentate 473 ± 9.4 20 9460.0 ± 141.9

DF1 181 ± 3.6 15 2715.0 ± 40.7
DF2 107 ± 2.1 15 1605.0 ± 24.1
DF3 52 ± 1.0 15 780.0 ± 11.7
DF4 25 ± 0.5 15 375.0 ± 5.6
DF5 20.5 ± 0.4 15 307.5 ± 4.6
DF6 11 ± 0.2 15 165.0 ± 2.4

DF tot 5947.5 ± 89.2
Permeate 33,040.0 ± 495.6

DFtot + Permeate 38,987.5 ± 584.8

According to the mass balance of the process, about 77% and 14% of DNA wasrecov-
ered in the permeate and diafiltrate samples, respectively. Therefore, the combination of
UF and DF allowed the removal of about 91.7% of the DNA from the crude extract, thereby
improving the purity of the phycocyanin in the retentate fraction.

4. Discussion

The extraction protocol developed in this work obtained a very high phycocyanin
yield from A. maxima biomass. The biomass-solvent ratio of 0.02 g/mL makes possible
the use of smaller volumes of extractant in the purification steps and it agrees with data
reported by Silveira et al. [29] in the optimization of PC extraction from Spirulina platensis
using factorial design. The authors also reported that the use of a biomass-solvent ratio
higher than 0.08 g/mL produced very concentrated suspensions so that the solvent was
unable to promote an appropriate interaction with the biomass for efficient extraction.

It is well known that representative phycobiliproteins in Spirulina are phycocyanin and
allophycocyanin [23,33]. It is interesting to point out that the allophycocyanin concentration
measured in the original crude extract of A. maxima was about 0.01 mg/mL, 23-fold less
than phycocyanin concentration. This unbalanced content of phycobiliproteins could
mainly be attributed to our biological source of A. maxima cultivated according to the
Oilfox® technology [24].

The electrophoretic profile of A. maxima PC crude extract has shown that the majority
of the water soluble proteins correspond to the molecular weight of approx. 19 kDa; in
Spirulina platensis, the pure C-phycocyanin was reported to be formed by two subunits
corresponding to α and β subunits of 17 and 21 kDa, respectively; as the molecular weight
of the native purified C-PC was 115 kDa, the aggregation state of the purified C-PC was
accomplished by the assemblage (αβ)3 [34]. Despite the literature on the C-phycocyanin ex-
traction and purification from A. maxima [35–37], there is no information, to our knowledge,
on the molecular characterization of C-phycocyanin in this species. Under denaturing con-
ditions, our results suggest that the C-phycocyanin in A. maxima could consist of monomers
with an apparent molecular weight of approximately 19 kDa. Another hypothesis is that, in
our conditions, it is not possible to separate the two subunits that therefore appear merged
into a single band. Further molecular studies are needed to clarify this finding.

The decrease in permeate flux observed during the UF of the crude extract in selected
operating conditions could be attributed to pore blockage and cake formation mechanisms
occurring sequentially during the filtration process. A larger drop in the permeate flux
followed by long-term decay until reaching a steadystate of about 15 L/m2h was observed
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by Brião et al. [22] in the UF of a crude PC extract (0.53 mg/L) by using a PES UF membrane
with a MWCO of 60 kDa. Higher fluxes (of the order of 50 L/m2h) were obtained by
Chaiklahan et al. [38] by using membranes of 50 and 70 kDa; in this case, the crude extract
was previously microfiltered in order to remove cellular fragments before UF.

The UF process has proven effective both in the purification of C-phycocyanin and its
five-fold concentration in our experimental conditions regardless of the starting biomass-
solvent ratio. Furthermore, UF combined with diafiltration solved the contamination
by DNA.

The PC purity and the purification factor measured after the UF/DF treatment of
the crude extract are in agreement with data reported by Figueira et al. [21] in the UF of
a crude extract of S. platensis by using a 50 kDa PES membrane in a flat-sheet configura-
tion. The authors reported a PC recovery between 60 and 99% and purification factors
between 1.35 and 1.57 in different conditions of pressure (1, 1.5 and 2 kgf/cm2), pH (6,
6.5 and 7), temperature (4, 14.5 and 25 ◦C) and diafiltration cycles (0, 2 and 4). Similarly,
Chaiklahan et al. [38] reported purity ratios of 1.11, 1.03 and 1.08 after the UF of the micro-
filtered extract with 50 kDa, 70 kDa and 100 kDa membranes, respectively. The purity ratio
of the phycocyanin extract increased approximately 2-fold when compared to the initial
purity (0.54).

On the other hand, Brião et al. [22] reported that the MF and UF membranes did not
successfully purify the PC extracted from Spirulina by freeze-thaw extraction. Indeed, the
PC purity of the crude extract decreased from 0.355 to 0.345 in the retentate of the MF
process (with a flat-sheet polyvinylidene fluoride membrane of 0.4 µm as pore diameter)
and from 0.403 to 0.382 in the retentate of the UF process (with a flat-sheet PES membrane
with a MWCO of 60 kDa). These results were attributed to the formation of a thick cake
layer which blocked the membrane pores, thus preventing the removal of lower molecular
weight contaminants from the crude extract. The extraction with sodium phosphate buffer
followed by UF (with a tubular PVDF membrane of 30–80 kDa) and one step of diafiltration
allowed theenhancement of the purity of the crude extract up to 0.76, which in any case is
lower than the result obtained in our work. In addition, the purification resulted in a 30%
loss of antioxidant activity.

Literature data confirm that the combination of UF with diafiltration allow researchers
to obtain C-phycocyanin extracts with purity between 0.75 and 1.5, which are suitable
for use as food dye [21,38]. Higher purity ratios (up to >4) can be reached through the
combination of UF with other technologies (i.e., ammonium sulfate precipitation, expanded-
bed and fixed-bed ion exchange chromatography). Extracts suitable as cosmetic dye (purity
of 2.1), biomarkers (purity of 3.0) and for therapeutic and biomedicine applications with an
analytical grade (purity >4.0) were obtained by Figueira et al. [21] according to different
combinations of processes, including UF.

After UF, electrophoresis showed that the band of C-phycocyanin is concentrated in the
retentate fraction without changes in the molecular weight. Here, we can speculate that the
native form of C-phycocyanin in the feed solution had the least dimeric conformation and
therefore was retained by the membrane with a 20 kDa cut-off. Structural modifications
might occur during C-phycocyanin ultrafiltration [21]; at the temperature of 25 ◦C, an
increase in C-phycocyanin recovery was reported. This increase can be attributed to higher
retention due to a slight increase in the molar mass of C-phycocyanin.

5. Conclusions

A green and sustainable method for the extraction and purification of phycocyanin
(PC) from a strain of Arthrospira maxima has been developed. Aqueous extracts optimized
from different biomass-solvent ratios were purified by ultrafiltration (UF) by using a 20 kDa
membrane in a flat-sheet configuration. The UF process allowed the recovery of more than
96% of the PC in the retentate fraction and the removal of about 91.7% of the DNA content
from the crude extract. The purity value of the crude extract increased from 0.74 to 0.93 after
the UF process. The application of 6 DF cycles enhanced the purification process, thereby
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obtaining a C-PC extract with a purity degree of 1.16, which is suitable for human food use.
The combination of UF with other methodologies (i.e., ammonium sulfate precipitation and
ion exchange chromatography) could be a useful approach forenhancing the purity degree
of DNA-free ultrafiltered samples, thereby allowing the production of extracts suitable for
other uses including therapeutic and biomedicine applications.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/microorganisms10020308/s1, Figure S1: SDS-PAGE of
the pellet after the centrifugation of the extract from 0.005 g/mL (lanes 1), 0.010 g/mL (lanes 2),
0.015 g/mL (lane 4) and 0.020 g/mL (lane 5) biomass-solvent ratio. 20 µL of each extract wasloaded
on the gel. Precision Plus ProteinTM Standards (Biorad, Hercules, CA, USA) was loaded on the lane
3; Table S1: Values of DNA absorbance at 260 and 280 nm in the aqueous PC solution (feed), UF and
DF fractions and the respective absorbance ratios.
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Abstract: The Spirulina spp. exhibited an ability to tolerate the organophosphates. This study aimed
to explore the effects of the herbicide glyphosate on a selected strain of the cyanobacteria Arthrospira
maxima cultivated in a company. Experimental cultivations acclimated in aquaria were treated with
0.2 mM glyphosate [N-(phosphonomethyl) glycine]. The culture biomass, the phycocyanin, and the
chlorophyll a concentrations were evaluated every week during 42 days of treatment. The differen-
tially expressed proteins in the treated cyanobacteria versus the control cultivations were evaluated
weekly during 21 days of treatment. Even if the glyphosate treatment negatively affected the biomass
and the photosynthetic pigments, it induced resistance in the survival A. maxima population. Proteins
belonging to the response to osmotic stress and methylation pathways were strongly accumulated
in treated cultivation; the response to toxic substances and the negative regulation of transcription
seemed to have a role in the resistance. The glyphosate-affected enzyme, chorismate synthase, a
key enzyme in the shikimic acid pathway, was accumulated during treatment, suggesting that the
surviving strain of A. maxima expressed a glyphosate-resistant target enzyme.

Keywords: spirulina; Arthrospira maxima; glyphosate; proteomics; resistance

1. Introduction

Literature of the last ten years has focused on the medium and long-term effects of
the persistence of organophosphates, revealing their toxicity and the serious impact on
ecosystems of all environmental matrices (air, soil, rivers, sea) and consequently on the
health of humans [1,2]. By contrast, related literature also reported conflicting results
on the role of organophosphates in perturbing or modifying the activity and microbial
composition in soil or water [3–5]. Glyphosate is one of the most used organophosphates
in industrialized countries; it is a non-selective herbicide with broad-spectrum activity
used to eliminate weeds in crops [6]. From the cultivated fields, the glyphosate percolates
into the subsoil, thus reaching fresh water and, therefore, the sea, where it causes the
global loss of corals and algae [7,8]. Genetically modified crops tolerant to glyphosate were
introduced in 1996; however, this has been ineffective in reducing the use of glyphosate
and alleviating the severe environmental pollution currently occurring [9]. Therefore,
fine-tuning methodologies for the detoxification from these pollutions at a local scale seems
to be of great interest for pure and applied research.

Several studies were devoted to the ability of Cyanobacteria to eliminate glyphosate
from the wastewater [10]. Various mechanisms for detoxification among species have
been reported: tolerant species seem to be able to use glyphosate as a source of inorganic
phosphate, other strains showed a glyphosate metabolism different to those using the
phosphonate, and some species were found to possess an insensitive form of glyphosate
target enzymes. Particularly Arthrospira fusiformis and Spirulina platensis, two species
belonging to the taxonomic group commonly known as spirulina, showed noteworthy
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resistance up to 10 mM glyphosate. The authors concluded that the two spirulina species
were unable to use glyphosate as a source of phosphorus, suggesting that their tolerance
might be due to a very low phosphonate uptake into the cells.

Based on this evidence, this study aims to explore the effects of a deliberate treatment
with glyphosate on the selected cultivation of Arthrospira maxima (synonymy Spirulina
maxima), a species largely cultivated as animal and human food additives and as a source
of c-phycocyanin, a bioactive antioxidant molecule [11,12].

Here we reported the results on the growth and physiological behavior of the cyanobac-
teria populations treated with glyphosate at a concentration often found in environmental
matrices [2]; the molecular adaptations of A. maxima during treatment were investigated by
means of a free-label semi-quantitative proteomic approach. The analysis of cyanobacterial
proteins has traditionally been carried out using approaches based on electrophoresis [13]
and has more recently been applied to Arthrospira platensis [14,15]. Genome-wide sequenc-
ing of the PCC 8005 strain and its annotation have recently been completed and thus
provide key resources to facilitate proteomic approaches to this species [16]. Thousands
of proteins have been identified in previous works that have expanded the coverage of
the A. platensis proteome. Taking advantage of this previous knowledge, we used the one-
dimensional gel electrophoresis (SDS-PAGE) combined with LC-MS/MS of both cytosolic
and membrane protein fractions to identify proteins differentially accumulated under
glyphosate treatment. Despite negative effects on biomass and photosynthetic pigments,
proteomics highlighted that modulation of various metabolisms, including the shikimic
acid pathway, resulted in resistance to the herbicide of a population of A. maxima that
survived treatment.

2. Materials and Methods
2.1. Arthrospira maxima Culture Preparation

Arthrospira maxima strain cultivated according to the Oil Fox® technology and regis-
tered trademark Spirulina-fox®, covered by the international patent number AR070504B1,
were used [17]. Equal volumes of the original cultivation of A. maxima were subcultured in
4 aquaria, each containing 20 L of the Zarrouk culture medium [18]. The culture parameters
are as follows: pH 10.0 ± 0.1, temperature 27.5 ± 1 ◦C, and irradiation of 1350 lumens with
a light/dark photoperiod of 12 h/12 h of light and oxygen input equal to 800 L/h for each
individual aquarium.

2.2. A. maxima Treated with Glyphosate (Gly)

Two independent cultivations were treated with 0.2 mM glyphosate (Bayer RASIKAL
PRO). All cultivation parameters were kept constant for 42 days of treatment. Immediately
after the treatment (t0) and every seven days, sampling for biomass analyses, pigment
levels, and proteomics was carried out in treated and control cultivations.

2.3. Evaluation of the Biomass of Cultivations

A. maxima biomass concentration in the cultivations was measured as optical density
at a wavelength of 680 nm [19] using a digital Vis-spectrophotometer (Jenway 7310, Cole-
Parmer, Staffordshire, UK). In detail, 2 mL of cultivation, taken after vigorous stirring,
were transferred in a quartz cuvette, and absorbance was read immediately. Five to seven
different samples were taken from the cultivations and measured at each time of treatment.

2.4. Analysis of the Concentration of Chlorophyll a and Carotenoids

For the concentrations of chlorophyll a and carotenoids, 6 mL of culture, taken after
vigorous stirring, were transferred into vials and centrifuged at 13,000 rpm for 5 min
to RT. A volume of methanol absolute was added, vortexed, and placed in the dark for
30 min. The samples were then centrifuged at 13,000 rpm for 5 min, and the absorbance
of the supernatant was measured at wavelengths of 665 and 652 nm for chlorophyll and
480 nm for the carotenoids using the Vis-spectrophotometer (Jenway 7310, Cole-Parmer,
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Staffordshire, UK). The concentrations of chlorophyll and carotenoids, expressed as mg/mL,
were calculated according to Kumar et al. [20], using the following formulas:

Chlorophyll a
(mg

L

)
= 16.29 × OD665 − 8.54 × OD652

Carotenoids
(mg

L

)
= 4 × OD480

Five to seven independent extractions of chlorophyll and carotenoids were carried out
on the same day for each cultivation. These equations are derived from the difference ex-
tinction coefficients, as reported in Porra et al. [21]; therefore, all absorbance measurements
at the indicated wavelengths must have the absorbance at 750 nm subtracted.

2.5. Extraction of Phycocyanins from A. maxima Cultivation

The repeatability of the extraction of phycocyanin was evaluated with five repetitions
of the extraction on the same day. After vigorous stirring, a volume of cultivation was
collected and dried in a vacuum centrifuge at 30 ◦C. The dried biomass, reduced to a
very fine powder, was resuspended in a volume of water at a g/mL ratio, vortexed, and
centrifuged at 13,000 rpm for 5 min. The absorbance of the supernatant has been read at
615 nm and 652 nm. The phycocyanin concentration (PC) was finally calculated using the
formula reported below [22] and expressed in mg/mL and then in mg/g of dry weight:

PC
(mg

mL

)
=

OD615 − 0.474 × OD652

5.34

These equations are derived from the different extinction coefficients, as reported in
Bennet et al. [22].

2.6. Extraction of Proteins from A. maxima Cultivation

The protein extraction was carried out following the acetone/trichloroacetic acid
(TCA) precipitation method [23] with some modifications. In total, 150 mL of cultivation
were divided into 50 mL falcons and centrifuged at 7900 rpm for 15 min at 4 ◦C to obtain a
pellet of about 1 gr of cyanobacteria.

The pellet was washed with 10 mM Na2-EDTA in water and centrifuged at 13,000 rpm
for 5 min at RT; the final pellet was frozen in liquid nitrogen and pulverized in a pre-cooled
mortar and pestle. The fine powder obtained was divided into several 2 mL Eppendorf,
and 10% (w/v) TCA and 0.07% (w/v) dithiothreitol (DTT) were added and incubated at
−20 ◦C overnight. After incubation, samples were centrifuged at 13,000 rpm for 20 min at
RT; the pellet was washed several times with pre-cooled acetone, 0.07% (w/v) DTT was
added, incubated at −20 ◦C for 30 min, and centrifuged at 13,000 rpm for 20 min at RT. The
pellet was dried for 20 min at RT in a vacuum centrifuge and subsequently solubilized in
the loading buffer [24].

Protein concentration was assayed by Bradford’s reagent [25]. A total of 1 µL of the
protein extract was added to Bradford’s reagent (1:1; v/v in water) and incubated in the
dark for 5 min.

Absorbance at 595 nm was measured using the Vis-spectrophotometer (Jenway 7310,
Cole-Parmer, Staffordshire, UK). Protein concentrations were expressed as mg/mL by
using a calibration curve (y = 0.0779x; R2 = 0.9719) of the protein standard at different
concentrations. Three biological replicates were analyzed for each experimental set.

2.7. Electrophoretic Separation of A. maxima Proteins by SDS-PAGE

Protein samples were separated by SDS-PAGE [24]. Proteins, solubilized in loading
buffer, were activated for 4 min at 100 ◦C. Between 15 µg and 20 µg were loaded onto
12% polyacrylamide/bisacrylamide gels. The electrophoresis was run in a Tris-glycine
buffer at 60 mA in the stacking gel and 120 mA in the running gel at 200 V constant power.
After electrophoresis, the gels were placed in a Coomassie R-250 solution overnight and
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then destained through washing in water/ammonium bicarbonate/acetonitrile solution.
Digitalized images of the destained SDS-PAGEs were analyzed by the Quantity One 1-D
Analysis Software (Bio-Rad, Berkeley, CA, USA) to measure the band densities at each
lane of all biological replicates; the amount of protein at bands of 55, 25, and 10 kDa was
measured using the marker reference bands at 75, 50, and 25 kDa that contained 150, 750,
and 750 ng of proteins, respectively. Each lane of the same SDS-PAGE was divided into six
slices from 200 to 10 kDa and manually excised from the gel. Gel slices were processed by
in-gel digestion.

2.8. Sample Preparation for Mass Analysis:Reduction, Alkylation, and in-Gel Digestion of Proteins

The in-gel digestion procedure required three steps: the reduction, the alkylation, and
the tryptic digestion of the polypeptides directly on the gel bands.

For the reduction step, polypeptide bands were treated with 100 µL of DTT in 50 mM
ammonium bicarbonate for 30 min at 56 ◦C. The reduced polypeptides were alkylated using
the ammonium bicarbonate/acetonitrile/iodoacetamide solution. Then trypsin (Promega,
Madison WI, USA) dissolved in 25 mM ammonium bicarbonate was added to the reduced-
alkylated-polypeptides and incubated at 37 ◦C overnight [26]. The tryptic digested peptides
were extracted by adding the ammonium/bicarbonate 25 mM/acetonitrile/5% formic acid
solution; the liquid phase in each sample was extracted, collected in new tubes, and dried
in the vacuum centrifuge. Dried samples were treated with 80% formic acid in H2O.

2.9. Mass Spectrometry Analysis

Twenty microliters of the tryptic peptides were injected into an inverted phase trap
column (BioBasicTM LC18 Analytical Column, 300 Å, 5 µm, 50 µm ID × 1 mm long, Thermo
Scientific, Sacramento, CA, USA) and separated by an ultra-chromatographic system
(UltiMate 3000 RSLC System, Thermo Scientific, Sacramento, CA, USA), at a constant flow
of 100 µL/min and with a gradient of 4% of buffer A (2% ACN and 0.1% formic acid
in water) to one at 96% of buffer B (2% water and 0.1% formic acid in ACN) for 60 min.
The eluting peptides were on-line sprayed in an LTQ XL mass spectrometer (Thermo
Scientific, Sacramento, CA, USA). Full scan mass spectra were collected in the linear ion
trap in the mass range of m/z 350 to m/z 1800 Da, and the 10 most intense precursor ions
were selected for collision-induced fragmentation. The acquired MS spectra were used for
protein identification.

2.10. Bioinformatic Analysis and Proteins Identification of A. maxima

From the MS/MS spectra, protein inference and validation were performed with the
Scaffold software 4.8. MS/MS spectra were extracted from raw data by accepting one
minimum sequence of three amino acids and fusion scans with the same precursor within
one mass window of ±0.4 m/z over a time interval of ±30 s. The key parameters of research
were Scored Peak Intensity, (SPI) ≥ 50%, precursor mass tolerance of ±10 ppm, and mass
tolerance of product ions of ±20 ppm. The carbamidomethylation of cysteine was fixed
as a modification, and trypsin was selected as the enzyme for the digestion, accepting
two missing cleavages per peptide.

Through the X!Tandem software, the proteins found in the samples were carefully
aligned and identified in all samples analyzed. Automatic thresholds were used for peptide
identification in the software Scaffold. Generally, peptide probabilities are evaluated using
a Bayesian approach for the estimation of the local FDR (LFDR) up to a value of 1%. The
peptide sequences, using Scaffold 4.8 Q + S system software [27], interfaced with both the
database of proteins deduced from generalist protein sequences of Cyanobacteria, that of
the genus Arthrospira, deposited in the NCBI database (downloaded on 9 May 2020) and
in the bank UniProt data (downloaded on 24 June 2021).

134



Microorganisms 2022, 10, 1063

2.11. Statistics

Comparison of differences among groups of values for biomass and photosynthetic
pigment were analyzed using a t-test. All the statistical analyses were performed using
XLSTAT (©Addinsoft, Paris, France, released on 2021.3.1.1187) [28]. Significance was
defined as p ≤ 0.05.

For the proteomics results, a comparison of differences among the groups was carried
out using the Differentially Expression and Heat map tools (XLSTAT). The Bonferroni test
was used to test the assumption of homogeneity of variances. Threshold for significance
was p ≤ 0.05.

The gene enrichment analysis was carried out by BLAST2go software [29] which executes
a statistical assessment of differences in functional classes between two groups of sequences
based on the Fisher test analysis. By taking a false discovery rate (FDR) significance threshold
of 0.05 and a single test p-value (Fisher p-value), we obtain those functionalities that are
strongly significant for proteins in glyphosate-treated samples. The relative frequency of each
GO term has been represented for the “biological process” category.

3. Results
3.1. Dynamics of Arthrospira maxima Cultivation and Biochemical Parameters

The biomass and productivity of reference A. maxima cultivations were monitored
weekly starting from t0 up to 70 days of cultivation. In Figure 1, the absorbances of the
samples from two reference cultivations are reported.
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Figure 1. Absorbance values of A. maxima samples, taken every 7 days in 2 reference cultivations for
a period of 70 days. Growth curves (polynomial of 3rd degree) were calculated for each group of
samples. n = 5. See Supplementary Table S1A for details.

As can be seen, maximum cell growth occurred at 21–28 days of cultivation, so growth
decreased to its minimum after 56–63 days. At 70 days of cultivation, nutrients had to
be added to prevent massive cell mortality. Based on these growth dynamics, we set the
reference period for treatments at 42 days of cultivation, in which the concentrations of
photosynthetic pigments Chl a, phycocyanin, and carotenoids were measured.

Concentrations of Chl a in the two reference cultivations of A. maxima varied between
samples at the same sampling time; the polynomial regression lines showed a significant
decrease (p < 0.005) in concentration after the 35th day of culture, with the exception of a
single sample which showed the highest value at 42 days (Figure 2A).
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Figure 2. Concentration values of (A) Chl a and (B) total carotenoids in A. maxima samples, taken every
7 days in 2 reference cultivations. (A) p < 0.005 at day 0 and day 35. See Supplementary Table S1B,C
for details.

The concentrations of total carotenoids had no statistically significant changes among
the treated and reference cultivations (Figure 2B).

In reference cultivations, the concentrations of phycocyanin increased up to 28–35 days
(Figure 3); then at 42 days, it decreased significantly in all analyzed samples (p < 0.005).
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3.2. A. maxima Cultivation Dynamics and Biochemical Parameters during Glyphosate Treatment

Figure 4 shows the biomass values in the cultivations during 42 days of treatments
with 0.2 mM glyphosate.
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Figure 4. Biomass values evaluated as absorbance of reference samples treated with 0.2 mM glyphosate
from cultivations of A. maxima. n = 5. Details of the data are shown in Supplementary Table S1F.

After the treatment with glyphosate, the biomass underwent a significant reduction
when compared to the reference cultivations. The maximum biomass occurred after 14 days
of treatment, and then it drastically dropped (Figure 4). At the end of the treatment (42 days),
the biomass reduced significantly to 50% of that in the reference cultivations (Figure 1). The
residual population of A. maxima survived; this population was considered to be resistant
to the glyphosate treatment.
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Treatment with glyphosate induced an increase in chlorophyll concentration during
14 days of treatment (Figure 5); the increase was statistically significant when compared with
the values of the reference cultivations in the same period (p < 0.05; Supplementary Table S1A).
At the end of the treatment, the Chl a resulted three times lower than the reference cultivations.
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Figure 5. Trend of the concentration of chlorophyll a in samples (repl. 1–5) of A. maxima cultivations
treated with 0.2 mM of glyphosate for 42 days and the mean of the concentration values (±ES) of
reference samples. Regression lines (polynomials of 3rd degree) were calculated for each sample
group. n = 5. The dashed line corresponds to the regression of the values in the reference cultivations.
Statistical data and parameters are reported in Supplementary Table S1G.

The concentration of carotenoids was not affected by the treatment; the biological
replicates showed variable concentrations at various treatment times, resulting in no
significant in comparison with those in the reference cultivations (Figure 6).
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Figure 6. Concentration of carotenoids in biological replicates (n = 5) of A. maxima cultivations treated
with 0.2 mM glyphosate for 42 days. Mean concentration values (±ES) of the reference cultivations
and the regression line (dotted line) have been reported. Regression lines were calculated for each
sample group. Statistical data and parameters are reported in Supplementary Table S1H.
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Phycocyanin concentrations underwent an exponential reduction in all biological
replicates as a result of the treatment (Figure 7). Immediately following the addition of
glyphosate to the cultivation (t0) and during the following 14 days, the concentrations
appeared highly variable among replicates. Then values dropped to zero and, at the end of
the treatment, the mean phycocyanin concentration was 1.98 ± 1.26 mg/L, a value 20 times
lower than that of the reference cultivations (42.8 ± 14.7 mg/L).
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Figure 7. Phycocyanin concentration in biological replicates (n = 5) of A. maxima cultivations
treated with 0.2 mM glyphosate for 42 days. Mean concentration values (±ES) of phycocyanin
and the regression line (dotted line) of the reference samples have been also reported. Regression
lines were calculated for each group of samples. Statistical data and parameters are reported in
Supplementary Table S1I.

3.3. Proteins Differentially Expressed in Cultivations of Arthrospira maxima following Treatment
with Glyphosate

Very high yields of purified proteins (more than 60 mg/g fresh weight) have been
obtained in reference samples through the extraction protocol optimized in this work.
Treatment with glyphosate caused a reduction in the protein content in all samples; af-
ter 21 days of treatment, the mean protein concentration of all biological replicates was
0.10 ± 0.03 mg/g fresh weight.

Samples after 28, 35, and 42 days of treatment yielded tryptic digested peptides, most
of which did not receive sequence identification by mass spectrometric analysis (data not
shown); therefore, proteomic analysis was performed only in samples up to 21 days of
glyphosate treatment.

From mass spectrometry and bioinformatics analyses of the protein extracts of A.
maxima samples, 660 proteins common to both glyphosate-treated and reference samples
were identified (see Supplementary Table S2). Semiquantitative analysis, using the spectral
counting method, returned differential expression values with different statistical signifi-
cances depending on the treatment and sampling times. Figure 8 shows the distribution
of proteins as a function of their frequency for each range of p values; as can be seen,
303 proteins were distributed in a range of very significant p-values.

Among these, 143 were differentially expressed with high significance (*** p < 0.0001;
XLSTAT 2021.3.1.1187—Differential expression feature) in the treated samples compared to
the control; another 67 are differentially expressed with p = 0.0002. The remainder show
differential expression levels with 0.009 < p < 0.001 (53 proteins) and with 0.001 < p < 0.049
(40 proteins). A total of 357 proteins had no significant changes in their expression following
the treatment.
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Figure 8. Distribution histograms of differentially expressed proteins in A. maxima samples treated 
with glyphosate compared to control cultivations in the range of p-values. XLSTAT 2021.3.1.1187—
Differential expression feature. The details of the analysis are shown in Supplementary Tables S2 
and S3. 

Figure 8. Distribution histograms of differentially expressed proteins in A. maxima samples treated with
glyphosate compared to control cultivations in the range of p-values. XLSTAT 2021.3.1.1187—Differential
expression feature. The details of the analysis are shown in Supplementary Tables S2 and S3.

The Volcano plot (Figure 9) shows the statistical significance (p-values) with respect
to the Fold Change (FC) of the differentially expressed proteins in the treated samples
compared to the reference samples.
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Figure 9. Volcano plot that displays and identifies statistically significant changes in protein expres-
sion in A. maxima samples treated with 0.2 mM glyphosate compared to the reference samples in
terms of change in Log FC (X axis) and p-value (Y axis). XLSTAT 2021.3.1.1187- Differential expression
feature. The details of the analysis are shown in Supplementary Tables S2 and S3.
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The graph allows us to visually identify proteins that had broadly significant FC that
were also statistically significant. The most upregulated proteins were distributed on the
left side, the most downregulated proteins were distributed on the right, and the most
statistically significant proteins were at the top of the graph. As can be deduced, most
of the differentially expressed proteins were accumulated with values up to 2.8 LogFC;
furthermore, the expression patterns were very significant for five of these proteins (the
dots in the upper left of the graph).

The dynamics of the expression levels of the proteins in the various sampling times
during the treatment with glyphosate were evaluated and visualized by means of the Heat
Map, as shown in Figure 10.

The glyphosate-treated samples grouped together at various sampling times; this
suggested that most of the proteins had the same treatment-induced expression pattern.
This was not the case with the reference samples because the 7-, 14-, and 21-day samples
clustered together as a result of the expression pattern of proteins that occurred in the
reference cultivations.
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Figure 10. Heat map of proteins differentially expressed in A. maxima samples treated with 0.2 mM
glyphosate compared to reference samples at various sampling times. Protein expression values were
normalized to log2 and cluster analysis was performed using FC levels for proteins with p < 0.05. Red
indicated a high level of expression; green indicated a low level of expression (XLSTAT 2021.3.1.1187-
Heat maps features). The details of the analysis are shown in Supplementary Table S4.
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After 7 days of treatment, the majority of proteins did not vary significantly with
respect to the reference samples, and their LogFC values ranged between 0.11 and 0.78. At
14 days of treatment, the percentage of proteins with LogFC < −1 increased, and at 21 days,
half of the proteins were under-expressed with values of LogFC < −1.

Functional analysis of the DAPs gave significant differences compared to the control
only after 21 days of treatment with glyphosate. The Gene Ontology enrichment analysis
of the differentially expressed proteins is shown in Figure 11.
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Figure 11. Functional annotation of DAPs in A. maxima samples after 21 days of treatment with 0.2 mM
glyphosate; the histograms referred to the GO terms to which the enriched proteins, with statistical
values of p < 0.05, belonged. The data presented are log-transformed p-values (corrected with FDR)
of GO terms or KEGG (KG) pathways that were found to be enriched in the group of proteins tested.
*** p < 0.0001; ** p < 0.001). The details of the analysis are reported in Supplementary Table S5.

As can be seen, the functional analysis revealed very significant changes in the
metabolism related to Methylation and to Response to Osmotic Stress (p < 0.0001); Re-
sponse to Toxic Substances and Negative Regulation of Transcription were also significantly
changed. All these metabolisms were highly accumulated in glyphosate-treated samples;
protein belonging to the remaining metabolisms was reduced in abundance with a signifi-
cance of p < 0.05.

In Table 1, the Differentially Accumulated Proteins (DAPs) with the lowest p-values
(p < 0.0001) are reported; these proteins were found significantly reduced in abundance
following the treatment with glyphosate with respect to the reference cultivations (Table 1).
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In Figure 12, the DAPs that were highly accumulated during 21 days of treatment with
glyphosate are reported.
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Figure 12. Time course of the highly differentially accumulated proteins during the treatment in
treated A. maxima cultivation with 0.2 mM glyphosate compared to the reference cultivations. Values
are reported as fold changes (Supplementary Table S2).

Among these, the 16S rRNA methyltransferase was found to be 10-fold enriched with
respect to the control; the HoxH protein, the 6-phosphogluconate dehydrogenase, and
penicillin-binding protein 2 were 6-fold accumulated. The copper amine hydroxypyruvate,
the isomerase oxidase, the universal stress protein, and two transposases were 5-fold
accumulated in response to the treatment. Finally, the rest of the highly accumulated
proteins varied their abundance of 4-fold respect to the reference samples; among these,
the chorismate synthase was worthy to note as these proteins are a key enzyme of the
shikimic acid pathway, required for the biosynthesis of all three aromatic amino acids
(phenylalanine, tyrosine, and tryptophan).

4. Discussion

Previous studies on glyphosate effects on spirulina species reported a strong toler-
ance of these microorganisms toward the herbicide [10]. Our results did not confirm for
Arthrospira maxima a high tolerance to a sublethal dose of glyphosate. However, a survival
population of A. maxima following the glyphosate treatment has been observed under our
conditions. When A. maxima cultivations were treated with a 0.2 mM glyphosate, after some
days, effects on the sensitive cells occurred. Biomass reduction was the first symptom of the
toxic effect of the herbicide on these kinds of cells. Physiological adjustments mediated by
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an initial increase in chlorophyll a, phycocyanin, and by the invariance of carotenoid levels
appeared to be part of the resistance mechanisms during the first two weeks of treatment.
In particular, we can speculate that the increase in chlorophyll content may be linked to
an increase in photosynthesis. It is known that abiotic stresses can induce an increase in
light phase reactions to cope with the high energy demand imposed by stressors [30]. After
that, strong inhibition of phycocyanin occurred, and the survival strain of A. maxima after
42 days of treatment still appeared unable to synthesize large amounts of these molecules.

Proteomic results of the survival population suggested that A. maxima responded to
glyphosate treatment through the modulation of the osmotic regulation since microor-
ganisms upregulated several proteins belonging to this metabolism; the histidine kinase,
enzymes belonging to the proline biosynthesis pathway, the glycolate oxidase, and potas-
sium ion transport were accumulated. It is known that the intracellular accumulation of
proline is induced by various stresses also in cyanobacteria [31]; in Synechocystis sp., a
histidine kinase (Hik33) is induced by both osmotic stress and cold stress. As a response
to glyphosate stress, several proteins linked to DNA methylation and post-transductional
modification of proteins were upregulated; DNA methylation is linked to epigenetic modi-
fications that are well known as being linked to many important biological processes. In the
cyanobacterium model, Synechocystis sp. PCC 6803, the variation of “methyloma” (which
therefore includes both DNA and protein methylation), has been detected, suggesting
that nutritional deficiencies, such as nitrogen, can induce epigenetic modifications that are
“inherited” across generations [28]. Here we can hypothesize that glyphosate promoted the
methylation processes that involved a reorganization of the “methyloma” of A. maxima and
a reorganization of the transcription; these data were in agreement with the overexpression
of proteins involved in the negative regulation of transcription and with the accumulation
of proteins involved in the metabolism of transcription. To complete the picture of the
stress response induced by glyphosate, there was the accumulation of proteins belonging to
the metabolism of the response to toxic substances, such as the Arsenic resistance protein,
the ATP-dependent Clp protease ATP-binding subunit ClpC, and the Cation/multidrug
efflux pump.

The SOS response was altered by the treatment; in eukaryotes, the SOS is a global
response to DNA damage in which the cell cycle is arrested and DNA repair and mutagen-
esis are induced [32]. The 16S rRNA methyltransferase was the most highly accumulated
protein during the glyphosate treatment and, together with the accumulated PBS lyase
heat-like repeat protein and the wd-40 repeat protein, was related to SOS response. In
prokaryotes, the SOS response is related to antibiotic resistance and genotoxicity testing
under various mutagenic conditions [33,34]. During normal growth, the SOS genes are
negatively regulated; accordingly, for the general mechanism for mutagens, we suggested
that glyphosate activated SOS genes after DNA damage occurred with the accumulation
of single-stranded regions (ssDNA) generated at the replication forks, in which DNA
polymerase was blocked. This is consistent with the strong reduction of A. maxima growth
during the treatment. In this view, the glyphosate exhibited a strong mutagen activity
against the cyanobacteria.

The primary metabolism of gluconeogenesis was also affected by the treatment as the
RuBisCo enzyme level was reduced; although there is no evidence in the literature on this
effect in cyanobacteria, in higher plants, glyphosate has, in fact, had negative effects on the
assimilation of carbon, on the activity of ribulose bisphosphate carboxylase, and the levels
of carbohydrate metabolism [35]. On the other hand, the glycolytic process was positively
affected to respond to the cell’s high energy demand.

The remarkable tolerance reported in many spirulina strains, such as A. platensis, a
species close to A. maxima, was mediated by the ability to degrade glyphosate. High mortal-
ity occurred in our conditions suggesting that this was not the case for A. maxima. Resistance
has been mediated also by the low uptake of organophosphates throughout the cells [10].
In bacteria, it is known that the cell wall acts as a barrier to glyphosate [36]. Interestingly,
glyphosate-treated A. maxima strongly accumulated the phosphate acetyltransferase, an
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enzyme involved in the cell wall organization and peptidoglycan biosynthetic process; here
we might speculate that reorganization of the cell wall could affect the organophosphate
uptake participating in the strategy for resistance.

In other species, tolerance was obtained by the presence of a resistant form of the
glyphosate target enzyme EPSP (5-enolpyruvylshikimate-3-phosphate synthase), a key
enzyme of the shikimic acid pathway leading to the aromatic amino acid biosynthesis [10].
It is well known that glyphosate blocks this pathway by inhibiting the EPSPS, which
catalyzes the reaction of shikimate-3-phosphate (S3P) and phosphoenolpyruvate to form
EPSP [37]. The surviving A. maxima population largely accumulated enzymes belonging
to the aromatic amino acid biosynthesis, such as the transporter, OMR family, and the
chorismate synthase. The first enzyme is a well-characterized aromatic amino acid/H+
symport permease, and the second one catalyzes the 1,4-trans elimination of the phosphate
group from 5-enolpyruvylshikimate-3-phosphate (EPSP) to form chorismate which can
then be used in phenylalanine, tyrosine, or tryptophan biosynthesis.

This evidence strongly suggests that A. maxima mediated the resistance by the presence
of a glyphosate-resistant form of a key enzyme belonging to the shikimate acid pathway,
like other cyanobacteria species, but not currently reported for other spirulina species.
EPSPS gene sequencing in the original culture of A. maxima could elucidate which enzyme
form it was, whether during the treatment, mutations at the target site of glyphosate
occurred, or whether spontaneous strains that expressed the glyphosate-resistant enzyme
were already present.

5. Conclusions

By using glyphosate at concentrations found in environmental matrices (0.2 mM), the
A. maxima residual population showed degrees of resistance to this pollutant. Although
culture growth was significantly reduced, a resistant population survived to pollutants
after 42 days of treatment. Molecular mechanisms for resistance were the overexpression
of metabolisms linked to the response to toxic substances, homeotic stress, oxidative stress,
and the reorganization of the cellular “methyloma”. Additionally, the resistance appeared
to be mediated by the accumulation of glyphosate-resistant key enzymes belonging to the
aromatic amino acid biosynthetic process.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms10051063/s1, Table S1: All biochemical data relating
to the graphs inserted in the text; Table S2: Differentially expressed proteins identified in A. maxima
samples in control cultures (CTRL) and cultures treated with 0.2 mM glyphosate (Gly). The UniProt
identification codes, the number of mass spectra assigned to each protein at the different sampling
times, and the fold change (FC) for each protein for each sample treated with respect to the control at
the different sampling times are reported; the Log2 HR expressed as the logarithm of the HR value for
each protein. The matrix of values was sorted by LogFC values (gray column) from the most negative
(under-expressed in the treatise) to the most positive (over-expressed in the treatise) with respect
to the control. Table S3: Statistical analysis of the “Differential expression” in A. maxima samples
of cultures treated with 0.2 mM glyphosate compared to control samples. Table S4: Heat map of
Differentially Accumulated Proteins (DAP) in A. maxima samples from cultures treated with 0.2 mM
glyphosate versus expression levels of each protein in control samples. Table S5: Gene ontology
(GO): biological process, cellular component, molecular function of proteins extracted from A. maxima
samples of cultures treated with 0.2 mM glyphosate. Table S6: Sequences of identified peptides
assigned to each protein. Statistical parameters for each peptide have been reported.
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Abstract: This study aimed at examining and comparing the nutrient removal efficiency, biomass
productivity and microbial community structure of two outdoor pilot-scale photobioreactors, namely
a bubble column and a raceway pond, treating the liquid fraction of an agricultural digestate.
Bacterial and eukaryotic communities were characterized using a metabarcoding approach and
quantitative PCR. The abundance, composition, diversity, and dynamics of the main microbes
were then correlated to the environmental conditions and operational parameters of the reactors.
Both photobioreactors were dominated either by Chlorella sp. or Scenedesmus sp. in function of
temperature, irradiance and the nitrogen compounds derived by nitrification. Other species, such as
Chlamydomonas and Planktochlorella, were sporadically present, demonstrating that they have more
specific niche requirement. Pseudomonas sp. always dominated the bacterial community in both
reactors, except in summertime, when a bloom of Calothrix occurred in the raceway pond. In autumn,
the worsening of the climate conditions decreased the microalgal growth, promoting predation by
Vorticella sp. The study highlights the factors influencing the structure and dynamics of the microbial
consortia and which ecological mechanisms are driving the microbial shifts and the consequent
reactor performance. On these bases, control strategies could be defined to optimize the management
of the microalgal-based technologies.

Keywords: microalgae-bacteria consortia; predation; raceway pond; bubble column reactors;
nitrogen removal; productivity; centrate; molecular tools.

1. Introduction

The water industry is facing a massive transition to transform wastewater treatment plants
(WWTPs) into resource recovering factories [1]. In this light, the integration of microalgae-based
technologies into WWTPs has gained attention because of their cost-effective bioremediation
capability, the relatively low energy requirement, and the possibility to recover valuable biomass [2].
Microalgae-based processes have been successfully applied for the treatment and valorization of
various municipal and industrial wastewaters, including secondary and tertiary effluents, piggery
wastewater, digestate, and textile wastewater [3–8]. However, several drawbacks, including land
requirement, uncompetitive harvesting and valorization costs, and a strict dependency on climatic
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and operational conditions still impede real implementation of algae-based wastewater treatment,
especially in temperate zones [9].

Outdoor open systems (i.e., raceway ponds, bubble columns, flat panels) are considered so far
as the most viable method of microalgal cultivation on wastewaters, though the treatment process
is less controllable. Such systems are very susceptible to unavoidable environmental changes and
contamination from the surrounding environments [10]. These conditions promote the development
of complex and dynamic microbial consortia [11,12], which are composed not only of phototrophic
organisms, but also of bacteria, protozoa, yeasts and fungi [13]. The community assembly, as well as the
antagonistic and synergetic interactions within the organisms, competition for resources, and predation
drive the system functions, namely nutrient removal rate and microalgal productivity. Therefore,
understanding the biotic and abiotic mechanisms which favor the growth of desired microbial species
or consortia might help to manipulate the community in a way to enhance treatment efficiency and
productivity of valuable biomass.

Correlations between the composition, diversity and distribution of mixed microalgae-bacteria
consortia and biotic, environmental and operational parameters have been the focus of several recent
studies [10,14,15]. Light and temperature are reported to control the growth of species belonging
to Scenedesmacae or Chlorellacae within a mixed consortia [16], while nutrient depletion (i.e., N,
P and CO2) plays a role in the accumulation of valuable compounds, such as oils and pigments,
in the microalgal cells [17]. Grazers could destroy a microalgae cultivation system in a few days,
causing important environmental and economic consequences [13,18]. The presence of active nitrifying
bacteria (both ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB)), which compete
with the microalgae for ammonium, phosphorus, and CO2, might impact the microalgal biomass
productivity [19,20]. In addition, nitrifiers oxidize ammonium, which might have an inhibitory effect,
to nitrate, which is reported to be less easily assimilable than ammonium by the microalgae [21].
On the contrary, several bacteria are beneficial for the microalgal growth and seem to help in
facing environmental perturbations and parasites. Bacteria could provide microalgae with CO2

through aerobic respiration, macro-micronutrients via nitrogen fixation and mineralization, but also
synthetize compounds which stimulate various responses, such as the algal growth (vitamin B12),
spore germination, pathogen resistance and cell aggregation [22]. Thanks to these research activities,
several ecological mechanisms have been elucidated, with consequent improvements in the functioning
and control of microalgae-based technologies. However, such systems are still not operated at their
maximum capability and are subjected to unexpected failures.

Further knowledge could be gained by fully characterizing the microbial community within
the systems by advanced sequencing approaches. So far, the taxonomic identification of the
dominant microalgal and zooplankton species was based on morphology through microscopic
visualization [15,16], which is extremely time consuming and dependent on the operator’s skills.
In addition, the characterization of the bacterial community structure in microalgal ponds is scarce
and often performed with culturing-based techniques, which allow covering a limited portion of
the biodiversity [23,24]. Amplicon-based metagenomics, also known as metabarcoding, targeting
both eukaryotic and bacterial gene markers could provide deep insight into the complex community
in the ponds and could help in elucidating the function and interaction between the different taxa.
Such approach is still scarcely used in microalgal-based process [14,25–27], though frequently applied
to unravel the microbial ecology mechanisms in engineered ecosystems treating waste and wastewater.

Given that, the goal of this study was to investigate how the structure and dynamics of the
eukaryotic and bacterial communities in two types of outdoor photobioreactors, namely a raceway
pond (RWP) and a column photobioreactor (PBR), treating the liquid fraction of centrifuged digestate,
also known as centrate, change with seasonal and operational conditions and their impact on
the photobioreactor functioning. A comprehensive characterization of the microbiome in the two
reactors was assessed by a metabarcoding approach and compared. The composition, diversity and
dynamics were then correlated with the operational parameters, meteorological conditions, and reactor
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performance (biomass productivity and nutrient removal rates). All data were then gathered to define
the main drivers regulating the community assembly, as well as to provide useful information for the
design, operation, and control of open real outdoor, open and non-sterile microalgal-based technologies.

2. Materials and Methods

2.1. Pilot Plant System and Operation

The pilot plant for microalgae culturing was located in a piggery farm in the Cremona
province (Northern Italy). The system consisted of two bioreactors operated in parallel, a bubble
column photobioreactor (PBR) and a raceway pond (RWP), as described in Pizzera et al., 2019 [28].
The bioreactors where placed outdoors, facing the south in order to maximize sun exposure (Figure 1).
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Figure 1. Bubble column photobioreactor (A) and a raceway pond (B).

Briefly, the RWP consisted of a main polypropylene tank 4 m long, 1 m wide, and 0.3 m deep
(working volume = 880 L) with semi-circular edges and a contact cylinder for CO2 bubbling (named
sump, height 0.8 m, diameter 0.44 m, volume 120 L). Mixing was ensured by a paddlewheel (20 rpm)
and dissolved oxygen (DO) concentration, pH and temperature of the algal suspension were constantly
monitored by two on-line probes connected to a control panel. CO2 was provided automatically from
the bottom of the sump when the pH was above the set-point value of 7.5. The PBR consisted of a
Plexiglass cylinder 131 cm high with an inner diameter of 29 cm (working volume of 75 L). Mixing and
CO2 were provided by continuous air-bubbling (2.5 L h−1) through porous stones located at the bottom
of the PBR. The pH was not controlled.

The PBR was initially inoculated with 8 L of undiluted centrate, 64 L of tap water and 0.5 L of a
suspension of microalgae (2.5× 106 cell mL−1 of Chlorellaceae and 13× 106 cell mL−1 of Scenedesmaceae)
previously grown on centrate from the same farm. After two months of operation, 65 L of algal
suspension was transferred to the RWP and diluted in 90 L of centrate and 680 L of tap water to reach
the final working volume.

The centrate was derived from the full-scale anaerobic digester in the farm co-digesting piggery
wastewater, energy crops and agricultural wastes. The main average characteristics of the centrate
were: total Kjeldahl nitrogen (TKN) = 1290 mg L−1; NH4

+-N = 1250 mg L−1; PO4
3−-P = 54 mg L−1;

soluble Chemical Oxygen Demand (COD) = 1520 mg L−1; total suspended solids (TSS) = 470 mg L−1.
Both systems were fed on centrate, diluted with tap water (centrate:tap water, 1:5 v/v; after 143 days
the RWP was fed on a centrate:tap water with a dilution of 1:3 v/v) with a hydraulic retention time
(HRT) of 11 ± 4 days. The main characteristics of the diluted centrate feeding the two bioreactors are
reported in Table 1.
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Table 1. Average physicochemical characteristics of the diluted centrate, which was used to feed
the column (PBR) and in the raceway pond (RWP). Significant differences between reactors are also
evidenced (*) (Paired -t test, p-value < 0.05).

PBR RWP p-value

COD (mg L−1) 298 ± 48.7 376 ± 111 *
NH4

+-N (mg L−1) 260.1 ± 61.9 288.2 ± 86.7
NO3

--N (mg L−1) 7.9 ± 3.1 11.3 ± 5.1
PO4

3--P (mg L−1) 14.6 ± 4 15 ± 9.8

The functioning of the pilot plants had been monitored for 188 days, from May to November,
when both reactors were in operation. Samples of the microalgal suspensions and centrate were
collected ca. every two weeks from the PBR (for a total of 11 samples) and RWP (for a total of
12 samples) for physicochemical and biological analyses.

2.2. Analytical Methods

Filtered (0.45 µm) samples of the microalgal suspensions (10 mL) were used for the determination
of the concentration of ammonium, nitrate, nitrite, orthophosphate phosphorus (PO4-P) and soluble
COD by spectrophotometric test kits (Hach-Lange, DR6000TM UV VIS Spectrophotometer, Hach Lange
LT200 Dry thermostat). Total and volatile suspended solids (TSS and VSS) were determined in
duplicate according to Standard Methods (APHA, 2005). The pH was measured by a portable
pH meter (Hach-Lange HQ40d) in the PBR and with the on-line probe in the RWP. Absorbance at
680 nm (OD680) and turbidity were measured spectrophotometrically (Hach-Lange, DR6000TM UV
VIS Spectrophotometer) as described elsewhere [28]. Irradiation and temperature data were obtained
from the website of Arpa Lombardia.

2.3. Operational Data Processing

The performance of the reactors was monitored by computing the volumetric production
(pr, in mg L−1 d−1) of each relevant component (Cj with j = VSS, COD, N-forms, P) from the dynamic
mass balance, which considers both the PBR and the RWP as completely stirred tank reactors, as follows:

pr j,ti =
CjOUT,ti −CjOUT,ti−1

ti − ti−1
+

(
CjOUT,ti+CjOUT,ti−1

2 )

HRT
−

CjIN,ti+CjIN,ti−1
2

HRT
(1)

where CIN and COUT are the concentration of the component in the feeding diluted centrate and in
the algal suspension, at two consecutive sampling dates (time ti−1 and ti), and HRT is the average
hydraulic retention time in the period, respectively.

Negative results indicate that the component is removed, therefore it is reported as removal rate
(rr). This is valid for COD and ammoniacal nitrogen. The ammonium oxidation rate (prN-NOx) was
calculated as the sum of the produced oxidized nitrogen forms (prNO2

−-N+ prNO3
−-N).

Finally, removal efficiencies were computed for each relevant contaminant (Cj) as follows:

η j,ti =
C j,INti −C j,OUT,ti

C j,INti

× 100 (2)

Free ammonia (mg/L) was computed by considering the concentration of the total ammoniacal
nitrogen (TAN), temperature and pH, as described elsewhere [29].

2.4. DNA Extraction and Sequencing

For each sampling event, 2 mL of bulk suspensions of each photobioreactor were collected for DNA
extraction. The samples were snap frozen in liquid nitrogen at the sampling location and then transported
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to the laboratory where they were processed. The material was lyophilized in a Christ Alpha 1-4 lsc
lyophilizer at −20 ◦C and 0.520 mbar pressure. DNA was extracted with DNeasy Plant Kit (Qiagen,
Milan Italy) according to the user’s manual. The resulting DNA was quantified with Qubit Fluorometer
(Invitrogen, Monza, Italy) and sent to the IGATech sequencing center (IGA Technology Services s.r.l., Udine,
Italy) to perform Illumina sequencing on the 16S rDNA gene for bacteria and the internal transcribed
spacer (ITS) of nuclear DNA for eukaryotes. In particular, the V3-V4 region was chosen for the 16S
rDNA gene (341F 5′-CCTACGGGNGGCWGCAG-3′; 805R 5′-GACTACHVGGGTATCTAATCC-3′ [30],
while the ITS region (ITS1 5′-TCCGTAGGTGAACCTGCGG-3′; ITS4 5′-TCCTCCGCTTATTGATATGC
-3′, [31]) was used for the eukaryotes.

2.5. Bacterial Quantification by Real-Time Polymerase Chain Reaction

The total bacteria and ammonia oxidizing bacteria (AOB) were quantified by real time or
quantitative PCR (qPCR) using primer set by targeting the 16S rRNA (1055f 5′-ATGGCTGTCGTCAGCT-3′;
1392r 5′-ACGGGCGGTGTGTAC-3′ [32]) and AmoA (AmoA1F 5′-GGGGTTTCTACTGGTGGT-3′;
AmoA2R 5′-CCCCTCKGSAAAGCCTTCTTC-3′ [33]) genes, respectively. Each PCR reaction (20 µL
final volume) contained 1 × PowerUp SYBR Green Master Mix (Applied Biosystem, Monza, Italy)
(10 µL), forward and reverse primers (100 nM each primer, see below), 0.4 mg mL−1 bovine serum
albumine (BSA, Thermo Fisher, Monza, Italy), distilled water (RNase/DNase free, Thermo Fisher,
Monza, Italy) and 2 µL of DNA (ten-fold diluted). The reactions were performed on a 7500 Fast
Real-Time PCR system (Applied Biosystem, Monza, Italy) equipped with Applied Biosystems 7500/7500
Fast Real-Time PCR Software (7500/7500 Fast software). PCR reactions were performed as described
in Marazzi et al., 2019 [34]. Standard DNA were constructed from purified PCR amplicons from
pure cultures of Nitrosomonas communis (DSMZ 2843) for bacterial, and Nitrosomonas eutropha (DSMZ
101675) for AOB. All standards consisted of ten-fold dilutions ranging from 108 to 101 copies µL−1,
and DNA samples were run in triplicate using the following cycling conditions: 95 ◦C denaturation
for 10 min, followed by 40 cycles of 20 s at 95 ◦C, 15 s at 58 ◦C and 30 s at 72 ◦C (as described in
Bani et al., 2019 [35]) and 95 ◦C for 2 min denaturation followed by 40 cycles of 45 s at 94 ◦C, 30 s at
56 ◦C and 60 s at 72 ◦C (as described by Bellucci et al., 2015, [36]). To check the amplicon quality and
potential primer dimer formation, PCR runs were completed with a melting analysis starting from
65 to 95 ◦C with temperature increments of 0.25 ◦C and a transition rate of 5 s. The total number
of bacteria was estimated from the 16S rRNA gene copy numbers, by assuming that an average of
4.2 rRNA operon exists per cell [37]. The AmoA gene copy number was converted in AOB cell number
by assuming 2 copies of the gene in each cell [38]. The cell-specific ammonium oxidation rates (CSAOR)
of the AOB were calculated by taking into consideration the amount of ammonium oxidized and the
number of AOB as previously reported [39,40].

2.6. Bioinformatics

Amplicon sequences were analyzed as follows. Reads were demultiplexed based on Illumina
indexing. For 16S sequences, reads were overlapped and the not overlapping discarded. Low quality
sequences and sequences shorter than 200 bp were removed. QIIME open-source pipelines [41] were
used for the following steps: chimera check, grouping replicate sequences and picking the operational
taxonomic units (OTU). The OTU definition was based on the USEARCH algorithm [42] by setting
a 97% similarity threshold. Taxonomy assignation was done on the classifier tool of the Ribosomal
Database Project (RDP) with the default setting [43]. For the ITS sequences, a different approach was
used due to the non-overlapping nature of reads. All sequences were filtered based on the quality and
length of the reads (longer than 200 bp). Then, the same steps previously described for the 16S rRNA
amplicon were applied, except for the taxonomic classification, which was performed by comparing the
sequences with those presents on the National Center for Biotechnology Information (NCBI) database.
Sequences were submitted in the NCBI SRA data archive under the code PRJNA634916.
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2.7. Statistical Analysis

Statistical analyses were performed using available packages of R (version 3.6.0) [44]. Paired
sample t-tests were carried out to compare the performance and efficiency between reactors, as well
as the total and nitrifying bacterial abundances in the two systems. Matrices based on Pearson
correlation were built to find correlations among physicochemical data and operational parameters of
the reactors (temperature (Tr), pH, dissolved oxygen; inlet and outlet COD, NH4

+-N, NO2
--N, NO3

--N,
PO4, TSS, VSS, turbidity; N:P ratio in the influent; free ammonia (FA) in the microalgal suspensions;
HRT), climatic conditions (averaged daily irradiance and temperature), reactor performance (rrCOD,
rrTAN, prNOx-N, prNO2

--N, prNO3
--N, rrPO4, prVSS), and microbiological data (microalgal density

(OD680), numbers of the total and nitrifying bacteria, species richness of the total bacteria, eukaryotes
and microalgae).

The vegan package was used [45] for creating rarefaction curves to test the depth of the sequencing.
Species richness of the bacterial (NBAC) and eukaryotic (NEK) communities were estimated by
considering each OTU as a singular microbial species. As in Borruso et al., 2018 [46], the number
of shared eukaryotic OTUs among PBR and RWP was calculated by considering only the OTUs
with a relative abundance higher than 1%. Microalgal species richness was correlated with the
biomass productivity, considered as prVSS, and stability, estimated by the standard deviation of three
consecutive prVSS values (same sampling day, previous and successive sampling days).

Non-metric multidimensional scaling (NMDS) plots, combined with the function envfit of vegan,
were used as preliminary assays to elucidate how the bacterial and eukaryotic communities were
influenced by the physicochemical and operational parameters, and climatic conditions. The analyses
were conducted by using the bacterial and eukaryotic patterns and the operational parameters and
climatic conditions detected at the same sampling time.

Clustering analyses based on the Bray–Curtis similarity index, combined with SIMPROF to check
for significance (p-value < 0.05), were performed with the package clustsig [47] in order to determine
significant changes in the main eukaryotic (species level, threshold 1%) and bacterial (genus level,
threshold 10%) populations. The heatmaps were built with the same pool of data using the package
ggplot2 [48].

To elucidate which abiotic factors influenced the shape and evolution of the microbial communities,
the relative abundance of the dominant eukaryotic (species level, threshold 1%) and bacteria (genus
level, threshold 10%) was correlated to the mean of the physicochemical data, operational parameters
and climatic conditions, which were detected over the 7 days preceding the sampling time. In this case,
the Kendall rank correlation coefficient was used, and matrices were built with the package corrplot [49].
Only correlations with a p-value lower than 0.05 are reported.

OTUs with a relative abundance higher than 1% were also used for bipartite networks, which were
created using CoNet function [50] inside the package Cytoscape [51]. Different correlation coefficients
were used: Pearson and Spearman, and dissimilarity indices, Bray-Curtis and Kullback-Leibler,
permutation and bootstrap score were based on 1000 interactions. All major network indices were
calculated using the igraph package [52].

3. Results

3.1. Performance of the Bioreactors

Irradiance and temperature values detected during the sampling campaign are reported in
Figure 2.
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Figure 2. Temperature detected inside the PBR (grey) and RWP (black) and irradiance (dashed line).

The irradiance and temperature figures, which were high at the beginning of the trial (end of May),
with peak at the end of June and July (day 31 and 45), and low in September (day 115), are typical
of the continental temperate climate of the Padan Plain. The concentrations of ammonium, nitrate,
and nitrite measured in the two reactors are shown in Figure 3A,B, while Table 2 summarizes the mean
physicochemical parameters measured in the reactors, as well as the nutrient and COD removal and
production rates.

Table 2. Average chemical-physical parameters in column (PBR) and in the raceway pond (RWP),
as well as the Chemical Oxygen Demand (COD) and nutrient removal rate observed. Significant
differences between reactors are also expressed (*) (Paired -t test, p-value < 0.05).

PBR RWP p-value

pH 8.5 ± 0.5 7.2 ± 0.6 *
Tr

§ 24.5± 6.2 21.9 ± 7.2 *
rrCOD (mg L−1 d −1) −4 ± 10.7 5.7 ± 6.1
rrTAN (mg L−1 d −1) 21.9 ± 7.3 19.5 ± 6.6

rpNOx-N (mg L−1 d −1) 14.4 ± 12.1 18.1 ± 6.9
rpNO2

--N (mg L−1 d −1) 13.5 ± 11.2 1.4 ± 2.2 *
rpNO3

--N (mg L−1 d −1) 1 ± 1.3 16.7 ± 7.9 *
Free Ammonia (mg L−1) 5.7 ± 8.5 1.8 ± 3.3

ηTAN (%) 84.1 ± 13.1 79 ± 14.8
rrPO4

3−-P (mg L−1 d −1) 0.6 ± 0.9 0.3 ± 0.9
rpVSS (mg L−1 d −1) 27 ± 20.3 23 ± 20.3

§ Tr is the temperature detected inside the reactors.
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Figure 3. Concentration of the total nitrogen (TN) in the influent (dashed line), ammonium (solid black
line), nitrite (solid dark grey line) and nitrate (solid light grey line) measured in PBR (A) and RWP (B).
Microalgal density measured as optical density (OD680) (dashed line) and total suspended solid (TSS)
concentration (solid line) detected over time into PBR (C) and RWP (D).

The average pH in RWP was 7.2 ± 0.6, while the average pH in PBR was 8.5 ± 0.5, because the pH
was not controlled by the addition of CO2 (p-value < 0.05, paired t-test). The ammoniacal nitrogen
removal rates and efficiencies were similar in both reactors, averaging 20.6 ± 6.8 mg L−1 d−1 and
81.5% ± 14% (p-values > 0.1, t-paired test), respectively, indicating that the diverse configurations of
the reactors did not impact on the overall NH4

+-N removal. Most of the ammonium was oxidized
(prNOx-N = 16 ± 9 mg L−1 d−1) through nitrification. However, the nitrate production rate in RWP
was much higher than in PBR (prNO3

--N = 1 ± 1 mg L−1 d−1 in the PBR and 16.7 ± 7.9 mg L−1 d−1 in
the RWP), indicating that complete oxidation of ammonium to nitrate could be achieved only in the
RWP, while partial nitrification to nitrite occurred in the PBR. No significant differences in the residual
concentration of COD (Table 2) between reactors were found and the rrCOD was negligible.

3.2. Biomass Productivity and Abundance of the Microbial Populations

The microalgal density, which was measured as OD680, varied between 0.09 and 1.53, and the
trend over time concurred with the concentrations of the TSS as shown in Figure 3C,D (r = 0.87,
p-value < 0.01). The biomass productivity fluctuated, but the average value (25 ± 20 mg VSS L−1 d−1)
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was similar in both configurations (p-value = 0.26, paired t-test) and comparable with the range
reported in the literature for microalgae culturing on the liquid fraction of digestate [8].

Figure 4A,B show that the total bacterial concentration ranged between 4.4 × 1010 and
2.8 ×108 cell g VSS−1

, significant differences between reactors (p-value > 0.1, paired t-test). However,
a significant negative correlation between the bacterial number and microalgal density was observed
(r = −0.72, p-value = 0.0001). The numbers of AOB, which were always two or three orders of magnitude
lower than the total bacteria, were similar in the two reactors (p-value > 0.05, paired t-test), justifying the
comparable ammonium oxidation rate observed. Nevertheless, the cell-specific ammonium oxidation
rates (CSAOR, logCSAOR ranging between −0.2 and 5 fmol cell−1 h−1) were significantly higher than
the ones reported for these types of bacteria [53], suggesting that the detected number of AOB was
underestimated or other microorganisms contributed to the process.
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3.3. Composition of the Eukaryotic and Bacterial Communities

At the phylum level, the eukaryotic communities of both reactors were dominated by
microorganism belonging to Chlorophyta (58% ± 38% in PBR and 63% ± 33% in RWP), Ciliophora
(23% ± 38% in PBR and 26% ± 29% in RWP), and Fungi (5% ±15% in PBR). Chlorophyta are commonly
found in outdoor cultivation systems fed on centrate because of their resistance to harsh cultivation
conditions [54,55], while members of Ciliophora are algivorous and microalgal grazers, frequently
reported in microalgal biomass culturing systems [13,18]. Their high relative abundance, the percentage
of which is also negatively correlated with the microalgal one (r = −0.9, p-value < 0.001), is an indication
of intense predation.

The dominant eukaryotic genera detected by the metabarcoding approach are reported in Figure 5,
while in Figure S1 the main microalgae and Ciliophora identified by the optical microscope are shown.

In the PBR, the main microalgal genera were Chlorella (23%± 29%) and Coelastrum (26% ± 33%)
(Figure 5A). Chlorella was dominant until day 45, when it was replaced by Coelastrum. Vorticella
contributed to the 6.1±7.7% of the total eukaryotic community most of the time, but it was the sole
genus detected in the last two samples. Differently, in the RWP (Figure 5B) the microalgal community
was dominated by members belonging to Chlorella (31% ± 36%) and Tetradesmus (27% ± 36%). Chlorella
was replaced by Tetradesmus between days 45 and 73, when Chlorella returned to be the dominant
genus. Members closely related to the Coelastrum genus were barely detected in the RWP (3% ± 8%),
while a severe bloom of Vorticella sp. occurred at day 31, when the system faced a drastic reduction in
the microalgal density (Figure 3D).
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As for the bacterial community (Figure 6A,B), at phylum level, Proteobacteria were dominant in
both reactors (59% ± 14% and 49% ± 16% in PBR and RWP respectively), followed by Cyanobacteria
(13% ± 11% PBR and 28% ± 15% RWP), and Bacteroidetes (10% ± 5% in PBR and 13% ± 6% in the RWP).
Proteobacteria and Bacteroidetes have been already acknowledged to be dominant in high-rate algae
ponds [14], as well as in the phycosphere of freshwater microalgal strains [56], while cyanobacteria,
being phototrophic, co-exist commonly with microalgae in photobioreactors treating wastewater [10,14].
As for class composition, the PBR was dominated by Gammaproteobacteria (31% ± 9%), followed by
Alphaproteobacteria (16% ± 9%) and Nostocophycideae (13% ± 11%), while in the RWP, dominance
of Nostocophycideae (26% ± 14%), Gammaproteobacteria (21% ± 9%) and Alphaproteobacteria
(18% ± 10%) was revealed. At the genus level, members belonging to Pseudomonas were the most
abundant in both reactors (20% ± 10% and 14% ± 7%). Their high number is not surprising, as
Pseudomonas spp. are ubiquitous in freshwater and soil.

Other common genera found in the two photobioreactors were: Rhodobacter (4% ± 4% and
4% ± 6%), Pedobacter (1% ± 2% and 2% ± 4%), Opitutus (2% ± 5% and 0.4% ± 1%). For PBR, the most
common genera were instead Aquimonas (3% ± 4%), Denitrobacter (2% ± 3%), Oscillochloris (2% ± 2%),
Segetibacter (2% ± 2%) and Stenotrophomonas (1.5% ± 1%). In RWP, Calothrix (12% ±1 8%) became the
dominant genera at days 45 and 60. Other specific genera found in the RWP were: Kaistia (2% ±3%),
Novosphingobium (2% ±3%), Rhodoplanes (2% ±4%).
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3.4. Diversity of the Eukaryotic and Bacterial Communities

The total species richness (N) of the bacteria (NBAC = 3224 ± 1589) was higher than the eukaryotic
one (NEK = 574 ± 442) (Figure S2). Yet, a more diverse bacterial community was detected in PBR than
in RWP (p-value = 0.02; paired-t test), while no differences in NEK could be observed between reactors.
Both bacterial and eukaryotic species numbers varied over time. The highest values of NEK concurred
with the mitigation of the irradiation and temperature conditions after days 87, suggesting that a low
to intermediate amount of resources (i.e. irradiance) fosters diversity [57]. A more diverse community
in a reactor should increase the productivity and functional stability, especially system resilience
to perturbations. However, eukaryotes also include the microalgae predators, which perturbed the
ecosystem. Therefore, to better understand the diversity–ecosystem function relationship in the
reactors, microalgal and non-microalgal species richness should be differentiated.

The total number of Eukaryotic species with a relative abundance higher than 1% is reported
in Table 3. A total of 63 species could be detected, 40 of which were not associated with microalgae,
indicating that the reactors were colonized by diverse protozoa, fungi and yeast. Only two species
(Vorticella microstoma and an undefined fungus) could be found in both reactors, while 11 and 27 species
could be detected only in the PBR and RWP, respectively. The higher diversity of non-microalgal
eukaryotes found in the RWP than in the PBR indicates that the raceway was more prone to
contamination. Besides having a much more open surface than the PBR, sudden variations in
the operational parameters, such as the sharp increase of TAN in the influent (between day 87 and
115) and changes in the dilution rate (between day 143 and 171), stressed the microalgal community
favoring the growth of grazers and predators.
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significant eukaryotic (species level) (A) and bacterial (genera level) (B) population changes detected
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Table 3. Summary of the total number of Eukaryotic (non-microalgae and microalgae) operational
taxonomic units (OTUs) with a percentage above 1%, number of shared OTUs between the column
(PBR) and the raceway pond (RWP), and number of OTUs detected in the sole PBR or RWP.

Total Shared Only PBR Only RWP

Eukaryotes 63 10 18 35
Non-microalgal 40 2 11 27

Microalgae 23 8 7 8

As for microalgae, a total of 23 species could be observed; 34.8% (8 out of 23) of them were
shared among reactors. Species belonging to the genera of Chlamydomonas, Chlorella, Tetradesmus and
Coelastrum were detected in both systems demonstrating their high versatility, while Desmococcus,
Micractinium, Dicloster, Planktonchlorella and Dictyosphaerum were present either in the PBR or RWP,
suggesting that they have more definite habitats.

3.5. Associations between the Microbial Community Structure and the Abiotic and Biotic Parameters

Clustering analyses show that the bacterial and eukaryotic patterns had grouped mostly according
to the reactor configuration (Figure 7A,B).

This, together with the results of the NMDS analyses (Figure S3), indicates that the microbial
community assembly was influenced not only by the meteorological conditions, but also by the
geometry of the reactors, their different operational parameters and nitrification pathways. Indeed,
the main factors affecting the eukaryotic community composition were irradiance, temperature, and the
level of N compounds in the inlet and inside the reactors, whereas the bacterial community composition
was mostly influenced by P, irradiance, temperature and level of TAN in the influent.

Nevertheless, several samples collected in the same reactor but at different times were found in
statistically different groups, demonstrating significant changes in the communities. The eukaryotic
community shifted five and seven times in PBR and RWP, respectively, while one significant change
was observed in the bacterial community in PBR and six in the RWP. To establish which factors favored
or inhibited the growth of the dominant bacteria, microalgae and predators in each group, giving rise to
significant population changes or system failures, the relative abundance of the main microorganisms
were evaluated for their correlation with the main operational parameters and meteorological conditions
(Figure 8). As regards microalgae, shifts between Chlorellaceae and Scenedesmaceae in the reactors
depended on the temperature, irradiance, concentration of solids in the centrate, which in turn
affects light penetration, pH and concentration of N forms. High irradiance and T promoted the
Scenedesmaceae (i.e., Tetradesmus and Coleastrum), which are more tolerant to high temperature and
have effective quenching mechanisms and high photosynthetic capacity [58,59]. These physiological
properties also might explain the significant negative correlation between the abundance of the member
of this family with the concentration of solids in the influent. In addition, Coleastrum seemed to
prefer more alkaline environment than Tetradesmus as it grew mainly in the PBR, where the pH was
always higher than 8. Chlorella spp. exhibited a broad range of niche traits. Chlorella sorokiniana,
rather than Chorella vulgaris, was favored in environments with high TAN, nitrate, and low irradiance,
probably because of its more effective photoautotrophic specific growth rates [60]. On the contrary,
Chlamydomonas sp. and Micractinium sp., exhibited higher tolerance toward nitrite. Contamination of
Gastrostyla occurred in the RWP during the parallel worsening of the meteorological conditions and the
increment of the concentration of COD. Such predators coexisted mainly with Chlorella sp., confirming
that Chlorellaceae are more sensitive to grazing than Scenedesmus spp., for which colony formation and
the presence of a spine provide a morphological defense against grazers [61].
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Figure 8. Correlation patterns between the relative abundance of the main eukaryotic (species level,
threshold 1%) (A) and bacterial (genus level, threshold 10%) (B) populations, which were detected
in the two reactors, and the mean of the physicochemical and operational parameters measured in
the influent (IN) and in the photobioreactors (OUT) the previous seven days based on the Kendall
rank correlation coefficient. Only significant positive (blue) and negative (red) correlations are shown
(p-value < 0.05) in the matrices. I_m and T_m are the average daily values of the solar irradiance and
temperature, respectively; T_r is the temperature detected in the reactors, FA is the free ammonia and
O2 is the dissolved oxygen concentration.

As regards the cyanobacterial genera, Calothrix in the RWP was favored by high temperature as it
has optimal growth rate at temperatures between 25 and 35 ◦C [62], as well as in low concentration
of TAN being able to N2-fixation [63]. On the contrary, species belonging to the genera Oscillochloris
and Caldilinea preferred an environment with low turbidity and low concentration of phosphorus.
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Several bacterial genera, such as Kaistia, Plesiomonas, Denitrobacter, Rhodoplanes and Wautersiella,
were affected by the concentration of COD in the influent and the level of nitrate in the suspension,
being heterotrophs and/or involved in the denitrification process.

All these findings were gathered to delineate the plausible mechanisms (biotic and abiotic) driving
the microbial population shifts in the reactors (Table 4). The table highlights how the continuous
changes in abiotic conditions and resource availability perturbed the ecosystems, allowing the growth
of microalgae and bacteria with more favorable niche traits. Nevertheless, several population changes
could not be explained, suggesting a strong role of the stochastic factors in the microbial community
assembly [11,12].

3.6. Network Analyses

To untangle the relationship between the bacterial and eukaryotic communities, a bipartite
network for each reactor type was constructed (Table 5 and Figure S4). Overall, the RWP had a larger
number of interactions than the PBR (see number of interactions, i.e., the number of connected elements,
Table 5), though the latter showed a higher complexity of the interactions given the higher network
density and heterogeneity. The network heterogeneity is shown by the presence of hubs within the
network, while network density is given by the average edges per node, so that a network with many
isolated nodes will have a density closer to zero. Communities that are highly connected and have
high modularity (i.e., a clustered structured as in the PBR reactor) could be more functionally unstable,
since the loss of a node has a higher effect on them [64]. The bloom of predators has a significant
impact on the community structure, as predators mutually exclude with almost every other eukaryote
as they are microalgae grazers. In general, the PBR experienced less contamination than the RWP over
the entire experiment, but once predators entered the reactor they led to a complete disruption of the
eukaryotic community. Such fragility can be probably associated to the highly clustered structure
of the community [64]. On the contrary, the RWP harbored constantly non-microalgae eukaryotes
in the community and the entry of new contaminants was unable to produce drastic damages to
the community like in the PBR. In this case, the high diversity and dynamics observed in the RWP
(Tables 3 and 4) might help in establishing a complex interactive community (Table 5, interactions
number and connected elements) that contrasted the spread of predators over time.
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Table 4. Plausible mechanisms of the evolution of the microbial populations in the column (PBR) and
the race way pond (RWP). Codes are the same as those reported in Figures 5 and 6, while in brackets
the time when the shifts occurred are indicated.

Eukariotes

Code PBR Code RWP

Inoculum
X Coexistence of C. vulgaris and
T. dimorphus Inoculum X Coexistence of C. vulgaris and

T. dimorphus

PBR_Ek_1
(31–45)

X Scenedesmaceae (T. dimorphus and
C. proboscideum) outcompeted
C. vulgaris. Increase T and I

RWP_Ek_1
(18–31)

X Bloom of Vorticella microstoma
Undefined perturbation

PBR_Ek_2
(60–87)

X Increase abundance of yeast and
Vorticella microstoma. The reactor
was covered with a shading net that
killed the microalgae

RWP_Ek_2
(31–45)

X Dominance of T. dimorphus
Increase T and I

PBR_Ek_3
(87–115)

X Most of the populations present
before the crashed recovered;
increase abundance of
Chlamydomonas sp. and Chlorella sp.
High NO2

--N; decrease I and T

RWP_Ek_3
(60–73)

X T. dimorphus co-existed with
C. vulgaris and C. proboscideum.
Presence of predators. Mitigation of
I and T conditions

PBR_Ek_4
(129–143)

X Increased abundance of
Chlorella sp. and Micractinium sp.
and Vorticella microstoma High level
of NO2

--N together with the
decrease in NH4

+-N and I

RWP_Ek_4
(87–115)

X C. sorokiniana, P. nurekis and their
predator G. steinii. Drastic increase
in NH4

+-N, NO3
--N and COD,

together with the decrease in I and T

PBR_Ek_5
(143–171)

X Dominance of
Vorticella microstoma Worsening of
the climatic conditions reduced the
microalgal growth
favoring predation

RWP_Ek_5
(115–129)

X Increase Chlorella sp. and
Vorticella microstoma Decrease
influent NH4

+-N and NO3
--N

RWP_Ek_6
(143–171)

X Increase number of predators
The change of dilution of the
centrate disturbed the
microalgal community

RWP_Ek_7
(171–188)

X Microalgal community
recovered after the system failure
due to predation
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Table 4. Cont.

Bacteria

Code PBR Code RWP

Inoculum X Bacterial community of
the inoculum

Inoculum X Bacterial community of
the inoculum

PBR_Bac_1
(0_18)

X Establishment of a mixed
community with Pseudomonas spp.
as dominant bacteria

RWP_Bac_1
(0_18)

X Establishment of a mixed
community with Pseudomonas spp.
as dominant bacteria

RWP_Bac_2
(18_31)

X Coexistence of Pseudomonas and
Calothrix spp. Undefined
perturbation decreased the number
of microalgae; increase in I

RWP_Bac_3
(31_45)

X Dominance of
Cyanobacteria.Further increased of I
and T

RWP_Bac_4
(60_73)

X Recovery of the original
communityMitigation of
meteorological conditions

RWP_Bac_5
(87_115)

X Increase abundance of
denitrifiers, such as Kaistia and
Rhodoplanes Increase NO3

--N and
COD in the influent, together with
the reduction of T

RWP_Bac_6
(143_188)

X Recovery of the
previous community

Table 5. Properties of bipartite networks based on the interaction between the most abundant (>1%)
bacterial and eukaryotic OTUs.

Network Properties PBR RWP

Modularity 0.415 0.508
Connected component 101 117

Average degree 9.373 8.048
Average path length 1.982 2.314

Network centralization 0.2078 0.167
Network heterogeneity 0.7014 0.590

Number nodes 110 125
Network diameter 6 7
Network density 0.086 0.065

Interaction 2480 2588
Co-occurrence 1492 1488

Mutual exclusion 988 1100

4. Discussion

4.1. Environmental Parameters, Biomass Productivity and Nutrients Removal in the Photobioreactors

The biomass productivity and overall nutrient removal were comparable in the two
photobioreactors, though influenced by the environmental conditions. Both systems reached a
total ammoniacal nitrogen and PO4

3−-P removal rates of 21 and 0.45 mg L−1 d−1, respectively,
which are in line with similar systems treating digestate located in the same geographical area. Low
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COD removal rate could be observed in the PBR and RWP, demonstrating that centrate was mainly
composed of recalcitrant and not easily biodegradable compounds. This suggests that this type of
wastewater is suitable for preventing the contamination of heterotrophic microbes (i.e., bacteria, fungi
and protozoa) in outdoor microalgae cultivation. The microalgal growth and productivity (average
25 mg L−1 d−1) followed the variation of the temperature and light, which were typical of the area,
and was impacted by erroneous operational strategies. The sudden drop in the microalgal biomass
between day 60 and 73 in the RWP could be attributed to the coverage of the system with a shading
net, which was placed to prevent photoinhibition. Meanwhile, the worsening of the meteorological
conditions, such as low temperature and light at the end of the trial, led to a reduction in the microalgal
growth. Overall, these finding suggest that, in suboptimal climate conditions, the performance of
outdoor photobioreactors could be improved by the implementation of equipment to mitigate the
irradiance and temperature variations, such as the use of external light and heating systems. Although
the operational costs would increase, the system are expected to produce more biomass to valorize.

On the other hand, the biological nitrogen removal pathways in the systems were linked to the
different configurations and operations of the reactors. Complete nitrification could be achieved
only in the RWP, while partial nitrification occurred in the PBR. High ammonium oxidation is quite
common in microalgae-based technologies treating municipal and agro-zootechnical digestate [34,54,55],
especially if phosphorus is readily available [65]. The elevated P concentration in the centrate favored
the activity of the AOB [66], which are the main responsible for ammonium oxidation. This hypothesis is
supported also by the positive correlation between the ammonium oxidation rate and the concentration
of PO4

3−-P (PO4
3−-P out = 0.86 prN-NOx + 6.8, R2 = 0.3623, p-value = 0.0038). Nevertheless, the number

of detected AOB was lower than expected if considering the ammonium oxidation rate. It is plausible
that a fraction of AOB, which prefer growing in colonies, often attached on cellular aggregate and/or
within biofilm developing on the reactor walls or on the paddlewheel in the case of the raceway
pond [54], were not sampled. Another plausible reason is that other microorganisms contributed to
the process. For instance, Pseudomonas veronii, which was the dominant bacterial species, might have a
role, as it possesses the AmoA gene encoding for the oxygen monooxygenase [67–69], and its function
as heterotrophic nitrifier was already observed in natural and engineered ecosystems. However,
more studies are required to confirm this hypothesis.

Nitrite oxidation occurred in the RWP but it was seriously impaired in the PBR. Most likely,
the higher pH of the column, shortage of CO2 and the slightly higher level of free ammonia than in the
RWP prevented the NOB growth [28]. However, if complete nitrification is desired, the implementation
of pH control systems and longer HRT might help in overcoming these issues.

4.2. Microbial Community Structure

Species belonging to Scenedesmaceae and Chlorellaceae were the dominant microalgae observed
in both systems, confirming their suitability for the bioremediation of digestate [8]. The non-axenic
and open conditions of the bioreactors allowed for the entry of protozoa and bacteria, which actively
interacted with the microalgae. As commonly observed in microalgal cultivation systems, predation,
synergistic, antagonist and competitive mechanisms could be detected [13,70]. In the RWP, algivorous
and microalgal grazers, belonging to Ciliophora, constantly co-existed with the microalgae, while in
the PBR, predators were mainly detected when the microalgal growth was impaired. Nitrifiers
and cyanobacteria, which are known to compete with the microalgae for CO2 and ammoniacal
nitrogen, colonized both reactors to different extent. Pseudomonas sp., which are known to be plant
growth-promoting bacteria [71], were probably beneficial for the microalgae by producing siderophores
for iron absorption, solubilize phosphate and synthetize phytohormones, such as indole-3-acetic acid
(IAA) [72,73]. On the other hand, antagonist interactions between bacteria and microalgae occurred,
as demonstrated by the negative correlation between the number of bacteria and microalgal counts.
This evidence contrasts with the frequently stated symbiotic relationship between microalgae and
bacteria in microalgae-based technology treating wastewaters [70,74]. However, most of the synergetic
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interaction concerns the exchange of O2 and CO2 during the photosynthetic activity and the aerobic
degradation of the organic matter by the heterotrophic bacteria. In our systems, most of the COD in
the centrate was not easily biodegradable, as shown by the negligible COD removal rate. Therefore,
the growth of the heterotrophs was fostered only when organic compounds were available by microalgal
cells’ decay.

The non-parallel evolution of the microbial populations in the two reactors indicates that the
configuration and operational parameters had a key role in regulating the composition and dynamics
of the microalgal and bacterial communities. Without a doubt, high irradiance and temperature were
responsible for the shifts between Chlorellaceae and Scenedesmaceae in both reactors due to the more
advantageous physiological traits of the latter in such conditions [58,59], but the diverse pH and
concentrations of N compounds in each reactor promoted the selection of specific populations. In the
RWP, the high level of nitrate, which was derived by complete nitrification, and the concentration
of ammonium in the influent seems to favor C. sorokiniana, P. nurekis and their predator G. steinii,
as well as denitrifiers. On the contrary, in the PBR, nitrite accumulation caused by the incomplete
nitrification, promoted the growth of Chlamydomonas spp. and Micractinium sp., while the alkaline pH
supported the establishment of members of Chloroflexi. Although not all the population shifts could be
explained by the variations of the abiotic conditions because of the influence of stochastic factors [12],
the association found between the microbes displaying specific functional traits and the environmental
conditions established in each reactor might help to predict which populations are favored under
various environmental and operational scenarios.

The communities in the RWP were more dynamic than those in the PBR, as demonstrated by the
higher number of significant population shifts observed in both microalgal and bacterial communities.
Nevertheless, the PBR was more subject to drastic events, while the RWP seemed to be more resilient to
perturbations. In the RWP, the negative effect of the shading net on the microalgal composition could
be barely detected, while a drastic increase in non-microalgal populations could be observed in the PBR.
Yet, the microalgal community in the RWP recovered when the climate conditions got worse, but not in
the PBR. The continuous perturbations of the ecosystems due to changes in the abiotic conditions and
resource availability favored the growth of microalgae and bacteria with more favorable niche traits
and migration of new microbes in both reactors. Nevertheless, the RWP constantly harbored non-algal
eukaryotes suggesting more trophic interactions; the coexistence of predators and microalgae was
more evident in the RWP than in the PBR, as well as predator diversity was higher in RWP than PBR
(only one in PBR and three in RWP). It seems that the more complex community established in the
RWP helped in contrasting the spread of the predators over time by maintaining the predator/prey
dynamics under control, even if the raceway system has a wider open area and a design more prone to
external contamination.

The establishment of a diversified microalgal community derived by the variable abiotic conditions
seemed to play a role in maintaining the productivity of the reactors in agreement with other aquatic
ecosystems [75,76] and microalgal cultivation systems [25,77]. The trends of microalgal density showed
two peaks in both reactors. In the PBR, the highest and first peak corresponded to day 18 and 31,
when the community was dominated by Chlorella. The extremely high temperature and irradiance of the
following days led to a switch to the Scenedesmaceae, but a drastic decrement of the biomass. Biomass
concentration and diversity increased again only with the mitigation of the climatic factors. Similarly,
in the RWP, the initial biomass productivity was sustained by the Chlorellaceae and Scenedesmaceae;
nevertheless, the highest concentration of biomass could be detected when the climatic and operational
conditions were more variable. These findings endorse the use of microalgal polycultures for a more
stable production of biomass in outdoor cultivation systems, especially if located in regions with a
temperate climate where the environmental conditions are subject to seasonal variations

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/11/1754/s1,
Figure S1: Images of the main microalgae, protozoa and cyanobacteria observed in the PBR and RWP over time;
Figure S2: Number of the total eukariotic (NEK) (A) and bacterial species (NBAC) (B) detected in the column (PBR)
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and raceway pond (RWP) over time; Figure S3: Non-metric multidimensional scaling analyses of the eukaryotic
(A and B) and bacterial OTU patterns (C and D) in the PBR (blue) and in the RWP (black). Numbers indicate the
sampling date, while arrows represent directions of forcing of each environmental parameter measured in the
influent (IN) and reactors (OUT). Torb is the turbidity. TPBR and TRWP is the temperature in the bubble column and
in the raceway pond, respectively. I is the irradiance; Figure S4: Bipartite network based on the interaction between
the most abundant (>1%) eukaryotic and bacterial OTUs in bubble columns and raceways pond (A and B).
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36. Bellucci, M.; Ofiţeru, I.D.; Beneduce, L.; Graham, D.W.; Head, I.M.; Curtis, T.P. A preliminary and qualitative
study of resource ratio theory to nitrifying lab-scale bioreactors. Microb. Biotechnol. 2015, 8, 590–603.
[CrossRef]

37. Klappenbach, J.A. rrndb: The Ribosomal RNA Operon Copy Number Database. Nucleic Acids Res. 2001,
29, 181–184. [CrossRef]

38. McTavish, H.; Fuchs, J.A.; Hooper, A.B. Sequence of the gene coding for ammonia monooxygenase in
Nitrosomonas europaea. J. Bacteriol. 1993, 175, 2436–2444. [CrossRef]

39. Bellucci, M.; Ofiteru, I.D.; Graham, D.W.; Head, I.M.; Curtis, T.P. Low-dissolved-oxygen nitrifying systems
exploit ammonia-oxidizing bacteria with unusually high yields. Appl. Environ. Microbiol. 2011, 77, 7787–7796.
[CrossRef]

40. Coskuner, G.; Ballinger, S.J.; Davenport, R.J.; Pickering, R.L.; Solera, R.; Head, I.M.; Curtis, T.P. Agreement
between theory and measurement in quantification of ammonia-oxidizing bacteria. Appl. Environ. Microbiol.
2005, 71, 6325–6334. [CrossRef]

41. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.;
Goodrich, J.K.; Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data.
Nat. Methods 2010, 7, 335–336. [CrossRef]

42. Edgar, R.C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 2010, 26, 2460–2461.
[CrossRef]

43. Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naïve Bayesian Classifier for Rapid Assignment of rRNA
Sequences into the New Bacterial Taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [CrossRef]

44. R Core Team; R Development Core Team. R: A Language and Environment for Statistical Computing
[Internet]; 2019. Available online: https://www.r-project.org/ (accessed on 20 October 2020).

45. Oksanen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’Hara, R.B.;
Simpson, G.L.; Solymos, P.; et al. Vegan: Community Ecology Package. R Packag Version 2.4-1. 2016.
Available online: https://cran.r-project.org/web/packa (accessed on 20 October 2020).

46. Borruso, L.; Sannino, C.; Selbmann, L.; Battistel, D.; Zucconi, L.; Azzaro, M.; Turchetti, B.; Buzzini, P.;
Guglielmin, M. A thin ice layer segregates two distinct fungal communities in Antarctic brines from Tarn
Flat (Northern Victoria Land). Sci. Rep. 2018, 8, 6582. [CrossRef]

47. Whitaker, D.; Christman, M. Package ‘Clustsig’. R Top Doc. 2015; pp. 1–7. Available online: http:
//www.douglaswhitaker.com (accessed on 20 October 2020).

48. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016;
ISBN 978-3-319-24277-4.

49. Wei, T.; Simko, V. R Package “Corrplot”: Visualization of a Correlation Matrix. 2017. Available online:
https://github.com/taiyun/corrplot (accessed on 20 October 2020).

50. Faust, K.; Raes, J. CoNet app: Inference of biological association networks using Cytoscape. F1000Research
2016, 5, 1519. [CrossRef]

51. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.;
Ideker, T. Cytoscape: A Software Environment for Integrated Models of Biomolecular Interaction Networks.
Genome Res. 2003, 13, 2498–2504. [CrossRef]

52. Csardi, G.; Nepusz, T. The igraph software package for complex network research. Inter J. Complex Syst.
2006, 1695, 1–9.

53. Daims, H.; Ramsing, N.B.; Schleifer, K.H.; Wagner, M. Cultivation-independent, semiautomatic determination
of absolute bacterial cell numbers in environmental samples by fluorescence in situ hybridization.
Appl. Environ. Microbiol. 2001, 67, 5810–5818. [CrossRef] [PubMed]

54. Mantovani, M.; Marazzi, F.; Fornaroli, R.; Bellucci, M.; Ficara, E.; Mezzanotte, V. Outdoor pilot-scale raceway
as a microalgae-bacteria sidestream treatment in a WWTP. Sci. Total Environ. 2020, 710, 135583. [CrossRef]
[PubMed]

170



Microorganisms 2020, 8, 1754

55. Marazzi, F.; Bellucci, M.; Rossi, S.; Fornaroli, R.; Ficara, E.; Mezzanotte, V. Outdoor pilot trial integrating a
sidestream microalgae process for the treatment of centrate under non optimal climate conditions. Algal Res.
2019, 39, 101430. [CrossRef]

56. Krohn-molt, I.; Alawi, M.; Förstner, K.U.; Wiegandt, A.; Burkhardt, L.; Indenbirken, D.; Thieß, M.;
Grundhoff, A.; Kehr, J.; Tholey, A.; et al. Insights into Microalga and Bacteria Interactions of Selected
Phycosphere Biofilms Using and Proteomic Approaches. Front. Microbiol. 2017, 8, 1–14. [CrossRef]

57. Tilman, D. Resource Competition between Plankton Algae: An Experimental and Theoretical Approach.
Ecology 1977, 58, 338–348. [CrossRef]

58. Hodaifa, G.; Martínez, M.E.; Sánchez, S. Influence of temperature on growth of Scenedesmus obliquus in
diluted olive mill wastewater as culture medium. Eng. Life Sci. 2010, 10, 257–264. [CrossRef]

59. Masojídek, J.; Torzillo, G.; Koblížek, M.M.; Kopecký, J.; Bernardini, P.; Sacchi, A.; Komenda, J. Photoadaptation
of two members of the Chlorophyta (Scenedesmus and Chlorella) in laboratory and outdoor cultures: Changes
in chlorophyll fluorescence quenching and the xanthophyll cycle. Planta 1999, 209, 126–135. [CrossRef]

60. Rosenberg, J.N.; Kobayashi, N.; Barnes, A.; Noel, E.A.; Betenbaugh, M.J.; Oyler, G.A. Comparative analyses
of three Chlorella species in response to light and sugar reveal distinctive lipid accumulation patterns in the
Microalga C. sorokiniana. PLoS ONE 2014, 9, e92460. [CrossRef]

61. Mayeli, S.M.; Nandini, S.; Sarma, S.S.S. The efficacy of Scenedesmus morphology as a defense mechanism
against grazing by selected species of rotifers and cladocerans. Aquat. Ecol. 2005, 38, 515–524. [CrossRef]

62. Litchman, E.; Pinto, P.D.T.; Klausmeier, C.A.; Thomas, M.K.; Yoshiyama, K. Linking traits to species diversity
and community structure in phytoplankton. Hydrobiologia 2010, 15–28. [CrossRef]

63. Issa, A.; Mohamed, H.A.; Ohyama, T. Nitrogen fixing cyanobacteria: Future prospect. In Advances in Biology
and Ecology of Nitrogen Fixation; Ohyama, T., Ed.; InTech: Leeds, UK, 2014; pp. 23–48.

64. Yang, G.; Peng, M.; Tian, X.; Dong, S. Molecular ecological network analysis reveals the effects of probiotics
and florfenicol on intestinal microbiota homeostasis: An example of sea cucumber. Sci. Rep. 2017, 7, 4778.
[CrossRef]

65. Marcilhac, C.; Sialve, B.; Pourcher, A.M.; Ziebal, C.; Bernet, N.; Béline, F. Control of nitrogen behaviour by
phosphate concentration during microalgal-bacterial cultivation using digestate. Bioresour. Technol. 2015,
175, 224–230. [CrossRef]

66. Bellucci, M.; Marazzi, F.; Ficara, E.; Mezzanotte, V. Effect of N:P ratio on microalgae/nitrifying bacteria
community in agro-digestate treatment. Environ. Clim. Technol. 2020, 24, 136–148. [CrossRef]

67. Montes, C.; Altimira, F.; Canchignia, H.; Castro, Á.; Sánchez, E.; Miccono, M.; Tapia, E.; Sequeida, Á.;
Valdés, J.; Tapia, P.; et al. A draft genome sequence of Pseudomonas veronii R4: A grapevine (Vitis vinifera L.)
root-associated strain with high biocontrol potential. Stand. Genom. Sci. 2016, 11, 76. [CrossRef]

68. Liu, H.; Ding, Y.; Zhang, Q.; Liu, X.; Xu, J.; Li, Y.; Di, H. Heterotrophic nitrification and denitrification are the
main sources of nitrous oxide in two paddy soils. Plant Soil 2019, 445, 39–53. [CrossRef]

69. Trung Tran, T.; Bott, N.J.; Dai Lam, N.; Trung Nguyen, N.; Hoang Thi Dang, O.; Hoang Le, D.; Tung Le, L.;
Hoang Chu, H. The Role of Pseudomonas in Heterotrophic Nitrification: A Case Study on Shrimp Ponds
(Litopenaeus vannamei) in Soc Trang Province. Microorganisms 2019, 7, 155. [CrossRef]

70. Ramanan, R.; Kim, B.-H.H.; Cho, D.-H.H.; Oh, H.-M.M.; Kim, H.-S.S. Algae-bacteria interactions: Evolution,
ecology and emerging applications. Biotechnol. Adv. 2016, 34, 14–29. [CrossRef]

71. Glick, B.R. Plant Growth-Promoting Bacteria: Mechanisms and Applications. Scientifica 2012, 2012, 963401.
[CrossRef]

72. Amavizca, E.; Bashan, Y.; Ryu, C.M.; Farag, M.A.; Bebout, B.M.; De-Bashan, L.E. Enhanced performance of
the microalga Chlorella sorokiniana remotely induced by the plant growth-promoting bacteria Azospirillum
brasilense and Bacillus pumilus. Sci. Rep. 2017, 7, 1–11. [CrossRef]

73. Saranraj, P. Biocontrol potentiality of plant growth promoting bacteria (PGPR)—Pseudomonas fluorescens
and Bacillus subtilis: A review. Afr. J. Agric. Res. 2014, 9, 1265–1277.

74. Seymour, J.R.; Amin, S.A.; Raina, J.-B.; Stocker, R. Zooming in on the phycosphere: The ecological interface
for phytoplankton–bacteria relationships. Nat. Microbiol. 2017, 2, 17065. [CrossRef]

75. Cardinale, B.J. Biodiversity improves water quality through niche partitioning. Nature 2011, 472, 86–89.
[CrossRef]

76. Godwin, C.M.; Lashaway, A.R.; Hietala, D.C.; Savage, P.E.; Cardinale, B.J. Biodiversity improves the ecological
design of sustainable biofuel systems. GCB Bioenergy 2018, 10, 752–765. [CrossRef]

171



Microorganisms 2020, 8, 1754

77. Stockenreiter, M.; Graber, A.K.; Haupt, F.; Stibor, H. The effect of species diversity on lipid production by
micro-algal communities. J. Appl. Phycol. 2012, 24, 45–54. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

172



Citation: Costa, D.F.A.;

Castro-Montoya, J.M.; Harper, K.;

Trevaskis, L.; Jackson, E.L.; Quigley, S.

Algae as Feedstuff for Ruminants: A

Focus on Single-Cell Species,

Opportunistic Use of Algal

By-Products and On-Site Production.

Microorganisms 2022, 10, 2313.

https://doi.org/10.3390/

microorganisms10122313

Academic Editor: Assaf Sukenik

Received: 2 November 2022

Accepted: 21 November 2022

Published: 22 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

microorganisms

Review

Algae as Feedstuff for Ruminants: A Focus on Single-Cell
Species, Opportunistic Use of Algal By-Products and
On-Site Production
Diogo Fleury Azevedo Costa 1,* , Joaquín Miguel Castro-Montoya 2, Karen Harper 3, Leigh Trevaskis 1,
Emma L. Jackson 4 and Simon Quigley 1

1 School of Health, Medical and Applied Science, Institute for Future Farming Systems, CQUniversity,
Rockhampton, QLD 4701, Australia

2 Faculty of Agricultural Sciences, University of El Salvador, San Salvador 01101, El Salvador
3 School of Agriculture and Food Sciences, The University of Queensland, Gatton, QLD 4343, Australia
4 Coastal Marine Ecosystems Research Centre, School of Health, Medical and Applied Science, CQUniversity,

Gladstone, QLD 4680, Australia
* Correspondence: d.costa@cqu.edu.au; Tel.: +61-409445454

Abstract: There is a wide range of algae species originating from a variety of freshwater and saltwater
habitats. These organisms form nutritional organic products via photosynthesis from simple inorganic
substances such as carbon dioxide. Ruminants can utilize the non-protein nitrogen (N) and the cell
walls in algae, along with other constituents such as minerals and vitamins. Over recent decades,
awareness around climate change has generated new interest into the potential of algae to suppress
enteric methane emissions when consumed by ruminants and their potential to sequester atmospheric
carbon dioxide. Despite the clear potential benefits, large-scale algae-livestock feedstuff value chains
have not been established due to the high cost of production, processing and transport logistics, shelf-
life and stability of bioactive compounds and inconsistent responses by animals under controlled
experiments. It is unlikely that algal species will become viable ingredients in extensive grazing
systems unless the cost of production and practical systems for the processing, transport and feeding
are developed. The algae for use in ruminant nutrition may not necessarily require the same rigorous
control during the production and processing as would for human consumption and they could be
grown in remote areas or in marine environments, minimizing competition with cropping, whilst
still generating high value biomass and capturing important amounts of atmospheric carbon. This
review will focus on single-cell algal species and the opportunistic use of algal by-products and
on-site production.

Keywords: biofilters; cyanobacteria; microalgae; single-cell protein; rumen function

1. Introduction

Algae and cyanobacteria are found in both marine and freshwater environments and
are classified as either eukaryotic organisms or prokaryotic cyanobacteria (blue-green algae).
Many species of algae have been in the diet of non-Western civilizations for centuries [1]
and have been a relatively common feed source in livestock and aquaculture for many
years [2]. However, one of the first experiments with single-cell microalgae species as a
ruminant feed was conducted less than twenty years ago [3] with larger feeding trials
only happening in the past decade with sheep [4] and cattle [5]. Since then, there has
been limited adoption in their use in nutrition of ruminant animals mainly due to the
high costs involved with algal production and harvesting. Despite this, recent awareness
around climate change has renewed interest in the use of macroalgae, e.g., the red seaweed
Asparagopsis sp., as mitigators of enteric methane emissions from ruminants [6]. To be
market viable, algae products require value adding through either carbon reduction funds
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or marketing linked to the sustainability of beef produced under low emission schemes.
Parallel to this, other algae species have been included in ruminant diets to promote good
health-related outcomes to consumers of meat [4] and milk products [7]. Again, price is the
main challenge for the effective adoption of algae as an orthodox and off the shelf feedstuff.
The alternative could come in the form of algae by-products sourced from biotechnological
industries. Industries of importance include fuel production [8] and when algae are used as
biofilters to remove nutrients or contaminants [9,10] or to ameliorate carbon emission from
various factories [11]. The concept of biofilters is of particular interest in extensive grazing
systems of northern Australia since it has the potential to be linked to the development
of silvopastoral plans for rehabilitating mine sites with the algae produced in wastewater
being used as feed for livestock or organic fertilizer during the implantation of trees or to
increase pastures productivity.

In summary, algae can be used in ruminant diets in their raw form if produced in
excess, or as by-products from other industries. The differences in nutrient composition
cause variable effects within the rumen and animal response. Reviewing the available
literature on algae species and products used in ruminant nutrition will provide a greater
understanding of the effects on ruminant production and physiology. As algae and algal
byproducts become more available at a global scale, this review hopes to recommend new
opportunities for efficient in ruminant production systems.

2. Species of Algae and Their Nutritional Composition

Algae chemical composition varies from strain to strain and from batch to batch,
particularly in protein and lipid content and in the composition of their fatty acids [12,13].
A particular interest has risen around the use of the single-cell microalgae and cyanobacteria
as some have the potential to produce more lipids per area than traditional plants used for
biofuel production. Another recent interest is focused on bioactive compounds present
in red seaweed, such as bromoform, that directly affects methanogenesis. The latter topic
will be discussed in greater depth later in Section 6. Nevertheless, the higher cost of
cultivating and harvesting the biomass of algal species remains the most critical barrier
to market deployment of large-scale commercial production [8]. These microorganisms
occur widely in a variety of natural and man-made environments [14] and despite a large
number of species identified, i.e., 15,000, only about 15 were in use in industry at the
time [15]. Although not currently prevalent, the increased use of microalgae as biofuel has
led to the use of the resulting by-product, i.e., post-lipid extraction algae residue (PEAR),
as a ruminant feed [16]. The ruminant’s ability to upcycle by-products into high-quality
human-edible protein has been highlighted [17] and PEAR retains about 25% of the protein
fraction of the original biomass [18]. The latter creates opportunities for inclusion of PEAR
in ruminant diets as a protein source, such as with other by-products such as distiller’s
grain and soybean meal. A recent study suggested that PEAR could be included up to 60%
of dietary dry matter in beef cattle rations [16]. However, the issue with any by-product
is that the final nutrient composition is subject to the extraction process, which is highly
variable.

Table 1 presents the nutritional composition of algae species that have been used in
ruminant in vivo trials in their raw form only. Some examples include the marine red
seaweed Asparagopsis taxiformis, the brown algae Sargassum spp. and Macrocystis pyrifera
and the single-cell microalgae Schizochytrium spp., Crypthecodinium cohnii, Dunaliella salina
and the freshwater Arthrospira platensis. and Chlorella spp.

The mineral composition of algae can be of high relevance depending on a number
of factors. The ash content in Table 1 indicates the amount of minerals present in these
algal species. However, the mineral profile is expected to greatly change amongst them. A
recent paper by Neville et al. [19] demonstrated the benefits of replacing limestone for the
calcareous marine algae Lithothamnion calcareum as a source of Ca in the diet of dairy cows
during the transition period. Mineral-related challenges may be more pronounced in those
high producing animals, in which potential differences in bioavailability between mineral
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sources may play a stronger role. In the latter work, the algae species was added in the diet
as a feed additive containing 95% ash composed of 30% Ca.

Table 1. Composition of macro and micro-algae species used for ruminants in their raw form.

Protein Lipids Ash NDF Ruminant
Species

References
(g/kg Dry Matter)

Macroalgae

Asparagopsis sp. 183 3 504 272 cattle [6,20]
Chaetomorpha linum 103–182 14–20 120–319 319 sheep [21,22]
Macrocystis pyrifera 128 22 386 199 goats [23]

Sargassum sp. 86 6 277 141 cattle [24]
Ulva lactuca 95–211 5–17 175–181 216–415 goats, sheep [22,25]

Microalgae

Arthrospira platensis 460–744 20–150 47–257 35–87 cattle [5,7,12,26,27]
Chlorella pyrenoidosa 548–600 20–143 64–202 4 cattle [5,12,28]

Chlorella vulgaris 586 123 51 15 cattle [7]
Crypthecodinium cohnii 194 575 69 50 sheep, cattle [29–31]

Dunaliella salina 62–570 60–281 90–787 0 cattle [5,12,28]
Nannochloropsis gaditana 385 192 158 219 cattle [7]
Nannochloropsis oculata 289–292 197–292 81–89 69.5 cattle, goats [32,33]
Prototheca moriformis 38–76 81–109 5–70 114 cattle, sheep [34,35]

Schizocythrium sp. 130–208 38–577 74–139 263–369 cattle, sheep [3,4,36,37]

It is important to emphasise that neither the search for new species nor evaluations
of the chemical composition of algae currently in use has reached an end. The biomass
of naturally occurring single-cell microalgae species found in northern Australia were
evaluated and it was concluded that some protein-rich strains could be used for animal
feed [14]. Despite considering the latter information relevant, in this review the authors
attempted to focus the discussion on the limited data available from in vivo experiments,
relying less on data from in vitro trials or experiments using non-ruminant animal species.

3. Effects of Algae on Dry Matter Intake and Apparent Total Tract Digestibility

Ten manuscripts, involving 12 feeding trials reporting dry matter intake were re-
viewed (Table 2). Five evaluated lactating dairy cattle [7,34,36–38] in which the inclusion of
Arthrospira, Chlorella, a mixture of Chlorella and Nannochloropsis (1:1) [7] and Prototheca [35]
at levels between 1.72 and 2.50 g/kg BW, had no effect on dry matter intake, or digestibility
of dry matter, organic matter, crude protein and neutral detergent fibre. Similarly, both Till
et al. [37] and Till et al. [38] observed no effects on dry matter intake with the inclusion of
Schizochytrium limacinum at levels of between 50 and 150 g/d. Interestingly, a decrease in
the concentrate intake was observed when microalgae were included in the diet, but this
reduction was compensated by an increase in silage intake [7]. In the latter, the microalgae
was included in the concentrate, which could lead to speculation that there was a palatabil-
ity issue. In this regard, it was reported a clear fishy odour associated with Nannochloropsis
whereas the smell of Arthrospira and Chlorella appeared to be more neutral [7]. As stated by
the authors, the smell resembling fish might not be common for all algae products, but it is
important to keep in mind that the aroma can change with the oxidation of unsaturated
fatty acids during processing and storage [39]. Algal processing and storage conditions are
variable and therefore odour may differ for each experiment or region.
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Table 2. Summary of in vivo studies testing the effects of algae on dry matter intake (kg/d) and
apparent total tract digestibility (g/kg) in ruminants.

Study Animals 1 Basal Diet 2 Algae Species
Doses Diet Composition 3 DMI

(kg/d) 4
Digestibility (g/kg) 3,4

g/kg
DM kg/d g/kg

BW CP EE NDF DM OM CP NDF

[7]

Finnish Ayrshire
lactating cows (112 +
21. 6 DIM; 36.2 + 3.77

kg/d MY; 652 + 79.5 kg
BW)

Grass silage and
concentrate.

(Forage = 50%)

Control 0 0 0 154 81.1 410 21.5 651 659 617 474
Arthrospira platensis 50.9 1.12 1.72 153 87.3 424 22.0 641 650 602 504

Chlorella vulgaris 64.6 1.35 2.07 154 92.4 409 20.9 650 661 609 491
C. vulgaris +

Nannochloropsis
gaditana5

75.5 1.63 2.50 150 88.0 421 21.6 651 661 606 516

ns ns ns ns ns

[36]
Holstein lactating cows
(163 + 9.2 DIM; 20.0 +
3.11 kg/d MY; 571 +

48.1 kg BW)

Alfalfa hay and
concentrate

(Forage = 75%)

Control 0 0 0 199 30.9 370 22.1
Schizochytrium

DHA-Gold 5.58 0.125 0.22 199 33.6 370 22.4

Schizochytrium
DHA-Gold 11.7 0.25 0.44 200 37.2 366 21.3

Schizochytrium
DHA-Gold 18.3 0.375 0.66 201 28.9 363 20.5

Linear
decrease

[34]

Holstein lactating cows
(57.7 + 49.4 DIM; 25.3 +
5.3 kg/d MY; 590 + 71

kg BW)

TMR corn
silage-based

(Forage = 50%)

Control 0 0 0 166 37.6 333 22 737 760 737 668

Prototheca moriformis 52.3 1.18 2.00 163 39.5 345 22.6 736 758 723 666
ns ns ns ns ns

[37]

Holstein lactating cows
(77 + 17 DIM; 44 + 1.9

kg/d MY; 654 + 42.4 kg
BW)

TMR corn
silage-based

(Forage = 55%)

Control 0 0 0 166 452 23.7
Schizochytrium

limacinum 2.15 0.05 0.076 170 455 23.3

Schizochytrium
limacinum 4.33 0.1 0.153 165 452 23.1

Schizochytrium
limacinum 6.44 0.15 0.229 164 460 23.3

ns

[38]
Holstein lactating cows

(22 + 0.5 kg/d MY)

TMR corn
silage-based

(Forage = 55%)

Control 0 0 0 163 419 22.1
Schizochytrium

limacinum 4.55 0.1 0.153 161 419 22

ns

[5]
Bos indicus steers (187 +

7.5 kg BW)

Speargrass (24 g
CP/kg DM, 695
g NDF/kg DM)
(Forage > 66%)

Control 0 0 0 24 20 695 2.35a 418ab
Arthrospira platensis 188.7 0.748 4 168 38.8 564 3.96c 455ab
Chlorella pyrenoidosa 258.2 0.879 4.7 186 52.5 497 3.40b 479b

Dunaliella salina 52.2 0.131 0.7 35.6 24.6 650 2.51a 412a
Cottonseed meal 279.1 1.12 6 172 26.5 537 4.02c 476b

[5]
Bos indicus steers (236

kg BW)

Speargrass (33 g
CP/kg DM, 689
g NDF/kg DM)
(Forage > 66%)

Control 0 0 0 33 20 689 2.35a 418ab
Arthrospira platensis 188.7 0.133 0.71

Quadratic
increase

Linear
in-

crease

Arthrospira platensis 258.2 0.264 1.41
Arthrospira platensis 52.2 0.529 2.83
Arthrospira platensis 279.1 0.79 4.23

[27]
Brahman-Shorthorn
cross steers (250.1 +

10.86 kg BW)

Mitchell grass
(38.1 g CP/kg

DM; 746 g
NDF/kg DM)
(Forage > 98%)

Control 0 0

Quadratic
increase

Quadratic increase
Arthrospira platensis 0.125 0.5
Arthrospira platensis 0.35 1.4
Arthrospira platensis 0.625 2.5
Arthrospira platensis 1.525 6.1

[40] Steers (292 + 22.4 kg
BW)

Wet corn gluten
feed +

Bromegrass hay
(Forage = 15%)

Control 0 0 0 177 21 467 7.19
Algae meal 150 1.14 0.44 164 27 450 7.57
Algae meal 300 2.53 0.99 150 36 433 8.42
Algae meal 450 3.98 1.56 136 43 416 8.85

Linear increase

[35]
Whiteface cross

wethers (23.0 + 0.54 kg
BW)

Grass hay and
concentrate

(Forage = 8%)

Control 0 0 0 120 35.9 484 1.31 727 736 602 655
Prototheca moriformis 100 0.114 4.96 122 41.7 442 1.14 721 729 589 613
Prototheca moriformis 200 0.254 11.0 121 37.3 389 1.27 703 710 580 536
Prototheca moriformis 300 0.36 15.7 120 40.8 323 1.2 684 691 572 390

ns L L L L

[35]
Whiteface cross

wethers (33.7 + 0.55 kg
BW)

Grass hay and
concentrate

(Forage = 10%)

Control 0 0 0 110 28.9 252 1.04 751 764 685 375
Prototheca moriformis 150 0.173 5.12 113 32.9 297 1.15 733 745 670 429
Prototheca moriformis 300 0.387 11.5 110 39.1 330 1.29 698 707 618 447
Prototheca moriformis 450 0.536 15.9 112 43.8 351 1.19 680 689 591 449
Prototheca moriformis 600 0.696 20.7 112 47.6 402 1.16 675 680 593 507

ns L L L L

Lowercase letters indicate significant differences between treatments (p < 0.05); 1 DIM = days in milk;
MY = milk yield; BW = body weight. 2 TMR = total mixed ratio; CP = crude protein; DM = dry matter;
NDF = neutral detergent fiber. 3 CP = crude protein; EE = ether extract; NDF = neutral detergent fiber; DM
= dry matter; OM = organic matter. 4 The effects of the treatments within a study are portrayed as ns = not
significant effect of the algae meal; L = linear effect of algae meal inclusion; superscripts for [5]; “Linear or
quadratic increase/decrease” = when a regression equation was reported in the study without specification of
treatment means. 5 Chlorella vulgaris and Nannochloropsis gaditana in a 1:1 ratio.

The only study with dairy cows reporting an effect of microalgae on dry matter intake
used Schizochytrium fed at 0.22, 0.44 and 0.66 g/kg BW to Holstein cattle and showed a
linear decrease in intake [36]. These authors did not discuss the decreased intake, however
Schizochytrium, the microalgae present in their supplement DHA Gold, is a source rich in
fat, which at high levels reduces intake. However, the ether extract of all diets in the study
did not vary significantly and remained in the normal ranges for dairy cows.

It is also important to note that the purpose of the addition of microalgae differed
between studies: Microalgae species had been included as source of polyunsaturated fatty
acids to modulate rumen fermentation [36–38]; added as a source of protein to replace
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soybean meal [7]; and Prototheca (crude protein = 77.9 g/kg dry matter) was added as energy
replacing corn [34]. The sample size of microalgae studies on intake and digestibility in
dairy cattle is small, and the ration ingredients were diverse between studies. It is therefore
difficult to ascertain the effect of microalgae supplementation on intake and digestibility in
dairy cows and more studies involving dose responses of different algae and ingredient
interactions are required. Nevertheless, providing dietary composition of rations for dairy
cows are not novel, microalgae can be included in the diet of dairy cows at inclusion levels
of 2.15 to 75.5 g/kg dry matter, without deleterious effects on intake.

Another five studies involving seven trials have been conducted with either growing
cattle or sheep. Costa et al. [5] fed Arthrospira platensis, Chlorella pyrenoidosa and Dunaliella
salina (4, 4.7 and 4 g/kg BW, equivalent to 35, 48 and 56 g/kg dry matter) as well as cot-
tonseed meal as a positive control. In this study Arthrospira and Chlorella supplementation
increased the dry matter intake of the basal diet which consisted of a low-quality tropical
grass Speargrass (Heteropogon contortus) hay. Only Arthrospira supplementation increased
dry matter intake to the extent of cottonseed meal supplementation. Dunaliella supplemen-
tation did not increase intake of the basal diet. In this study there were no differences in
dry matter digestibility between Arthrospira, Chlorella and cottonseed meal supplement
treatments, while Dunaliella showed a similar dry matter digestibility to the control diet.
A follow up response trial using either Arthrospira or cottonseed meal as supplements [5],
found an equivalent quadratic increase in intake with each supplement in steers fed a
basal diet of poor-quality hay. An identical linear increase in dry matter digestibility was
observed when either Arthrospira or the conventional cottonseed meal was supplemented.

The second trial in Costa et al. [5] confirmed previous research of Panjaitan et al. [27]
where Arthrospira was deposited directly in the rumen of fistulated steers fed a low-quality
hay. In this experiment there were quadratic increases in dry matter intake and dry matter
digestibility which was associated with an increase in the supply of rumen degradable
nitrogen that enhanced microbial activity. It was suggested that the main mode of action
of Arthrospira was the increase in the protein to energy ratio that led to a higher passage
rate in the rumen [27]. This higher passage rate promotes a higher dry matter intake,
increases microbial protein flow to the intestine, and likely reduces the maintenance energy
requirements of the rumen microbes [41]. When supplemented to steers fed a low-quality
basal forage, Arthrospira increased dry matter intake and digestibility in a similar fashion to
that of other conventional protein meals [5].

Another study with growing steers, fed a commercial microalga between 0.44 and
1.56 g/kg BW in a feedlot-type diet (forage to concentrate ratio of 15 to 85) [40]. Dry
matter intake linearly increased with increasing microalgae inclusion, but no changes were
observed for average daily gain, leading to a decreased feed conversion rate when algae
meal was fed. The authors hypothesized that supplement improved palatability, but an
increased passage rate may have led to a reduced nutrient utilization and, therefore, a lower
feed conversion efficiency. This is supported by an increase in dry matter disappearance
rate of microalgae when incubated in situ in the rumen of steers fed increasing algae levels
(from 0 to 45%). Another factor that could have contributed to the decreased average
daily gain was that the crude protein concentration significantly differed within the study
of Van Emon et al. [40] (ranging from 177 to 136 g/kg DM), which may have impaired
rumen fermentation and nutrients digestibility, leading to a reduced supply of nutrients
for absorption in the duodenum, hence, a lower supply of building blocks for growth.
Digestibility, however, was not reported in the latter study.

A study with feedlot diets for sheep reported no effects of Prototheca moriformis dietary
inclusion on dry matter intake, however a linear reduction of dry matter, organic matter and
crude protein digestibility were apparent [35]. Interestingly, both experiments in the latter
study found contrasting effects regarding neutral detergent fibre digestibility. In the first
experiment, where microalgae replaced soybean hulls, neutral detergent fibre digestibility
linearly decreased with increasing algae inclusion, but in the second experiment, where
microalgae replaced corn, neutral detergent fibre digestibility increased. As proposed by
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the authors, these differences relate to the nature of the fibre present in algae, which could
be more of soluble nature, but apparently with a digestibility ranking somewhere between
that of soybean hulls and corn. Further studies are required to better understand the nature
and degradability characteristics of fibre from microalgae.

In general, due to the limited number of studies evaluating the effects of microalgae on
dry matter intake and digestibility, as well as the differences in the experimental conditions,
e.g., diets, animals, and the microalgae being tested, it is difficult to define the extent of the
effects of microalgae supplementation. However, some microalgae can be safely included
in diets of dairy cattle, growing steers or sheep as a source of protein or energy without
any deleterious effects on intake and digestibility, as long as the basal diet composition
remains similar, and for levels of inclusion to be between 2.15 and 75.5 g/kg dry matter.
Interestingly, there is evidence that microalgae interact with diet ingredients and affects
neutral detergent fibre digestibility. For example, when substituting microalgae for corn,
neutral detergent fibre digestibility improves when the concentrate proportion is above
90%. It is known that high starch diets tend to decrease fibre degradation and therefore
adding microalgae could potentially increase fibre utilization in feedlot diets

4. Effects of Algae on Rumen Parameters
4.1. Volatile Fatty Acids

The volatile fatty acids acetic, butyric and propionic are the main short chain fatty
acids produced in ruminants through enteric fermentation. These acids are of paramount
importance for providing most of the ruminant’s energy supply. However, there is not
much information regarding the effects of algae supplementation on their production nor on
other short chain fatty acids and the links to microbial protein synthesis in vivo. A negative
relationship of Arthrospira supplementation level with butyrate proportion, and a positive
relationship with proportions of other branched-chain fatty acids has been reported in the
work of Panjaitan et al. [27]. Additionally, the latter authors found a quadratic relationship
between Arthrospira intake and propionate proportions. Subsequently, Costa et al. [5]
observed a positive relationship of total volatile fatty acids using the same microalgae.
Panjaitan et al. [27] found a positive linear relation of Arthrospira with molar proportions of
propionate and branched-chain fatty acid, and a negative relationship between Arthrospira
inclusion and acetate proportion. Interestingly, a quadratic relationship between Arthrospira
and branched-chain fatty acid reduced in proportion with increasing Arthrospira inclusion
in the work of Costa et al. [5]. In addition, in the latter work, no differences in total short
chain fatty acid concentration, or individual short chain fatty acid proportions between
Arthrospira and cottonseed meal when supplemented as sources of protein. It was also
found by these authors that Chlorella and Dunaliella both increased the acetate proportions
and decreased the branched-chain fatty acid proportions compared to cottonseed meal
inclusion. Conversely, Moate et al. [36] found no effects of microalgae inclusion in the
diet of dairy cows on total volatile fatty acids concentration or individual short chain fatty
acid proportions, except for a linear increase in butyrate with increasing algae inclusion.
Importantly, Costa et al. [5] and Panjaitan et al. [27] supplemented microalgae to a basal diet
of poor-quality grass, thus changing significantly the composition of the diet consumed,
whereas the rations tested in the study of Moate et al. [36] remained similar in composition.

Microbial protein synthesis and rumen ammonia-N both increase in a quadratic fash-
ion with increasing Arthrospira inclusion in the diet in Panjaitan et al. [27]. However, no
differences were found between Arthrospira, Chlorella and cottonseed meal in ammonia-N
concentration in the rumen nor in microbial protein synthesis between these true protein
sources in Costa et al. [5]. Despite this, in the feeding, it was observed a quadratic re-
sponse of ammonia-N and branched-chain fatty acid proportion to increasing inclusion of
Arthrospira in the diet in the latter study. Microalgae inclusion in the diet had no effect on
the pH of rumen fluid in cattle fed forage based diets [5,27,36].

It is a fact that more research is required to address the effect of microalgae on rumen
function. The current information available in the literature does not highlight any obvious
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negative effect on rumen function in cattle or sheep however, there is not sufficient infor-
mation to conclude on the possible effects of these algae on the rumen fermentation and
the supply of microbial protein post rumen in various feeding conditions and in different
ruminant species production systems.

4.2. Microbial Synthesis in the Rumen

Suitable conditions, such as absence of oxygen, relatively constant pH, appropriate
nutrients, and the absence of growth-preventing inhibitors, facilitate microbial growth
in the rumen environment [42]. The main nutrients required for the growth of microbes
are fermentable carbohydrates, as source of energy, and N. The energy required for their
growth comes from structural or non-structural carbohydrates, depending on diet type.
Protein can be also used as energy, but it is usually the most expensive ingredient of the
diet [43]. Other nutrients are also required by rumen microbes, such as minerals, e.g., sulfur,
phosphorus and magnesium [44] and vitamins [45]. Insufficient amounts of nutrients result
in a lower efficiency of microbial protein synthesis in the rumen. Microalgae, besides
being a source of both N and energy, are a potential source of these other nutrients for
microbes. In addition, Costa et al. [5] indicated that both Arthrospira and Chlorella were
high in phosphorus, often a limiting nutrient in grazing systems across the globe. The most
important nutrient supplied by these single-cell microorganisms is likely to be N released
on the degradation of algae protein. The extent of degradation of the microalgae within the
rumen is not fully known but the lysis and fermentation of microalgae within the rumen
may be presumed to follow the normal fermentative process outlined below. A higher
efficiency of microbial protein synthesis in steers fed a low protein basal diet supplemented
with Arthrospira compared to the equivalent rumen degradable N intake supplied by a
non-protein N source, i.e., urea, was attributed to the package of nutrients supplied by the
microalgae [27]. Despite a higher branched-chain amino acid content in Arthrospira, which
theoretically could benefit the growth of some bacterial species in the rumen, this microalga
achieved the same efficiency of microbial protein synthesis values observed for cottonseed
meal, a by-product traditionally used as protein supplement for ruminant animals [5].

Microbial protein can provide all the amino acids (AA) required by the host animal,
i.e., ruminant animal, but some microbes are able to use pre formed AAs. A spray-dried
Arthrospira from two different sources had 333 and 361 g/kg of their protein composed
of essential AAs [46]. A more recent study reported total AA concentration ranging from
855 to 930 g/kg CP for Arthrospira, Chlorella and Nanochloropsis, including 416 to 464 g/kg
CP of essential AA [7]. Therefore, microalgae have the potential also to provide dietary
AA for absorption by the animal but the nutritional value will remain contingent on the
proportion of this protein that remains undegraded in the rumen (RUP). In this regard,
a recent study reported the 48 h in vitro RUP of four species of microalgae: Arthrospira
(n = 2), Chlorella (n = 7), Nannochloropsis (n = 7), and Phaeodactylum (n = 2) [47]. The RUP
ranged between 40 and 61% of RUP of the total protein in non-cell disrupted microalgae,
with the highest rumen undegradable protein being found for Nannochloropsis and the
lowest for Arthrospira [47]. These results are in agreement with Costa et al. [5], who found
that algal protein has a higher resistance to degradation in the rumen compared to soybean.
Importantly, the in vitro intestinal digestibility of the rumen undegradable protein ranged
between 270 and 430 g/kg RUP [47], significantly lower than the intestinal digestibility
for soybean meal (between 700 and 880 g/kg RUP) and rapeseed meal (between 500 and
820 g/kg RUP) [48]. If the results of these in vitro studies are replicated in vivo, the supply
of dietary AA from microalgae would be of a lesser quantity compared to other protein
supplements. However, in vitro study results do not necessarily reflect the in vivo rumen
degradability of protein and therefore, the subsequent intestinal utilization of the resulting
RUP becomes a critical area that deserves further attention.

Moreover, the combination of protein and the resulting branched-chain amino acids
and branched-chain fatty acids, minerals, and vitamins within microalgae contribute as a
source of nutrients to microbes and potentially directly to the host. In the work of Panjaitan
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et al. [27] Arthrospira platensis was fed to animals offered a basal diet of low-quality hay, i.e.,
3.8% protein, ad libitum. This resulted in a higher efficiency of microbial protein synthesis
than animals fed urea, a non-protein N source, with the same basal diet. This indicates that
specific nutrients, not just N, influenced rumen microbe activity allowing them to reach
microbial protein synthesis up to 550 g/d and efficiency of microbial protein synthesis of
179 g microbial protein/kg digestible organic matter, similar to those parameters reported
for cattle grazing temperate grasses [49]. The exclusive use of a non-protein N source
results in microbial protein synthesis of approximately 130 g/kg of digestible organic
matter [50]. The nutritional attributes of this microalgae with respect to the efficiency
of microbial protein synthesis and aspects of its protein degradation in the rumen, need
to be further evaluated to better understand the mechanisms by which these microalgae
stimulate microbial activity and increase microbial efficiency.

5. Fatty Acid Composition

Lipids sources in the form of fats and oils often depress fibre digestion when present
at high concentrations in the diet. This must be accounted for when considering the use
of algae since they can be rich sources of lipids, with the most diverse fatty acids profiles.
Numerous health benefits can be attributed to specific long chain polyunsaturated fatty
acids when present in human diets [51–53]. Algae are good sources of polyunsaturated
fatty acids such as linoleic and linolenic, both essential for life of all mammals, but they vary
in content and composition. When fed as a supplement to animals, algae may alter the fatty
acids composition of meat [4,54]. Costa et al. [12] examined the FA profile in the rumen
fluid of cattle fed three microalgae species and found that Chlorella pyrenoidosa increased
polyunsaturated fatty acids concentration in the rumen fluid of fistulated steers, which
if transferred to meat, could have health related benefits to consumers. When feeding
unsaturated fatty acids to ruminants, the fatty acids profile encountered in the meat will
be different to the one present in the diet because of the biohydrogenation process in
the rumen [55]. Although some polyunsaturated fatty acids, such as C20:5 n-3, EPA and
C22:6 n-3, DHA can escape rumen biohydrogenation [54]. Microalgae that are rich in
longer chain polyunsaturated fatty acids with 20 and 22 Cs, include Schizochytrium [56,57],
and Crypthecodinium cohnii [29,58,59]. For humans these long chain polyunsaturated fatty
acids are physiologically important, helping retinal and cortical development during early
life [52,53]. Pickard et al. [29] fed a marine alga rich in DHA (C 22:6n-3) to pregnant ewes
in the final weeks of gestation, i.e., 10 to 6 weeks prior to birth, and reported that lambs
from these ewes stood significantly sooner after birth demonstrating an improved vigour
compared to the control treatment.

Long chain polyunsaturated fatty acids are derived from linoleic (C18:2n-6) and
alpha-linolenic (C18:3n-3) acids by enzymatic desaturation and chain elongation and
cannot be synthesized in the body [53]. The polyunsaturated fatty acids, linoleic (C18:2n-6)
and alpha-linolenic (C 18:3n-3) are present in the lipids of microalgae, e.g., Arthrospira.
However, if these sources reach the rumen they are exposed to transformation by microbial
enzymes leading to formation of other free fatty acids, such as C18:3n-3 converted to stearic
acid, C18:0, or C18:2n-6, often incompletely biohydrogenated, converting into C18:0 and
monounsaturated isomers [54].

The longer chain length of C20:5n-3 and C22:6n-3 present in fish oil and some other
algae, such as the marine microalgae Dunaliella and Schizochytrium potentially is the reason
for their low rumen biohydrogenation [60]. However, the main fatty acids of Arthrospira are
the already saturated palmitic acid 16:0 and the polyunsaturated fatty acids C18:1, C18:2
and C18:3 that would be completely hydrogenated to stearic and monoenoic acids in the
rumen [61], most likely why Costa et al. [12] did not observe polyunsaturated fatty acids
increments with inclusion of this microalgae.

Dairy and beef are the major sources of conjugated linoleic acid for humans and
there are various isomers resulting from rumen biohydrogenation, e.g., cis9, trans11, or
trans10, cis12) [55]. Sehat et al. [62] found rumenic acid, i.e., cis9, trans11, to be the pre-
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dominant isomer (78 to 84%) present in cheese products; however other isomers of con-
jugated linoleic acid were also identified in small percentages. A portion of these conju-
gated linoleic acids escape from the rumen and affect lipid metabolism in the mammary
gland [55], subcutaneous and intramuscular fat [63]. More importantly, the trans10 cis12
isomer of conjugated linoleic acid can markedly inhibit fat synthesis in all three tissue
types [55,63]. The extent of formation of these inhibitory isomers within the rumen of rumi-
nants supplemented with algae is not well known. More importantly, none of microalgae
led to the formation of conjugated linoleic acid isomers known to inhibit fat synthesis [12].

Another issue is that dietary fatty acids of the n-3 family could potentially delay
parturition in sheep [64]. Although, Staples et al. [65] suggested an increase in fertility
due to effects of linoleic acid and other longer chain fatty acids on the pituitary, ovaries
and uterus, rather than from a higher energy status. Nonetheless, algal supplementation
improved lamb vigour at birth as a result of the long chain polyunsaturated fatty acids
in the algal species Crypthecodinium [29]. It is important to highlight that the fatty acids
composition of microalgae varies with species and the types of fatty acids have variable
effects in which the long chain polyunsaturated fatty acids and n-3 forms are generally
associated with positive effects on ruminant production, e.g., newborn vigour, and fatty
acids profile of the fat deposited. In addition, no major effects are expected on rumen
function from the basal diet in grazing systems [66] nor from the addition of small quantities
of lipids to the diet [67,68]. Although, for more substantial inclusions, i.e., above 6% dry
matter, fibre degradation can be negatively affected. It is anticipated that further in vivo
studies are required to draw more realistic conclusions about algae as a feedstuff for
ruminants on this regard.

6. Algae as Enteric Methane Mitigators

Another important parameter associated with the feeding of algae to ruminant animals
is the influence on enteric methane emissions. Methane synthesis in the rumen is directly
related to the presence of methanogens but also linked to the efficiency of energy utilization
which is interrelated with the methanogenic pathway. Methane emissions from livestock
account for a considerable proportion of greenhouse gas emissions in the agricultural sector
and it is therefore a relevant parameter to study when investigating the potential use of a
feedstuff for ruminants. Recently, McCauley et al. [69] reviewed the use of algal-derived
feed additives and their influence on enteric methanogenesis in ruminant animals. One of
the genera highlighted by the latter authors includes the macroalgae Asparagopsis. These
red seaweeds contain bioactive compounds, with special emphasis on bromoform that
directly affects methanogenesis. Bromoform is a halogenated analogue of methane that
inhibits enzymatic activity of methyltransferase by reacting with the reduced vitamin
B12 cofactor [70]. The latter enzyme is required in methane formation, directly affecting
enteric methane emissions. In contrast, the single-cell microalgae species with potential
as methane mitigators, such as Schizochytrium are high in polyunsaturated fatty acids
which work as a H sink, competing with methane formation pathways [3]. Despite being
very promising in suppressing methane emissions, production of these algae currently
inhibits price competitiveness with other supplements, unless there is value added to
beef or milk produced under low emission schemes. Furthermore, as highlighted in a
recent meta-analysis evaluating the use of Asparagopsis, there was marked heterogeneity in
the results of methane reductions [71]. The latter authors found differences in responses
which were evident for the red seaweed at the species level. These authors concluded
that while there were practical applications to reduce methane emissions, more in vivo
experiments are required to strengthen the evidence and to evaluate potential risks for
the use of the different seaweed. Both Asparagopsis taxiformis and Asparagopsis armata
have shown to be effective in reducing methane but they contrast in efficacy most likely
because of the concentration of bromoform in those species. For example, the concentration
of bromoform in A. armata was 1.32 mg/g in the work of Roque et al. [6] compared to
6.55 mg/g in A. taxiformis in Kinley et al. [20]. Roque et al. [6] observed a reduction of
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67.2% at an inclusion rate of 18.3 g/kg dry matter in lactating dairy cows whilst Kinley
et al. [20] reported reductions of enteric CH4 production of up to 98% at a much lower
inclusion, i.e., 3.26 g/kg dry matter, in beef cattle fed a high grain diet. Recently, Glasson
et al. [72] discussed some of the benefits and risks involved in the feeding of Asparagopsis
for the reduction of methane production from ruminants, including the effects it might
have on atmospheric chemistry. Compounds recognized as ozone-depleting substances are
listed in annexes of the Montreal Protocol and whilst compounds such as methyl bromide
and bromochloromethane are listed there, bromoform is not listed as an ozone depleting
compound as such. Bromoform itself is classified as a very short-lived substance and
therefore has a relatively low ozone depletion potential overall. Bromoform is released
slowly during the natural life cycle of algae and during their senescence and decay. It
is during this natural transport of volatilized bromoform through the ozone that it will
react with radicals and hence undergoes photolysis, which results in the production of
water-soluble reactive product gases and inorganic bromine. It is these latter products
that contribute to the decomposition of the ozone layer and that are the ozone depleting
substances, rather than the compound bromoform itself, and hence why not bromoform,
but these other reactive compounds. In the recent work of Glasson et al. [72], the authors
concluded that large scale production and use of this red algae as ruminant feed would not
negatively impact animal health, food quality, nor cause ozone depletion.

From the few in vivo studies with cattle focusing on microalgae species, only one
peer reviewed article and a report presented results on methane emissions [36,73]. Moate
et al. [36] reported no effect on methane in g/d, but a linear increase in g/kg dry matter
intake with increasing levels of Schizochytrium in DHA-Gold; whilst Klieve et al. [73]
indicated reductions on methane emissions on a liveweight and dry matter intake basis by
around 22% and 19.4%, respectively. Although, these authors did not clarify which algae
species composed the commercial product Algamac. In summary, the interest of studying
methane production when feeding microalgae has developed from in vitro studies [74–
76] which reported reductions in methane concentration in the gas produced from those
fermentations. However, in vitro studies utilize only a known amount of feedstuff and
therefore do not take into account feed intake, passage rate and average daily gain. To
our knowledge, in contrast to recent work done with the marine macroalgae Asparagopsis,
evidence supporting meaningful enteric methane reductions in vivo using microalgae
species is lacking.

7. On-Farm or On-Site Production of Algae Species

Algae production through mariculture remains a challenge for some species and
may limit their distribution to farms located near coastal areas. For example, complex
life histories associated with the red algae Asparagopsis were restricting the large-scale
commercial farming, although significant research funding for this genus has led to recent
research breakthroughs with life stage transitioning triggers. Whereas most macroalgae
are readily harvested using straightforward and less expensive mechanical methods, it
is far more energy intensive to harvest single-cell species that are less than 5 µm in di-
ameter at a concentration of often no greater than 0.5 g/L [77]. The single-cell species
are normally so dispersed in nature that they can only be seen when optimal growing
conditions generate the blooming of a very dense population of cells. Though formation of
blooms is unpredictable under natural conditions [78], controlled cultivations systems (e.g.,
photobioreactors; open raceway ponds) optimize light, nutrient, temperature conditions
to achieve a continual state of bloom [79]. This approach maximizes biomass yield by
harvesting microalgae during a continuous exponential growth phase. More control over
production variables such as temperature, or the addition of nutrients into the aquaculture
system allows greater uniformity of composition of the algae being produced. Some of
the most important commercially produced microalgae are the freshwater Arthrospira and
Chlorella [80]. They can all grow on open systems with relatively no contamination by
other microorganisms [81]. This is a very important consideration, since harmful algal
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blooms could potentially compromise the health of animals [82] and affect the microbial
community in the water supply [83]. The production of microalgae on-farm could be an
important source of protein for cattle especially during the drier months of the year when
energy and protein are limiting. Arthrospira has been harvested from its natural habitats,
such as Lake Texcoco in Mexico and Lake Chad in Central Africa for centuries [46], hence
why it was selected for early studies on the potential use of microalgae as a protein source
for cattle [5,26,27]. In the work of Costa et al. [5] the freshwater microalga Arthrospira
was successfully fed to cattle with positive outcomes in liveweight gain, but the authors
highlighted the need to devise harvesting methods suitable for those extensive and remote
locations that do not require constant maintenance nor high labour input. Beef cattle
production systems in northern Australia are predominantly represented by animals raised
in extensive grazing systems [84]. Geographical remoteness, large property sizes, and other
characteristics of the production systems impose several management challenges on pro-
ducers [85]. Access to protein-rich supplements and distributing these to livestock grazing
tropical grasses with a low protein content presents a challenge within these systems. With
this context in mind, microalgae such as Arthrospira, Chlorella, and Nannochloropsis species
appear to be the most suitable species for cultivation as protein supplements in situ on
remote cattle properties.

A more opportunistic use of microalgae produced in the semi-arid regions near ex-
tensive grazing systems for production of red meat could be linked to recovery and im-
provement in water quality of pit and recycled mine waters. The main objective of the use
of waste water from mines is to avoid having to rely on the scarcely available fresh water
within a semi-arid context. The risk, however, is that microalgae adsorb contaminants that
could end up in the food chain if fed to ruminants. Therefore, careful attention must be
given before use as animal feed since microalgae have the potential to accumulate toxic
metals [86]. As previously indicated, these organisms can work as biofilters removing both
nutrients and contaminants [9]. Despite this, these organisms could not only be used as
feedstuffs but also as organic fertilizers [87] with considerations to avoid accumulation of
contaminants into the areas where they are applied. For these options to become reality,
a few key elements must be in place which include the production and harvest methods,
delivery mechanisms and adequate technical support for producers adopting the technol-
ogy. In Figure 1, two hypothetical options illustrate the ideas for the use of microalgae as
by-products from mine waste water recovery and from on-farm production, where in both
the delivered to animals would occur via water systems. It is important to note that the
microalgae being produced could either occur on raceway ponds or covered systems, the
latter aiming to prevent evaporation.

The main advantage of on-farm production and feeding systems devised on-site is that
less-intensive post-harvest technologies would be required and the issues of shelf-life and
stability of bioactive compounds would be minimized, considerably decreasing require-
ment for freeze-drying or new alternative methods of processing such as oil immersions to
deliver bioactive compounds [88]. The final algae mix is then offered to animals in existing
infrastructure such as water troughs.
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8. Challenges with Algae

Macro- and microalgae produce different biologically active compounds. A number
of those compounds can result in anti-nutritive and occasionally even more profound
detrimental effects. There are specific algae toxins, such as domoic acid [89,90] that could
result in serious health problems. Other components, such as high iodine concentration was
found in some macroalgae [91] that could be toxic if consumed in excess by livestock. Iodine
should not be in amounts greater than 8 mg I/kg DM of total diet [92]. These compounds
may be beneficial in some circumstances, but if present in excess they may be detrimental
to the rumen microorganisms and/or the animal. Recent literature around the use of
macroalgae Asparagopsis show great promise because of their effect in enteric methane
emissions but they highlight the need to evaluate and understand the consequences of
bromoform or other halogens transferring into meat or milk. Muizelaar et al. [93] did not
detect the accumulation of bromoform in animal tissue but the compound was excreted
in urine and milk of dairy cows. The latter is a concern and needs attention soon prior to
large scale commercialisation already taking place.

Freshwater toxic algae have been reported in over 45 countries [94] including Australia,
e.g., Cylindrospermopsis raciborskii [95]. Through skin contact and ingestion, these toxins can
result in many forms of human illness [96]. Therefore, one of the important issues when
devising a way of feeding algae on-farm is to closely monitor any potential health issues
when feeding animals. Generally, the fresh algae Arthrospira has low contamination by
other algae and protozoa in open-air cultures [97].

The high nucleic acid content of rapidly growing microorganisms such as microalgae
represents a limitation for its use in humans and other monogastrics, due to possible
hyperuricemia (presence of high levels of uric acid in the blood) [98]. Ruminants overcome
this, as the microbes in their rumen can utilize these nucleic acids. Nucleic acids are
totally degraded in the rumen by extracellular bacterial nucleases and then captured and
metabolized by ruminal microbes [99].

9. Final Considerations

The demand for food and feed is increasing and will so for the foreseeable future. The
need to sustain animal production by making a more efficient use of available resources
is a major challenge that animal scientists face to prevent the further degradation of land
resources. The production of microalgae in close proximity to grazing ruminants and its
utilization as feed represents an important opportunity to produce high quality biomass
without utilizing arable land. These microalgae exist in a range of environments, and
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selection and production of naturally occurring, regionally adapted species may be a
more robust approach than the production of introduced species. There is a diversity
of microalgae species that have been utilized in ruminant diets, and depending on their
nature, they could be added to the diets as sources of protein, energy (in the form of fat or
in the form of carbohydrates) or other nutrients (e.g., minerals, essential fatty acids) that
can enhance the nutritional and health status of the animals and consumers consuming
their meat or milk products.

Despite the small number of studies available, the evidence suggests potential for
microalgae to be successfully included in the diets of ruminants. When incorporated in the
diet without significant changes in the ration’s nutrients composition, microalgae can be
added without substantial changes in intake or digestibility. When supplied as a source of
dietary protein, microalgae had similar effects on rumen function and animal liveweight
gain to conventional protein sources and better responses than non-protein nitrogen sup-
plements. Microalgae supplementation may reduce the digestibility of nutrients in the diet,
particularly at high levels of inclusion, an aspect worthy of further attention. Moreover,
some evidence suggests a low intestinal digestibility of rumen undegradable protein with
microalgae meal, which is a potentially detrimental feature of these supplements if the
protein is lost in faeces. Importantly, not all species appear to cause identical responses on
the animal, and their effects are largely related to their nutrient composition.
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