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There is growing interest in the production of microalgae-based, high-value by-products as an
emerging green biotechnology. However, a cultivation platform for Oocystis sp. has yet to be
established. We therefore examined the effects of bacterial culture additions on the growth and
production of valuable compounds of the microalgal strain Oocystis sp. KNUA044, isolated from a
locally adapted region in Korea. The strain grew only in the presence of a clear supernatant of
Sphingomonas sp. KNU100 culture solution and generated 28.57 mg/l/d of biomass productivity.
Protein content (43.9 wt%) was approximately two-fold higher than carbohydrate content
(29.4 wt%) and lipid content (13.9 wt%). Oocystis sp. KNUA044 produced the monosaccharide fucose
(33 μg/mg and 0.94 mg/l/d), reported here for the first time. Fatty acid profiling showed high
accumulation (over 60%) of polyunsaturated fatty acids (PUFAs) compared to saturated (29.4%) and
monounsaturated fatty acids (9.9%) under the same culture conditions. Of these PUFAs, the algal
strain produced the highest concentration of linolenic acid (C18:3 ω3; 40.2%) in the omega–3 family
and generated eicosapentaenoic acid (C20:5 ω3; 6.0%), also known as EPA. Based on these results,
we suggest that the application of Sphingomonas sp. KNU100 for strain-dependent cultivation of
Oocystis sp. KNUA044 holds future promise as a bioprocess capable of increasing algal biomass and
high-value bioactive by-products, including fucose and PUFAs such as linolenic acid and EPA.
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Microalgae, photosynthetic organisms that capture carbon dioxide, can produce various antioxidants and
pigments, such as carotenoids, vitamins, carbohydrates, lipids (including polyunsaturated fatty acids), and
proteins (including the essential amino acids methionine, threonine, and tryptophan) [1-3]. They have a wide
range of applications in the biofuel, food, feed, agriculture, cosmetics, and pharmaceutical industries [1-3].
Microalgae are useful in aquaculture as a source of biomolecules and biomass that can improve the nutritional
value of food or provide additional health benefits [4]. Particularly, for food, aquaculture, and healthcare
applications, it is important to select and use microalgal species and strains that will enhance the production of the
desired compounds [5]. It is therefore necessary to explore a wider and more diverse pool of microalgae strains [5].
Moreover, for economical production, it is desirable to derive multiple products such as lipids and high valueadded by-products from the same biomass in one growth cycle [6]. Furthermore, optimizing culture conditions by
selecting organisms that can overcome limitations imposed by ambient conditions and selecting strains with high
lipid and protein content can also lower the unit cost for microalgae-based industries such as biofuels and food
[2, 6, 7].
Oocystaceae is a monophyletic family in the class Trebouxiophyceae, phylum Chlorophyta, which can be
identified by the ultrastructure of its cell wall at the molecular level [8-10]. However, the morphology of genera
and species in this family remains unclear [8-10]. Oocystaceae, especially genus Oocystis, are generally considered
common freshwater coccal microalgae with a distinctive morphology of oval or fusiform cells, usually persisting
within several layers of a mother cell wall for a long time [10, 11]. This family is widely considered distinct, with a
characteristic cell wall substructure consisting of parallel cellulose fibrils arranged in layers in perpendicular
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orientations [10-12]. Furthermore, phylogenic studies have shown that the family Oocystaceae is an independent
lineage within Trebouxiophyceae and is closely related to the Chlorellaceae [10, 12]. Currently, there are up to 268
species in the family Oocystaceae listed in AlgaeBase (http://www.algaebase.org) [10, 12]. Whether these species
are taxonomically uniform remains unclear [12]. Additionally, Oocystis lacustris and Oocystis parva are widely
adapted species. While Oocystis species are mostly freshwater green algae of the family Oocystaceae [13], they are
considered a challenging genus with respect to the presence or absence of pyrenoids, and the biological properties
of Oocystis spp. are very location dependent [14]. For instance, Oocystis borgei, a green microalga and common
dominant species in subtropical prawn ponds, exhibits a stable population size and strong adaptability to
environmental stress conditions [11, 15]. It performs urea-based nitrogen removal in aquaculture wastewater [11,
15]. The freshwater green alga Oocystis solitaria has been studied for its potential to remove lithium ions from
aqueous solutions [16]. However, there is little information on the establishment of culture conditions for Oocystis
species and the production of lipids and high value-added metabolites [16]. In addition, a model that describes the
relationship between bacteria and Oocystis spp. has not yet been developed.
Microalgae are recognized as promising producers of many bioactive products [17]. Of these bioactive
compounds, fucose is a useful rare sugar with high economic potential in the pharmaceutical and cosmetic
industries because of its anti-cancer, anti-oxidative, anti-inflammatory, anti-hypertensive, and anti-aging
activities [18-20]. It is produced through a chemical synthesis process in which other monosaccharides serve as
raw materials for its generation [18-20]. In addition, microbial or enzymatic biosynthesis could be another
approach for fucose production [21, 22]. The other processes without a biosynthesis step are mostly based on the
concept of recovering fucose from the hydrolysate of polysaccharide-containing biomass [5, 23]. As noted, most
studies on fucose production have been based on seaweed [23, 24]. However, producing fucose from algae is not
yet cost effective enough to compete with other biosynthetic strategies [23].
Eicosapentaenoic acid (EPA; 20:5n-3) is known to be an ω-3 polyunsaturated fatty acid and is considered a
potential source of this important compound [25]. EPA performs many vital functions in biological membranes
and serves as a precursor of a variety of lipid regulators in cellular metabolism [26]. As a result, EPA can play a
critical role in regulating biological functions and in the prevention and treatment of human diseases such as heart
disease, hypertension, and inflammation [27, 28]. EPA has been found in a wide variety of microalgae, including
diatoms, which contain large quantities of high-quality EPA [26]. In contrast to the large number of known EPAcontaining microalgae, only a few microalgal species have exhibited applicable production potential [17, 25]. This
has resulted in low algal biomass (or low cell density) following the low specific growth rate of microalgae grown
under traditional cultivation conditions [1, 18].
Numerous strategies have been reported for economically mass producing high-value products such as EPA or
fucose based on microalgae [1]. These include isolation of high EPA- or fucose-yielding microalgal strains,
development of strains by genetic engineering methods such as genome editing and foreign introduction,
improvement of optimized culture conditions, and establishment of cost-effective cultivation systems [1, 28, 29].
Economically achieving any of these approaches should be preceded however by screening for an excellent single
strain [6, 30]. Producing EPA and fucose by a single species would substantially reduce costs and lead to industrial
microalgal production of these two high-value bioactive molecules [31].
The development of an economically practicable access to microalgae production is very important, but
requires a thorough understanding of microalgal physiology [32]. Previously, it has been shown that the
production of desirable metabolites increases following changes to microalgal culture conditions, particularly
nutrient supply [33]. However, maximum biomass productivity and concentration of target products are usually
inversely proportional under identical cultivation conditions [34, 35]. Recent studies have demonstrated an
increasing interest in the interactions between microalgae and other microorganisms [36]. Greater insight into
the modulation of such interactions (naturally present in their growth medium or added), especially involving
bacteria, should be useful for promoting the algal biomass production of high-value bioactive metabolites [37].
Little attention has been paid to the controlled use of microalgae-bacteria consortia [37]. However, reports on
microalgal-bacterial interplay have highlighted the key roles of mutualism, commensalism, and parasitism in
algal growth [38]. Some of these interactions can be found among different microorganism species, while others
are strictly species specific [39]. For instance, algal growth has been shown to be enhanced by bacterial growthpromoting factors such as indole-3-acetic acid [40]. Vitamin B12 production in algal cultures and bacterial
siderophores is also involved in the increase of activated microalgal growth [40-41]. Increases in the intracellular
levels of carbohydrates, lipids, proteins, and pigments of microalgae coupled with algal growth enhancers have
also been reported [41]. For instance, when the green alga Chlorella vulgaris was co-cultured with four growthpromoting bacteria (Flavobacterium, Hypomonas, Rhizobium, and Sphingomonas) in a factitious microalgaebacterial consortium, the final concentration of algal cell biomass and lipid content increased [42]. In this sense,
economical algal production might occur in the presence of bacteria, and microalgae-bacterial interactions could
aid in producing high-value algal by-products [43].
The consortia formed by Oocystis sp. and Sphingomonas sp. has also been mostly unnoticed [43]. Hence, in this
study we aimed to investigate the impact of this microalgae (Oocystis sp.)-microoganism (Sphingomonas sp.)
interaction on the production of high-value compounds. In brief, we investigated the possibility of EPA and fucose
production following the establishment of culture conditions in a new freshwater microalgal strain, Oocystis sp.
KNUA044, but did not maximize the productivity of these molecules through optimized culture conditions.
Based on this, we tested the effects of Sphingomonas sp. KNU100-dependent culture strategies for the production
and accumulation of EPA and fucose by Oocystis sp. KNUA044. We analyzed the content and fatty acid
compositions of these two high-value by-products, particularly linolenic acid (C18:3 ω3), as well as the biodiesel
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quality from the microalgal biomass, and evaluated whether multiple high-value products could be obtained from
a single microalgal species by introducing a microalgae-bacteria interaction mode for algal biotechnological
applications.

Material and Methods
Isolation and Identification of Microalga Oocystis sp. KNUA044 and Bacterium Sphingomonas sp. KNU100
Freshwater samples were collected at the Chilgok Agricultural Technology Center (36° 02′ 18.91′′N, 128° 22′
57.71′′E) in Korea. To isolate the microalgae, 1 ml of freshwater was inoculated into 100 ml of BG–11 medium
containing chloramphenicol (30 μg/ml) and ampicillin (100 μg/ml) to prevent bacterial richness and prepare for
the growth of an axenic algal cell culture. The inoculated sample was incubated at 25°C with shaking at 160 rpm in
a light:dark cycle (16:8 h). Then, the resulting microalgal cells were centrifuged and streaked onto BG-11 agar
medium supplemented with the same antibiotics. A single microalgal colony was transferred to R2A agar medium
until a pure culture was obtained. For morphological analysis, cultured microalgae cells were visualized at 400×
magnification using a light microscope (ZEISS Axio Imager A2; Carl Zeiss, Germany). For molecular
identification, genomic DNA was isolated from freshly cultured microalgal cells and amplified using PCR, with
each primer set of 18S ribosomal DNA and internal transcribed spacers (ITS), as reported previously [45, 46].
Each PCR amplicon was ligated to pGEM Easy Vector (Promega, USA) and transformed into Escherichia coli
DH5α. The resulting plasmid DNA was sequenced and identified using the NCBI BLAST tool. A phylogenetic tree
was constructed using maximum likelihood (ML) with 1,000 bootstrap replicates [44].
For identification of prokaryotic organisms, bacteria combined with the isolated microalgal strain were picked
and cultured for 24 h at 25°C with shaking (180 rpm) in BD Difco R2A broth medium (Thermo Fisher Scientific,
USA) containing G418 (geneticin; 400 μg/ml). The cultured solution was diluted with R2A broth medium and
spread onto the same R2A medium plus 1.5% agar. Genomic DNA was isolated from bacterial cells grown in R2A
broth medium containing a single colony. The PCR amplicon was ligated and sequenced using a commercial
primer set of 16S rDNA. Species identification was performed using the NCBI BLAST tool [45, 46].
Culture Conditions for the Sphingomonas sp. KNU100–Dependent Oocystis sp. KNUA044 Strain
First, to identify the culture medium, algal strains were cultured on various media including BG–11 [47], R2A
broth [48], BBM [49], and OHM [50] in 250 ml flasks. Based on these results, subsequent experiments were
performed as follows: The isolated algal strain was cultured in a commercial BG–11 solution (Sigma Aldrich,
USA) containing a clear supernatant of Sphingomonas sp. KNU100 strain culture solution for a specified time (i.e.,
12, 24, 36, and 48 h) at 25°C in R2A medium. To completely remove the bacteria, the cultured solution was
centrifuged at 8,000 ×g for 20 min at 25°C, and then the clear supernatant was filtered through a Corning syringe
filter (0.22 μm pore size; Corning Inc., USA). For photoautotrophic cultivation, the algal strain was inoculated
into a mixed solution containing 2 ml of BG–11 solution (adjusted to 1×) and 98 ml of a clear supernatant of
bacterium solution, and cultured at 25°C with shaking (150 rpm) under a light:dark cycle (16:8 h) and light
intensity (approximately 70–100 μmol/m2/s). Optical density was measured at 680 nm using a spectrophotometer
(2120 UV; Mecasys, Korea). Algal cells were counted every 2 days using a light microscope (ZEISS Axio Imager
A2; Carl Zeiss) at 400× magnification with a Neubauer-improved cell counting chamber according to the
manufacturer´s instructions (Paul Marienfeld GmbH & Co. KG, Germany).
Determination of Total Carbohydrates in Algal Biomass
Carbohydrates were determined by using phenol-sulfuric acid as reported previously [51]. Freeze-dried algal
biomass (10 mg) was reconstituted in water (10 ml) to prepare a known sample concentration for each sample
(1 mg/ml). Aliquots (1 ml) were reacted with 3 ml of sulfuric acid (72 wt%) and 1 ml phenol (5%, w/v) in a boiling
water bath. The mixtures were incubated for 5 min at 90°C and cooled at room temperature. The absorbance was
measured at 490 nm using a spectrophotometer. Total carbohydrate content was calculated from a standard curve
based on glucose. Next, monosaccharide quantification from polysaccharide in carbohydrates was determined
according to a reduced-scale hydrolysis procedure, based on the NREL Laboratory Analytical Procedure [52]. In
brief, approximately 50 mg of lyophilized algal biomass was subjected to two-stage sulfuric acid hydrolysis (1 h at
30°C in 72 wt% sulfuric acid, followed by 1 h at 121°C in 4 wt% sulfuric acid in an autoclave). After hydrolysis, the
acid-insoluble residue was separated from the hydrolysate using ceramic filtering crucibles. Soluble
carbohydrates (glucose, galactose, fucose, mannitol, and sorbitol) were determined by high-performance liquid
chromatography with refractive index detection (HPLC-RID).
Determination of Total Lipid Content and Fatty Acid Composition in Algal Biomass
Freeze-dried samples of microalgae biomass (10 mg) were suspended in 1 ml distilled water. Aliquots (100 μl) of
the suspended solution were reacted with 2 ml of sulfuric acid (98%), heated for 10 min at 100°C in a water bath,
and cooled for 5 min in an ice bath. Next, 5 ml of freshly prepared phosphor-vanillin reagent was added, and the
sample was incubated for 15 min at 37°C with shaking (200 rpm). Absorbance was measured at 530 nm to quantify
the lipid within the sample. Lipid content was calculated using a commercial canola oil-based (final concentration
of 2 mg/ml) standard curve. The standard lipid stock was prepared using a commercial canola oil at 20 mg in 10 ml
chloroform [53].
For fatty acid composition, approximately 30 mg of lyophilized algal biomass sample was prepared as previously
reported [54]. The resulting fatty acid methyl ester was analyzed by gas chromatography mass spectrometry (GCMS) (Agilent 7890A; DB-FFAP 30 m 0.25 mm i.d. and 0.25 μm film thickness). The initial temperature of 50°C was
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maintained for 1 min. The temperature was increased to 200°C at a rate of 10°C/min for 30 min, then increased to
240°C at a rate of 10°C/min, and held for 20 min. The injection volume was 1 μl with a split ratio of 20:1. Helium
gas was supplied at a constant flow rate of 1 ml/min. The quantitative fatty acid composition was determined by
comparing the retention time of the peaks with the Wiley/NBS libraries as an internal standard. The quantitative
composition was obtained by area normalization and expressed as a mass percent [29].
Ultimate Analysis of Algal Biomass
Ultimate analysis was carried out using an elemental analyzer (Perkin Elmer 2400; PerkinElmer Inc., USA) to
determine the concentration of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S). Protein content was
determined by multiplying the N content by a factor of 6.25 [55]. The calorific value (CV) was calculated as
follows: CV = 0.3278C + 1.4149H + 0.09257S – 0.1379O + 0.637, where C, H, O, and S represent carbon, hydrogen,
oxygen, and sulfur in mass percentages (wt%), respectively [56].
Estimation of Biodiesel Quality of Algal Biomass
The quality of biodiesel was determined by assessing the saponification value (SV), iodine value (IV), degree of
unsaturation (DU), cetane number (CN), cold filter plugging point (CFPP), oxidation stability (OS), kinematic
viscosity (υ), and density (ρ), which were calculated based on the fatty acid composition using empirical
equations, as reported previously [57].
Statistical Analysis
Significant differences between mean values were assessed by one-way analysis of variance (ANOVA). For all
data analyses, a level of p < 0.05 was considered statistically significant. Where significant differences were
observed, treatment means were differentiated using pairwise comparison by applying Tukey’s test.

Results and Discussion
Identification of Microalga Oocystis sp. KNUA100 and Bacterium Sphingomonas sp. KNU100
Pure isolated algal and bacterium strains were detected on R2A agar medium (Fig. 1A, upper panel). Many algal
culture collections maintain a symbiotic relationship between the algal isolates and associated bacteria, suggesting
that an algal isolate often contains one or more bacteria species [39]. To purely isolate algal strains, each algal and
bacterial colony was cultured in BG–11 and R2A media, respectively, and then strain identification was
performed. A taxonomic approach to identify algal species was conducted by combining morphological,
molecular, and phylogenetic methods. Cells in solitary or 2–4-celled colonies were elliptical to cylindrical, with
round ends and sometimes tapered thickness, approximately 6.5–12.0 μm long and approximately 3.0–6.0 μm
wide (Fig. 1A, middle panel). According to a previous report, Oocystis sp. can exist as detached cells, arranged in
2–, 4–, 8–, 16– and 32–celled groups or coenobia, or tied by pseudofilaments [58]. The cells are egg- or spindleshaped, sometimes globular, or asymmetrical [58]. One, a few, or numerous chloroplasts are present in a single
cell, parietal or nearly so, with a pyrenoid that is sometimes not clearly detected [58]. The cell wall is tender, with or
without thickened terminals, or covered with spines or granules [58].
For molecular analysis, 18S rDNA and ITS sequences were obtained for the algal strain. Partial sequencing of
the 18S rDNA PCR product produced a 1,767 bp sequence, while the PCR amplicon of the ITS sequence produced
approximately 426 bp. The sequence similarity of the algal strain 18S rDNA and ITS was 98.72% and 88.39% that
of Oocystis sp., respectively (Table 1). The final alignment of the 18S rDNA and ITS was positioned in one of the
Oocystis clusters and formed a well-defined freshwater clade with the other Oocystis spp. strains (Fig. 1B). The
genus Oocystis proved to be paraphyletic and some species were precluded from Oocystaceae, while a few other
species were newly redefined as members of this family [58]. The most controversial discovery of the molecular
phylogeny was the polyphyletic status of the morphologically well-defined Oocystis [58]. Only four sequences of
Oocystis species have been resolved so far [58]. Taxonomical classifications in the genera Neglectella, Oocystidium,
Oocystis, and Ooplanctella were formed based on coincident molecular and morphological results [58]. Therefore,
the algal strain was named Oocystis sp. KNUA044.
The isolated bacterium produced yellow-pigmented colonies when grown on R2A agar medium (Fig. 1, lower
panel). The PCR product of 16S rDNA generated 1,449 bp, which was 99.72% similar to Sphingomonas spp.
(Table 1), as was clearly shown by sequence analysis. In particular, Sphingomonas sp. KNU100 had high sequence
homology to Sphingomonas spp., as shown in Fig. 1C. Sphingomonas comprises gram-negative, off-white, yellowor orange-pigmented, and rod-shaped bacteria [59].
Establishment of Sphingomonas sp. KNU100-Dependent Oocystis sp. KNUA044 Culture Conditions
O. solitaria was grown in axenic cultures at 24°C ± 2°C under a continuous illumination intensity of 48.6 mol/m2/s
in BG–11 medium for a 12–day incubation period [16]. Unlike O. solitaria, Oocystis sp. KNUA044 strain was
Table 1. Identification of bacteria and microalgae using molecular markers.
Marker gene

Product size (bp)

16S rDNA

1,449

Sphingomonas sp. 3.58 (KP710195)

99.72

18S rDNA

1,767

Oocystis sp. CAUP H1110 (KY038331)

98.72

Oocystis heteromucosa CB_210 (KY013466)

88.39

ITS
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Fig. 1. Isolation and identification of Oocystis sp. KNUA044 and Sphingomonas sp. KNU100. (A) The coexisting morphology of purely isolated axenic microalga Oocystis sp. KNUA044 and a single bacterium Sphingomonas sp.
KNU100 grown in R2A agar medium is displayed in the upper panel. The morphology of microalga Oocystis sp. KNUA044
strain grown in BG–11 medium in the presence of Sphingomonas sp. KNU100 strain culture solution is shown in the middle
panel. The scale bar indicates 10 μm. The colony morphology of Sphingomonas sp. KNU100 strain grown in R2A agar medium
is presented in the lower panel. (B) Identification of the algal strain Oocystis sp. KNUA044 using primer sets corresponding to
the 18S rDNA (upper panel) and ITS region (lower panel) at the molecular level. Phylogenetic analysis of 18S rDNA and ITS
gene sequences. Topology represents the best ML tree. A new sequence of Oocystis sp. KNUA044 strain is highlighted in bold.
Numbers at the branches indicate bootstrap support based on maximum likelihood (ML) and Bayesian posterior probabilities
(BI). Support ≥50% for ML and ≥0.95 for MB is shown in ML/BI. (C) Molecular identification of the Sphingomonas sp. KNU100
strain using a well-known 16S rDNA primer set. Phylogenetic analysis of the 16S rDNA gene sequence was performed as
described for the Oocystis sp. KNUA044 strain.

isolated in the summer season under a microalgae mass cultivation system at Chilgok Agricultural Technology
Center in Korea. Summer weather is very similar to the light/dark cycle (16-h light/8-h dark cycle) of microalgal
culture. The mean water temperature in the summer season was 25.4°C (data not shown). The separation of
microalgae, including the Oocystis sp. KNUA044 strain, is very important when it matches the separated
environmental conditions. On the other hand, microorganisms such as Sphingomonas spp. are scarcely affected by
the light/dark cycle. For this reason, the isolated indigenous microalga KNUA044 strain was cultured under a
light/dark cycle rather than under continuous illumination.
In microalgae-bacteria consortia, many bacteria are of the same genera as those found in natural algal
environments [39]. Based on this fact, we tried to establish a platform for Oocystis sp. KNUA044 culture
conditions. As shown in Table 2, the algal strain showed poor growth under various culture media containing BG–
11 supplemented with different nitrogen sources (NaNO3, NH4Cl, and urea adjusted to 250 mg/l of final
concentration), R2A, OHM, and BBM. Next, we assumed that Sphingomonas sp. KNU100 strain could enhance
the growth of the algal Oocystis sp. KNUA044 strain, since the algal strain was identified in the presence of the
bacterium on R2A agar medium (Fig. 1, upper panel). As expected, addition of Sphingomonas sp. KNU100 culture
solution to R2A medium with 24 h incubation improved growth development of the algal strain in BG-11 medium
(Table 2). At this point, microalgal growth in different media should be compared scientifically and expressed
numerically. However, as information on establishing culture methods of Oocystis strains including KNUA044 is
limited, it is very difficult to do so. Hence, the results were expressed as good or bad depending on whether growth
was shown or not.
Next, we analyzed algal growth kinetics in three classes of bacterial culture including clear supernatant,
bacterial biomass, and a combined solution of supernatant and bacterial biomass, under the same conditions.
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Table 2. Culture tests in various media to facilitate the growth of the Oocystis sp. KNUA044 strain.
Medium

Culture type

Growth

BG–11
BG–11 (NaNO3)
BG-11 (NH4Cl)
BG-11 (urea)
BG-11 (NH4Cl + NaHCO3)
R2A
OHM
BBM
BG–11 + Sphingomonas sp. KNU100 culture solution

Photoautotroph
Photoautotroph
Photoautotroph
Photoautotroph
Photoautotroph
Photoautotroph
Photoautotroph
Photoautotroph
Photoautotroph

Bad
Bad
Bad
Bad
Bad
Bad
Very bad
Very bad
Good

First, Sphingomonas sp. KNU100 was incubated in R2A broth for the indicated time at 25°C until optical density at
600 nm reached approximately 1.5. The cleared bacterium supernatant was mixed in BG-11 medium after
centrifugation, as described in Materials and Methods. Growth of Oocystis sp. KNUA044 was determined by
direct counting with a hemocytometer under a microscope. In addition, the microalgal cell density was measured
by the optical density of a clear algal solution at 680 nm after centrifugation. Oocystis sp. KNUA044 grew better on
the BG–11 medium combined with the cleared supernatant without bacterial biomass (6.84 × 105 cells/ml) as
compared to BG–11 (2.15 × 105 cells/ml), cleared bacterium supernatant solution (3.62 × 105 cells/ml), and
Sphingomonas sp. biomass solution suspended in BG–11 medium (4.54 × 105 cells/ml). The algal strain displayed
a higher growth rate in BG–11 medium containing clear supernatant solution compared to other culture
conditions based on BG–11. BG–11 medium without any bacterial culture solution showed the poorest growth
(Fig. 2A). The medium composition was a mixture of 2 ml BG–11 medium (50× stock solution) and 98 ml of
Sphingomonas sp. KNU100 strain culture solution grown in R2A medium. Next, we analyzed the growth of the
algal strain according to the culture time of the Sphingomonas sp. The growth kinetics of the Sphingomonas sp.

Fig. 2. Enhancement of algal biomass in Oocystis sp. KNUA044 strain in the presence of a clear supernatant
derived by cultivation of the Sphingomonas sp. KNU100 strain. (A) Establishment of a cultivation platform for the
Oocystis sp. KNUA044 strain. A clear supernatant solution of Sphingomonas sp. KNU100 strain grown in R2A medium was
harvested by centrifugation, filtered through a membrane filter (0.2 μm pore size), and then aliquoted into BG–11 medium.
The mixture contained 2 ml of a clear supernatant solution of Sphingomonas sp. KNU100 strain and 2 ml of BG–11 stock
solution (50×), added to 100 ml with distilled water. 1. Solution of BG–11 medium alone; 2. Solution of clear supernatant of
Sphingomonas sp. KNU100 strain; 3. Mixture solution containing a clear supernatant and BG–11 medium; 4. Solution of
bacterial biomass resuspended in BG-11 medium. (B) The growth kinetics of the Sphingomonas sp. KNU100 strain were
analyzed by measuring the optical density at 600 nm using a spectrophotometer. Algal growth kinetics was determined by
counting the cell number (C) and measuring the absorbance at 680 nm (D). At this time, Oocystis sp. KNUA044 strain was
cultured in freshly prepared BG–11 medium supplemented with a clear solution of Sphingomonas sp. KNU100 strain grown in
R2A medium for 0 h (square), 12 h (circle), 24 h (up triangle), 36 h (down triangle), and 48 h (diamond).
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KNU100 strain is shown in Fig. 2B. The bacterial strain showed approximately 12–24 h of exponential phase, and
then entered the stationary phase. For the Oocystis sp. KNUA044 strain, a clear solution of Sphingomonas sp.
KNU100 strain cultured for 24 h at 25°C exhibited excellent cell number-dependent growth of the algal strain
compared to that of the culture solution for 12, 36, and 48 h (Fig. 2C). Additionally, the exponential phase of the
algal strain was identified at day 14 post cultivation, and the specific growth rate (μmax) was 0.16 ± 0.01/day. The
growth of microalgae culture differs between algal species and is dependent on the photoperiod. For instance, the
μmax value of fucose production-capable Botrycoccus braunii was 0.05–0.17 [60, 61]. Compared to other
microalgae, the growth of Oocystis sp. KNUA044 strain was slow. In this study, optimized culture conditions for
the KNUA044 strain were not fully established. However, one purpose of this study was to establish the culture
conditions for the Oocystis sp. KNUA044 strain, as little information on the subject is available. In the future, we
intend to maximize the production of algal biomass by establishing the optimal culture conditions.
Despite this dearth of information on Oocystis spp. culture conditions, an exception is O. solitaria, as discussed
above. The unicellular green alga O. submarina was identified microscopically as the sole organism causing algal
bloom, and a high density of Oocystis-associated purple bacteria including Loktanella vestfoldensis, Roseinatronobacter
sp., and Rhodobaculum claviforme was observed in the bottom layer [62]. On the other hand, members of
Sphingomonas are of biotechnological interest owing to their ability to degrade environmental pollutants such as
xenobiotics as well as their potential to produce useful high-value products such as exopolysaccharides and
carotenoids [59]. Hence, our results suggest that the culture conditions for the Oocystis sp. KNUA044 strain were
BG–11 medium supplemented with a clear solution of the Sphingomonas sp. KNU100 strain grown for 24 h.
Microalgae-bacteria consortia are often considered detrimental to algal growth [33]. However, recent studies
have shown that algal interactions not only promote algal growth, but also provide advantages in downstream
processing for algal biotechnological applications [33, 63]. The interaction of microalgae and other microorganisms
greatly increases the efficiency of algal biomass production and its chemical composition [33]. As shown in our
results obtained from the Sphingomonas sp. KNU100 strain, heterotrophic bacteria synthesize important
compounds for growth stimulation, morphogenesis, and abiotic and biotic resistance against environmental
stresses such as high salinity and temperature [63, 64]. These compounds include signaling and transporter
molecules, micro- and macronutrients such as carbon, sulfur, nitrogen, and phosphorous, siderophores (e.g.,
iron-siderophores to bind iron), growth stimulants such as indole acetic acid and vitamins B [vitamins B12
(cobalamin), B1 (thiamine), and B7 (biotin)], primary metabolites such as amino acids, phytohormones, volatile
compounds (VCs), antibiotics, and quorum sensing molecules [63-66]. Many studies have reported microalgal
growth promotion by providing vitamins and growth-promoting compounds from bacteria [33, 63, 64]. However,
Sphingomonas-mediated heterotrophic microalgae interaction is still unknown. Recently, volatile indoles of
Sphingomonas sp.-derived VCs have been shown to play a critical role as functional agents that enhance growth
(10–70%; up to 3.31 g/l) and production of lipids (22–28%) and triacylglycerol (20%) in C. vulgaris [67]. However,
there are pertinent questions related to the mechanism of such interactions.
On the other hand, macronutrients including nitrogen, phosphorous, and sulfur are fundamental factors
required to produce organic matter from inorganic carbon through photosynthesis in microalgae [33]. Lower
concentrations of these components can cause decreased algal cell growth [33]. Some of these elements are
discovered in nature in a chemical form that cannot be synthesized by algal cells [33]. Bacteria are capable of fixing
atmospheric nitrogen, solubilizing phosphorus, and producing plant hormones (auxins, gibberellins, and
cytokinins) and signaling molecules (ethylene, nitrite, and nitric oxide) [63, 66]. As a result, these macronutrients
can be metabolized by microalgae [33, 63, 66]. Therefore, we hypothesize that a complex physiological
relationship might exist between Oocystis sp. KNUA044 and Sphingomonas sp. KNU100, and that this relationship
includes a wide range of released metabolites whose functions need to be further verified. A potential employment
of bacterium metabolites in microalgal cultivation will have a positive effect on Oocystis-based biotechnological
applications.
Biochemical Properties of Algal Biomass in Oocystis sp. KNUA044
Algal biomass cultured for 14 days was harvested, freeze-dried, and used for subsequent experiments. The
characteristics of the algal biomass are presented in Table 3. Biomass productivity and total carbohydrate
productivity were 28.57 ± 2.97 and 8.33 ± 0.84 mg/l/day, respectively. The carbohydrate, protein, and lipid content
was 29.4 ± 2.2, 43.9 ± 0.3, and 13.9 ± 0.6 wt%, respectively. The diatom microalga Phaeodactylum tricornutum has
the ability to produce fucose containing approximately 36.4 wt% crude protein, 26.1 wt% carbohydrate, and
18.0 wt% lipid [68]. Microalgae are capable of producing biofuel by accumulating lipids and carbohydrates as
major energy storage molecules. In contrast, owing to their high protein content, microalgae are considered
suitable as feedstocks for food and feed production for human and animal nutrition, rather than for biofuel
production [63].
In the ultimate analysis, carbon (C), hydrogen (H), nitrogen (N), oxygen (O), and sulfur (S) content was 47.6 ±
0.7, 6.8 ± 0.2, 7.0 ± 0.1, 37.9 ± 0.9, and 0.7 ± 0.1 wt%, respectively. The CV was 19.8 ± 0.4 MJ/kg. Based on the high
C content, polysaccharide algal biomass was analyzed. The concentrations of glucose, galactose, fucose, mannitol,
and sorbitol were 7.1, 16.7, 3.3, 0.7, and 0.7 mg/100 mg, respectively. In particular, the algal strain Oocystis sp.
KNUA044 produced 3.3 mg/100 mg of fucose. This represented fucose productivity of 0.94 ± 0.09 mg/l/day. The
low fucose productivity of Oocystis sp. KNUA044 was because the optimal culture conditions have not yet been
established. Nevertheless, our results are meaningful in that we discovered the ability of Oocystis sp. KNUA044
strain to produce fucose. To date, there has been limited knowledge about the relationship between Oocystis sp.
and fucose. Previously, fucose was found only in the diatoms P. tricornutum [68], Nostoc microscopicum [68],
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Table 3. Characteristics of algal biomass in the Oocystis sp. KNUA044 strain.
Cellular component

Ultimate analysis

Monosaccharide (mg/ 100 mg)
Productivity (mg/l/d)

Carbohydrate (wt%)

Protein (wt%)

29.4 ± 2.2

43.9 ± 0.3

C
(wt%)

H
(wt%)

N
(wt%)

47.6 ± 0.7

6.8 ± 0.2

Glucose

Galactose

7.1

16.7

3.3

Lipid (wt%)
13.9 ± 0.6

S
(wt%)

O
(wt%)

CV
(MJ/kg)

7.0 ± 0.1

0.7 ± 0.1

37.9 ± 0.9

19.8 ± 0.4

Fucose

Mannitol

Sorbitol

0.7

0.7

Biomass

Fucose

Total carbohydrate

28.57 ± 2.97

0.94 ± 0.09

8.33 ± 0.84

B. braunii (6–463 mg/l) [61], and Graesiella sp. [69] in very low concentrations. Among macroalgae, Himanthalia
elongata, has the highest fucose content (28.7 ± 2.6 g/kg), followed by Laminaria ochroleuca (24.9 ± 0.3 g/kg) and
Undaria pinnatifida (7.3 ± 0.4 g/kg) [7]. Fucoidans or fucans are naturally occurring L–fucose sulfated
polysaccharides that are typically found in the cell walls of brown algae, but not green algae. Fucoidans have several
health-promoting properties such as anti-oxidant, anti-bacterial, anti-obesity, anti-tumor, anti-inflammatory,
anti-viral, and immunomodulatory activities [7, 68]. As a result, the green microalgae Oocystis sp. KNUA044 is a
potential source of these health-promoting molecules, even though fucose production is dependent on the origin
of the alga.
Fatty Acid Composition and Biodiesel Quality of Algal Biomass
Fatty acid profiling and biodiesel parameters were also examined in the freeze-dried algal biomass. As shown in
Table 4, the content of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and polyunsaturated
fatty acids (PUFAs) was 29.41, 9.90, and 60.68 wt%, respectively. In relation to SFAs, C14:0, C15:0, C16:0, C17:0,
and C18:0 content was 0.98, 1.06, 24.87, 1.19, and 1.32 wt% of total fatty acids (FAs), respectively. For MUFAs,
C16:1 ω7 and C18:1 ω9 levels were 6.95 and 2.95 wt%, respectively. For PUFAs, C16:2, C16:3 ω3, C18:2 ω6, C18:3
ω3, and C20:5 ω3 content was 2.21, 10.08, 2.05, 40.27, and 6.07 wt%, respectively. The dominant fatty acid among
SFAs was C16:0 (palmitic acid; 24.87 wt%), whereas the dominant fatty acids among PUFAs were C18:2 (linoleic
acid; 10.08 wt%) and C18:3 (linolenic acid; 40.27 wt%). As noted above, co-cultivation of axenic C. vulgaris with
four different growth-enhancing bacteria (Flavobacterium, Hypomonas, Rhizobium, and Sphingomonas) revealed
a symbiotic relationship in an artificial microalgae-bacteria consortium [42]. Fatty acid profiling analysis of the
biomass obtained from the algae-bacteria co-culture showed a significant increase in oleic (C18:1) and palmitic
(C16:0) acids, based on fatty acid composition during the axenic cultivation of C. vulgaris, which is dominated by
hexadecatrienoic (C16:2) and linoleic (C18:2) acids [67].
As shown in Table 4, these essential high-value long-chain PUFAs (LC–PUFAs), including C18:3 ω3, C18:2 ω6,
and C20:5 ω3, which are beneficial to human health, can be produced by some microalgal species such as
Crypthecodinium cohnii, Nannochloropsis oceanica, and P. tricornutum [5]. However, to date, there have been no
reports of Oocystis sp. in relation to LC–PUFAs. The level of PUFAs was approximately 1.8-fold higher than that of
SFAs and MUFAs (Table 4). Importantly, PUFAs have demonstrated protective and curative activities against
inflammatory, diabetes and Alzheimer’s disease [70]. In addition, PUFAs are positively related to myelin integrity
in patients with depression [71]. In microalgae, the average lipid content varies from 1 to 70% (w/w) and depends
on the species, life cycle, and cultivation conditions including the nutritional and environmental requirements of
the microalga [1, 70].
Table 4. Fatty acid profiling of algal biomass.
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Fatty acid

Composition (wt%)

C14:0
C15:0
C16:0
C16:1 ω7
C16:2
C16:3 ω3
C17:0
C18:0
C18:1 ω9
C18:2
C18:3 ω3
C20:5 ω3
SFAs
MUFAs
PUFAs

0.98
1.06
24.87
6.95
2.21
10.08
1.19
1.32
2.95
2.05
40.27
6.07
29.41
9.90
60.68
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Table 5. Quality of biodiesel derived from algal biomass.
Biodiesel parameters
SV (mg KOH/g)
IV (g I2/100 g fat)
CN
DU
o
CFPP ( C)
Oxidation stability (h)
Kinematic viscosity (g/cm3)
Density (mm2/s)
C18:3 (wt%)

Value
199.3
176.3
36.5
131.3
–6.6
5.4
3.4
0.89
40.27

EN 14214
≤ 120
≥ 51
5≤/≤–20
≥6
3.5 – 5.0
0.86 – 0.90
≤ 12

ASTM
D6751

≥ 47

≥3
1.9 – 6.0
0.82 – 0.90

Oocystis sp. KNUA044 produced 6.07 wt% of C20:5 ω3 (EPA) of total FAs. Omega–3 (n–3) LC–PUFA EPA is a
marine-based omega–FA and is an essential FA component with various human health benefit applications [1]. In
addition, EPA can be effective in preventing or treating many diseases [5, 72]. For instance, an intake rich in EPA
can reinforce cancer treatments by enhancing the immune response to therapies [71]. Currently, EPA is mainly
produced from marine fish oil and fishmeal [73], but algal Nannochloropsis spp. are interesting as an alternative
source because they can produce EPA to 1.1–12% of their dry weight [73]. P. tricornutum can also accumulate EPA
[68]. Thus, our results indicate that the blue-green alga Oocystis sp. KNUA044 could be used for the production of
high value-added by-products such as linolenic acid and EPA. Therefore, this study is of great significance for
understanding the physiological characteristics of Oocystis sp. KNUA044 strain for the production of high-value
by-products such as LC–PUFAs including EPA. Although microalgae containing fucose and EPA are rare,
Oocystis sp. KNUA044 can produce fucose and EPA. As noted above, fucose or fucoidan is a high-value
monosaccharide or polysaccharide of carbohydrate and has potential medical applications including anti-cancer
properties [18, 30]. EPA also plays a key role in the prevention and treatment of various human diseases such as
cancer, obesity, rheumatoid arthritis, diabetes, and Alzheimer’s disease [18, 30, 71]. Altogether, the highly valuable
compounds derived from Oocystis sp. KNUA044 mean this microalgal strain is a potential candidate for
pharmaceutical and cosmetic applications.
For biodiesel quality, the physicochemical properties of biodiesel obtained from Oocystis sp. KNUA044 strain
exhibited low kinematic viscosity (υ; 3.4 g/cm3), low density (ρ; 0.89 mm2/s), low CN (36.5), high IV (176.3 g I2/
100 g fat), high OS (5.4 h), low CFPP (–6.6oC), and high C18:3 content (40.2 wt%). The SV and DU values were
199.3 mg KOH/g and 131.3, respectively (Table 5). Among the parameters analyzed, high IV, low CN, and high
C18:3 content did not meet major biodiesel specifications of American (ASTM D6751) and European Standard
Organization (EN 14214) standards. The low CN value could be attributed to the average amounts of SFAs and
MUFAs (39.31 wt%), as shown in Table 4, which lead to poor combustion, generating engine motor inefficiency
and increasing nitrogen oxides in exhaust emissions [74]. Higher IV values following high content of PUFA and
MUFAs (70.58 wt%) may result in the formation and accumulation of glycerides and deposition of lubricant in the
engine [74]. Thus, our results show that the microalga Oocystis sp. KNUA044 strain has potential as an alternative
feedstock to produce high-value bioproducts other than biofuel.

Conclusion
The new freshwater microalgal Oocystis sp. KNUA044 was cultured in BG–11 medium in the presence of the
cleared supernatant of the bacterium Sphingomonas sp. KNU100. Cultured algal biomass was effective for
production of high-value bioactive compounds rather than biofuel production. Thus, our results suggest that a
consortium of bacterium Sphingomonas sp. KNU100 and microalgae Oocystis sp. KNUA044 could be utilized to
increase algal biomass following enhanced algal cell growth and to produce high-value compounds including
fucose, linolenic acid (C18:3 ω3), and EPA (C20:5 ω3). These high-value bioactive compounds and metabolites
can be utilized in a wide range of industrial applications in the medical, pharmaceutical, and cosmetics industries.
Currently, our knowledge of the microalgae-bacterium interaction is very limited. In the future, understanding
the interaction between the Oocystis sp. KNUA044 strain and Sphingomonas sp. KNU100 strain could lead to
identification of unresolved medium ingredients that could be provided by bacterium cultivation. Furthermore,
the biological enhancers provided by bacterial metabolites could also reduce the necessity for external
requirements in relation to microalgal growth.

Acknowledgments
This study was supported by a grant from the National Research Foundation of Korea (NRF2019R1I1A1A01058109). This work was also supported by a grant from the Next-Generation BioGreen 21
Program (No. PJ013240), Rural Development Administration, Korea.

Conflict of Interest
The authors have no financial conflicts of interest to declare.

March 2021 ⎪ Vol. 31 ⎪ No. 3

396

Na et al.

References
1. Levasseur W, Perre P, Pozzobon V. 2020. A review of high value-added molecules production by microalgae in light of the
classification. Biotechnol. Adv. 41: 107545.
2. Minhas AK, Hodgson P, Barrow CJ, Adholeya A. 2016. A Review on the assessment of stress conditions for simultaneous production
of microalgal lipids and carotenoids Front. Microbiol. 7: 546.
3. Markou G, Nerantzis E. 2013. Microalgae for high-value compounds and biofuels production: a review with focus on cultivation
under stress conditions. Biotechnol. Adv. 31: 1532-1542.
4. Bellou S, Baeshen MN, Elazzazy AM, Aggeli D, Sayegh F, Aggelis G. 2014. Microalgal lipids biochemistry and biotechnological
perspectives. Biotechnol. Adv. 32: 1476-1493.
5. Liang MH, Wang L, Wang Q, Zhu J, Jiang JG. High-value bioproducts from microalgae: Strategies and progress. Crit. Rev. Food Sci.
Nutr. 59: 2423-2441.
6. Sun H, Zhao W, Mao X, Li Y, Wu T, Chen F. 2018. High-value biomass from microalgae production platforms: strategies and progress
based on carbon metabolism and energy conversion. Biotechnol. Biofuels 11: 227.
7. Martinez-Hernandez GB, Castillejo N, Carrion-Monteagudo MDM, Artes F, Artes-Hernandez F. 2018. Nutritional and bioactive
compounds of commercialized algae powders used as food supplements. Food Sci. Technol. Int. 24: 172-182.
8. Ramos GJP, Bicudo C, do N. Moura CW. 2015. Oocystis apicurvata sp. nov. (Oocystaceae, Trebouxiophyceae), a new species of green
algae from Chapada Diamantina, northeast Brazil. Braz. J. Bot. 38: 171-173.
9. Dunker S, Althammer J, Pohnert G, Wilhelm C, Fateful A. 2017. Meeting of two phytoplankton species-chemical vs. cell-cellinteractions in co-cultures of the green algae Oocystis marsonii and the cyanobacterium Microcystis aeruginosa. Microb. Ecol. 74: 22-32.
10. Hepperle D, Hegewald E, Krienitz L. 2000. Phylogenetic position of the Oocystaceae (Chlorophyta). J. Phycol. 36: 590-595.
11. Wang X, Zhang Y, Li C, Huang X, Li F, Wang X, Li G. 2020. Allelopathic effect of Oocystis borgei culture on Microcystis aeruginosa.
Environ. Technol. 1-10.
12. Soldo D, Hari R, Sigg L, Behra R. 2005. Tolerance of Oocystis nephrocytioides to copper: intracellular distribution and extracellular
complexation of copper. Aquat. Toxicol. 71: 307-317.
13. Huang X, Li X, Wang Y, Zhou M. 2012. Effects of environmental factors on the uptake rates of dissolved nitrogen by a salt-water green
alga (Oocystis borgei Snow). Bull. Environ. Contam. Toxicol. 89: 905-909.
14. Foerster JW. 1971. Environmentally induced morphological changes in Oocystis lacustris (?) Chodat (Chlorophyta). Bull. Torrey Bot.
Club. 98: 225-227.
15. Liu M, Huang XH, Li CL, Gu B. 2020. Study on the uptake of dissolved nitrogen by Oocystis borgei in prawn (Litopenaeus vannamei)
aquaculture ponds and establishment of uptake model. Aquac. Int. 28: 1445-1458.
16. El-Naggar NEA, Hamouda RA, Rabei NH, Mousa IE, Abdel-Hamid MS. 2019. Phycoremediation of lithium ions from aqueous
solutions using free and immobilized freshwater green alga Oocystis solitaria: mathematical modeling for bioprocess optimization.
Environ. Sci. Pollut. Res. 26: 19335-19351.
17. Xia S, Gao B, Fu J, Xiong J, Zhang C. 2018. Production of fucoxanthin, chrysolaminarin, and eicosapentaenoic acid by Odontella
aurita under different nitrogen supply regimes. J. Biosci. Bioeng. 126: 723-729.
18. Cao M, Wang S, Gao Y, Pan X, Wang X, Deng R, et al. 2020. Study on physicochemical properties and antioxidant activity of
polysaccharides from Desmodesmus armatus. J. Food Biochem. 44: e13243.
19. Jones J, Allam B, Espinosa EP. 2020. Particle selection in suspension-feeding bivalves: Does one model fit all? Biol. Bull. 238: 41-53.
20. Mun S. 2018. Optimization of production rate, productivity, and product concentration for a simulated moving bed process aimed
atfucose separation using standing-wave-design and genetic algorithm. J. Chromatogr. A 1575: 113-121.
21. Jeon YJ, Wijesinghe WA, Kim SK. 2011. Functional properties of brown algal sulfated polysaccharides, fucoidans. Adv. Food Nutr.
Res. 64: 163-78.
22. Schultz-Johansen M, Cueff M, Hardouin K, Jam M, Larocque R,Glaring RMA, et al. 2018. Discovery and screening of novel
metagenome-derived GH107 enzymes targeting sulfated fucans from brown algae. FEBS J. 285: 4281-4295.
23. Nunes C, Coimbra MA. 2019. The Potential of fucose-containing sulfated polysaccharides as scaffolds for biomedical applications.
Curr. Med. Chem. 26: 6399-6411.
24. Ngo DH, Kim SK. 2013. Sulfated polysaccharides as bioactive agents from marine algae. Int. J. Biol. Macromol. 62: 70-75.
25. Kim SH, Sunwoo IY, Hong HJ, Awah CC, Jeong GT, Kim SK. 2019. Lipid and unsaturated fatty acid productions from three
microalgae using nitrate and light-emitting diodes with complementary LED wavelength in a two-phase culture system. Bioprocess
Biosyst. Eng. 42: 1517-1526.
26. Xie D, Jackson EN, Zhu Q. 2015. Sustainable source of omega-3 eicosapentaenoic acid from metabolically engineered Yarrowia
lipolytica: from fundamental research to commercial production. Appl. Microbiol. Biotechnol. 99: 1599-1610.
27. Ghasemi Fard S, Wang F, Sinclair AJ, Elliott G, Turchini GM. 2019. How does high DHA fish oil affect health? A systematic review of
evidence. Crit. Rev. Food Sci. Nutr. 59:1684-1727.
28. Wen ZY, Chen F. 2003. Heterotrophic production of eicosapentaenoic acid by microalgae, Biotechnol. Adv. 21: 273-294.
29. Aussant J, Guiheneuf F, Stengel DB. 2018. Impact of temperature on fatty acid composition and nutritional value in eight species of
microalgae. Appl. Microbiol. Biotechnol. 102: 5279-5297.
30. Zhao Y, Wang HP, Han B, Yu X. 2019. Coupling of abiotic stresses and phytohormones for the production of lipids and high-value byproducts by microalgae: A review. Bioresour. Technol. 274: 549-556.
31. Yang R, Wei D, Xie J. 2020. Diatoms as cell factories for high-value products: chrysolaminarin, eicosapentaenoic acid, and
fucoxanthin. Crit. Rev. Biotechnol. 40: 993-1009.
32. Santos CA, Reis A. 2014. Microalgal symbiosis in biotechnology. Appl. Microbiol. Biotechnol. 98: 5839-5846.
33. Lutzu GA, Turgut Dunford N. 2018 Interactions of microalgae and other microorganisms for enhanced production of high-value
compounds. Front. Biosci. (Landmark Ed) 23: 1487-1504.
34. Cooper NB, Smith AG. 2015. Exploring mutualistic interactions between microalgae and bacteria in the omics age. Curr. Opin. Plant
Biol. 26: 147-153.
35. Cho DH, Ramanan R, Heo J, Lee J, Kim BH, Oh HM, et al. 2015. Enhancing microalgal biomass productivity by engineering a
microalgal-bacterial community. Bioresour. Technol. 175: 578-585.
36. Perera I, Subashchandrabose SR, Venkateswarlu K, Naidu R, Megharaj M. 2018. Consortia of cyanobacteria/microalgae and bacteria
in desert soils: an underexplored microbiota. Appl. Microbiol. Biotechnol. 102: 7351-7363.
37. Rossi S, Bellucci M, Marazzi F, Mezzanotte V, Ficara E. 2018. Activity assessment of microalgal-bacterial consortia based on
respirometric tests. Water Sci. Technol. 78: 207-215.
38. Solimeno A, Parker L, Lundquist T, Garcia J. 2017. Integral microalgae-bacteria model (BIO_ALGAE): Application to wastewater
high rate algal ponds. Sci. Total Environ. 601-602: 646-657.
39. Yao S, Lyu S, An Y, Lu J, Gjermansen C, Schramm A. 2019. Microalgae-bacteria symbiosis in microalgal growth and biofuel
production: a review. J. Appl. Microbiol. 126: 359-368.

J. Microbiol. Biotechnol.

Production of Algal Biomass and High-Value Compounds in Oocystis sp. KNUA044

397

40. Meza B, de-Bashan LE, Hernandez JP, Bashan Y. 2015. Accumulation of intra-cellular polyphosphate in Chlorella vulgaris cells is
related to indole-3-acetic acid produced by Azospirillum brasilense. Res. Microbiol. 166: 399-407.
41. Tandon P, Jin Q, Huang L. 2017. A promising approach to enhance microalgae productivity by exogenous supply of vitamins. Microb.
Cell Fact. 16: 219.
42. Wirth R, Pap B, Bojti T, Shetty P, Lakatos G, Bagi Z, et al. 2020. Chlorella vulgaris and its phycosphere in wastewater: Microalgaebacteria interactions during nutrient removal. Front. Bioeng. Biotechnol. 8: 557572.
43. Liu J, Wu Y, Wu C, Muylaert K, Vyverman W, Yu HQ, et al. 2017. Advanced nutrient removal from surface water by a consortium of
attached microalgae and bacteria: A review. Bioresour. Technol. 241: 1127-1137.
44. Soltis DE, Soltis PS. 2003. Applying the bootstrap in phylogeny reconstruction. Stat. Sci. 18: 256-267.
45. Kim JH, Affan A, Jang J, Kang MH, Ko AR, Jeon SM, et al. 2015. Morphological, molecular, and biochemical characterization of
astaxanthin-producing green microalga Haematococcus sp. KORDI03 (Haematococcaceae, Chlorophyta) isolated from Korea. J.
Microbiol. Biotechnol. 25: 238-246.
46. Jeon SM, Kim JH, Kim T, Park A, Ko AR, Ju SJ, et al. 2015. Morphological, molecular, and biochemical characterization of
monounsaturated fatty acids-rich Chlamydomonas sp. KIOST-1 isolated from Korea. J. Microbiol. Biotechnol. 25: 723-731.
47. Rippka R, Stanier RY, Deruelles J, Herdman M, Waterbury JB. 1979. Generic assignments, strain histories and properties of pure
cultures of cyanobacteria. Microbiology 111: 1-61.
48. Reasoner DJ, Geldreich EE. 1985. A new medium for the enumeration and subculture of bacteria from potable water. Appl. Environ.
Microbiol. 49: 1-7.
49. Bold HC. 1949. The morphology of Chlamydomonas chlamydogama, sp. Nov. Bull. Torrey Bot. Club. 76: 101-108.
50. Fabregas J, Dominguez A, Regueiro M, Maseda A, Otero A. 2000. Optimization of culture medium for the continuous cultivation of
the microalga Haematococcus pluvialis. Appl. Microbiol. Biotechnol. 53: 530-535.
51. Laurens LM, Dempster TA, Jones HD, Wolfrum EJ, Van Wychen S, McAllister JS, et al. 2012. Algal biomass constituent analysis:
method uncertainties and investigation of the underlying measuring chemistries. Anal. Chem. 84: 1879-1887.
52. Van Wychen S, Laurens LML. 2016. Determination of total carbohydrates in algal biomass: Laboratory analytical procedure (LAP).
NREL, Golden, CO, United States.
53. Mishra SK, Suh WI, Farooq W, Moon M, Shrivastav A, Park MS, et al. 2014. Rapid quantification of microalgal lipids in aqueous
medium by a simple colorimetric method. Bioresour. Technol. 155: 330-333.
54. Breuer G, Evers WAC, de Vree JH, Kleinegris DMM, Martens DE, Wijffels RH, et al. 2013. Analysis of fatty acid content and
composition in microalgae. J. Vis. Exp. 80: 50628.
55. Du Z, Hu B, Ma X, Cheng Y, Liu Y, Lin X, et al. 2013. Catalytic pyrolysis of microalgae and their three major components:
carbohydrates, proteins, and lipids. Bioresour. Technol. 130: 777-782.
56. Given PH, Weldon D, Zoeller JH. 1986. Calculation of calorific values of coals from ultimate analyses: theoretical basis and
geochemical implications. Fuel 65: 849-854.
57. Osundeko O, Davies H, Pittman JK. 2013. Oxidative stress-tolerant microalgae strains are highly efficient for biofuel feedstock
production on wastewater. Biomass Bioenergy 56: 284-294.
58. Stenclova L, Fucikova K, Kastovsky J, Pazoutova M. 2017. Molecular and morphological delimitation and generic classification of the
family Oocystaceae (Trebouxiophyceae, Chlorophyta). J. Phycol. 53: 1263-1282.
59. Asker D, Beppu T, Ueda K. 2007. Sphingomonas astaxanthinifaciens sp. nov., a novel astaxanthin-producing bacterium of the family
Sphingomonadaceae isolated from Misasa, Tottori, Japan. FEMS Microbiol. Lett. 273: 140-148.
60. Krzeminska I, Pawlik-Skowronska B, Trzcinska M, Tys J. 2014. Influence of photoperiods on the growth rate and biomass
productivity of green microalgae. Bioprocess Biosyst. Eng. 37: 735-741.
61. Gouveia JD, Ruiz J, van den Broek LAM, Hesselink T, Peters S, Kleinegris DMM, et al. 2017. Botryococcus braunii strains compared
for biomass productivity, hydrocarbon and carbohydrate content. J. Biotechnol. 248: 77-86.
62. Korponai K, Szabo A, Somogyi B, Boros E, Borsodi AK, Jurecska L, et al. 2019. Dual bloom of green algae and purple bacteria in an
extremely shallow soda pan. Extremophiles 23: 467-477.
63. Lian J, Wijffels RH, Smidt H, Sipkema D. 2018. The effect of the algal microbiome on industrial production of microalgae. Microb.
Biotechnol. 11: 806-818.
64. Ramanan R, Kim BH, Cho DH, Oh HM, Kim HS. 2016. Algae-bacteria interactions: Evolution, ecology and emerging applications.
Biotechnol. Adv. 34: 14-29.
65. Cho K, Heo J, Cho DH, Tran QG, Yun JH, Lee SM, et al. 2019. Enhancing algal biomass and lipid production by phycospheric
bacterial volatiles and possible growth enhancing factor. Algal Res. 37: 186-194.
66. Perera IA, Abinandan S, Subashchandrabose SR, Venkateswarlu K, Naidu R, Megharaj M. 2019. Advances in the technologies for
studying consortia of bacteria and cyanobacteria/microalgae in wastewaters. Crit. Rev. Biotechnol. 39: 709-731.
67. Cho DH, Ramanan R, Heo J, Kang Z, Kim BH, Ahn CY, et al. 2015. Organic carbon, influent microbial diversity and temperature
strongly influence algal diversity and biomass in raceway ponds treating raw municipal wastewater. Bioresour. Technol. 191: 481-487.
68. Yang S, Wan H, Wang R, Hao D. 2019. Sulfated polysaccharides from Phaeodactylum tricornutum: isolation, structural
characteristics, and inhibiting HepG2 growth activity in vitro. Peer J 7: e6409.
69. Trabelsi L, Chaieb O, Mnari A, Abid-Essafi S, Aleya L. 2016. Partial characterization and antioxidant and antiproliferative activities
of the aqueous extracellular polysaccharides from the thermophilic microalgae Graesiella sp. BMC Complement. Altern. Med. 16: 210.
70. Lopez G, Yate C, Ramos FA, Cala MP, Restrepo S, Baena S. 2019. Production of polyunsaturated fatty acids and lipids from
autotrophic, mixotrophic and heterotrophic cultivation of Galdieria sp. strain USBA-GBX-832. Sci. Rep. 9: 10791.
71. Kothri M, Mavrommati M, Elazzazy AM, Baeshen MN, Moussa TAA, Aggelis G. 2020. Microbial sources of polyunsaturated fatty
acids (PUFAs) and the prospect of organic residues and wastes as growth media for PUFA-producing microorganisms. FEMS
Microbiol. Lett. 367: fnaa028.
72. Tocher DR, Betancor MB, Sprague M, Olsen RE, Napier JA. 2019. Omega-3 long-chain polyunsaturated fatty acids, EPA and DHA:
Bridging the gap between supply and demand. Nutrients 11: 89.
73. Chauton MS, Reitan KI, Norsker NH, Tveterås R, Kleivdal HT. 2015. A techno-economic analysis of industrial production of marine
microalgae as a source of EPA and DHA-rich raw material for aquafeed: research challenges and possibilities. Aquaculture 436: 95-103.
74. Arguelles EDLR, Laurena AC, Monsalud RG, Martinez-Goss MR. 2017. Fatty acid profile and fuel-derived physico-chemical
properties of biodiesel obtained from an indigenous green microalga, Desmodesmus sp. (I-AU1), as potential source of renewable
lipid and high quality biodiesel. J. Appl. Phycol. 30: 411-419.

March 2021 ⎪ Vol. 31 ⎪ No. 3

