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Abstract

A plausible strategy to mitigate socioeconomic problems in the Peruvian Amazon is through the sustainable exploitation
of biodiversity resources, such as native microalgae. Several studies worldwide affirm that these microorganisms are excel-
lent sources of higher value products for human nutrition and possess health-promoting biochemicals, but these attributes
are unknown for the native microalgae of Peru. Therefore, the aim of this investigation was to evaluate the nutritional and
human health-promoting potential of compounds biosynthesized by native microalgae from the Peruvian Amazon. Ten
native microalgae strains of the groups cyanobacteria and chlorophyta were cultured in BG-11 medium and their biomass
harvested and dried. Standardized methods were then used to determine proximate composition, fatty acids and amino acids
composition, antioxidant activity, and total phenolic content. All ten microalgae strains produce primary nutrients, the entire
spectrum of essential amino acids, essential fatty acids, and 3 of the 10 microalgae strains produced eisosapentaenoic acid.
Additionally, all microalgae strains exhibited antioxidant activities and contained phenolic compounds. In conclusion, native
microalgae strains from the Peruvian Amazon analyzed in this study possess the ability to biosynthesize and accumulate
several nutrients and compounds with human health-promoting potential.

Keywords Antioxidant effects - Biochemistry - Essential amino acids - Essential fatty acids - Microalgae - Phenolic
compounds

Introduction

Although rates of poverty and malnutrition in Peru have
improved greatly over the last decade, both remain common
and widespread even in areas of extreme biodiversity. In the
Peruvian Amazon, poverty and extreme poverty levels were
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16.5% and 21.1%, respectively, at the end of 2018 (INEI
2019). Perhaps more surprising is the prevalence of anemia
(43.6%), which can be explained, in part, by chronic malnu-
trition rates (22.00-25.99%) of children less than 5 years old
(Hernindez-Véasquez and Tapia-Lépez 2017; MINSA 2017).

One possible strategy to mitigate Peru’s socioeconomic
issues is by the biotechnological exploitation of native
microalgae from the Peruvian Amazon. There are several
advantages of implementing this strategy in Peru. Microal-
gae are ubiquitous, species rich with approximately 124,000
microalgae species (Andersen 1992; Norton et al. 1996) and
endemism is high (Norton et al. 1996). Consequently, as a
group, microalgae possess an enormous amount of genomic
information that could be used for the production of numer-
ous biological compounds, the vast majority still unknown to
science. Finally, microalgae are excellent sources of higher
value products for human and animal nutrition and health
(Kent et al. 2015; Navarro et al. 2016; Sathasivam et al.
2019; Barkia et al. 2019).

To date, however, little is known of the native microalgae
from the Peruvian Amazon. Consequently, it is imperative
to conduct bioprospecting studies to establish culture collec-
tions of native microalgae in order to explore their multi-use
potential (e.g., aquaculture industry, cosmetic industry, food
industry, pharmaceutic industry, renewable energy industry,
etc.). Our research team has initiated this type of research
and established a small collection of native microalgae
(~ 100 microalgae strains) that has until recently focused on
characterizing these microalgae strains by their potential for
biodiesel production (Cobos et al. 2017b). The goal of this
investigation is to evaluate the nutritional and human health-
promoting potential of compounds biosynthesized by native
microalgae from the Peruvian Amazon.

Materials and methods
Microalgae culture and harvest

Ten microalgae strains with the highest specific growth
rates were selected (Fig. S1, Table S1) from the Microalgae
Culture Collection of the Universidad Cientifica del Pert.
Microalgae cells were inoculated (ODgg, 0.05) in twenty-
five milliliters of BG-11 medium (Stanier et al. 1971) in
a 100 mL Erlenmeyer flask and incubated in a controlled
culture room under the following conditions: temperature
at 25+1 °C, 12/12 h light/dark photoperiod, light intensity
at 100 umol photons m~2 s~! supplied by cool-white fluo-
rescent lamps, and continuous agitation at 150 rpm. Based
on the microalgae growth, the culture volume was gradu-
ally increased until obtaining 5 L (=8 weeks of culture).
Cultures were transferred to 50 mL conical-bottom centri-
fuge tubes and harvested by centrifugation at 2000xg for
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10 min at 4 °C. Microalgae biomass was rinsed two times
with 45 mL of sterilized ultrapure water, centrifuged and the
supernatants discarded.

Proximate composition analysis

Fresh microalgae biomass was dried to a constant weight
in an oven at 70 °C and dry weight determined gravimet-
rically using an analytical balance Kern ABJ 220-4NM
(Kern & Sohn GmbH, Balingen, Germany). Total lipids
from 50 mg of microalgae dry biomass was measured
gravimetrically according to the Bligh and Dyer method
(1959) using a semi-micro analytical balance (Sartorius,
MSU225S-000-DU, Foster City, CA, USA). Carbohydrates
(i.e., monosaccharides, oligosaccharides, polysaccharides,
and their derivatives) were assayed from 5 mg of microalgae
dry biomass following the colorimetric method of DuBois
et al. (1956), and protein content was measured from 5 mg
of microalgae dry biomass following Hartree (1972). Ash
content was measured gravimetrically following the AOAC
method (AOAC International 1990) where 100 mg of micro-
algae dry biomass was incinerated in a Thermolyne™ F6010
muffle furnace (Thermo Fisher Scientific, Walthman, MA,
USA) at 550 °C for 16 h. All described composition analyses
were carried out in triplicate, and data are expressed as the
mean + SD.

Fatty acid analysis

Fatty acid methyl esters (FAMEs) were first obtained by
acid transesterification following a protocol of acid-catal-
ysis methanolysis/methylation (Ichihara and Fukubayashi
2010) and dissolved in 10 pL acetonitrile and resolved by
using a gas chromatograph Varian CP-3800 GC (Agilent
Technologies, Santa Clara, CA, USA) assembled with an
automatic sampler and injector, a flame ionization detec-
tor and a 30 mx 0.32 mm x 0.25 um Stabilwax® capillary
column (Restek, Bellefonte, PA, USA). The chromatograph
was programmed to operate under the following conditions:
injector temperature 250 °C; column temperature gradient
120 °C x 1 min, followed by an increase to 160 °C (rate
30 °C/min), 160 °C for 1 min, followed by an increase to
240 °C (rate 4 °C/min) and 240 °C for 7 min; detector tem-
perature 260 °C. Gas pressures were: synthetic air 60 psi, He
40 psi, and H, 80 psi. The carrier gas (He) flow rate was con-
stant (1 mL/min). The identification of FAMEs was deter-
mined by matching their peak retention times with a known
standard mixture (Nu-Check Prep, Elysian, MN, USA). To
each sample tricosanoic acid-methyl ester (Sigma-Aldrich,
Saint Louis, MO, USA) was added as the internal standard.
Chromatograms were analyzed employing the Galaxie™
Chromatography Data System Version 1.9.3.2 (Agilent
Technologies, Santa Clara, CA, USA).
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Amino acid analysis

For amino acid profiling, 30 mg of microalgae dry biomass
was mixed with 2 mL of 6 M hydrochloric acid and incu-
bated in a dry bath at 112 °C for 22 h for acid hydrolysis
reaction (Hirs et al. 1954). Further, 50 pL of the hydro-
lyzed sample was transferred in a test tube where 100 pL of
2.5 mM L-aminobutyric acid (internal standard) and 5 mL
of ultrapure water were added. The solution was filtered
on a 0.45 pm pore size syringe filter PTFE membrane and
10 pL aliquots were chemically modified using the reactive
amine derivatizing reagent 6-aminoquinolyl-N-hydroxysuc-
cinimidyl carbamate (Cohen and Michaud 1993) following
instructions of the AccQ-Fluor Reagent Kit (Waters Cor-
poration, Milford, MA, USA). Moreover, 5 pL of the deri-
vatized amino acids solution was resolved using a Hitachi
Elite LaChrom HPLC System (Hitachi High Technologies,
San Jose, CA, USA) equipped with an L-2200 autosam-
pler, L-2130 HTA pump, L-2350 column oven, L-2455
diode array detector, L-2485 fluorescence detector, and a
150 mm X 4.6 mm x5 pm Thermo Scientific™ Hypersil
GOLD™ (18 Selectivity HPLC Column (Thermo Fisher
Scientific, Walthman, MA, USA). The HPLC system was
programmed to operate under the following conditions:
column temperature: 37 °C, excitation of fluorescent amino
acid derivatives: 250 nm, detection of fluorescent emission:
395 nm, flow rate: 1 mL/min. A binary mobile phase consist-
ing of (A) 140 mM sodium acetate pH 5.1 and (B) acetoni-
trile were filtered using a vacuum filtration system through
0.45 pm membrane filters. The following gradient elution
was employed: 0-2 min: 100% A; 2-24 min: 100-83.5%
A, 0-16.5% B; 24 -30 min: 83.5-75% A, 16.5-25% B;
30.1-38 min (column equilibration): 100% A. The EZChrom
Elite software v 3.2.1 (Agilent Technologies, Santa Clara,
CA, USA) was used for data acquisition and analysis.

Essential amino acid index (EAAI)

EAAI scores predict the biological value of proteins in the
sample. This nutrient quality parameter is defined, accord-
ing to Oser (1959), as the geometric mean of the egg ratios,
and was calculated using a FAO/WHO established human
reference pattern (FAO/WHO 1991):

eaa,
EAAI = { X
eadg,
Where eaa, expresses the percentage of a type of essen-
tial amino acid in the total essential amino acids in the sam-
ple; eaag, represents the percentage of a type of essential

amino acid in the total essential amino acids in the standard
(i.e., the standard protein of whole egg). In addition, the

eaa, eaa,
X

eaag, ~  eaas,

biological value of the proteins contained in all ten micro-
algae biomass was calculated using the equation developed
by Oser (1959):

Biological value = 1.09(FEAAI) — 11.7

Antioxidant activity and total phenolic content
analysis

Two hundred milligrams of microalgae dry biomass were
ground using a mortar and pestle containing 2 mL of
hydromethanolic solvent (methanol/water 80:20 (v/v) mix-
ture). Homogenized biomass was transferred into a 15 mL
capped conical centrifuge tube with 2 mL of hydrometh-
anolic solvent, vortexed (VM-10, Daihan Scientific,
DKI Jakarta, Indonesia) for 15 min at 25 °C, centrifuged
(5000xg, 15 min, 5 °C) in a refrigerated centrifuge LMC-
4200R (Biosan, Riga, Latvia), and the supernatant recov-
ered. The extraction was repeated with 2 mL of hydrometh-
anolic solvent. Finally, supernatants were transferred to a
5 mL volumetric flask and brought to a final volume of 5 ml
with methanol. Hydromethanolic extracts were stored at
—20 °C and analyzed within 24 h.

Antioxidant activity analysis was determined following
a modified method of Sharma and Bhat (2009), which is
based on the ability of hydromethanolic extracts to scav-
enge 2,2-Diphenyl-1-picrylhydrazyl hydrate (DPPH).
Briefly, 0.1 mL of hydromethanolic extract was mixed with
3.9 mL of methanolic solution of DPPH radical, incubated
in darkness for 30 min at 25 °C, and absorbances measured
at 517 nm using an Agilent Cary 60 UV-Vis spectropho-
tometer (Agilent Technologies, Santa Clara, USA). DPPH
radical scavenging ability was quantified using a standard
curve (from 0.1 to 10 pM) prepared from 6-hydroxy-2,5,7,8-
tetramethyl-3,4-dihydrochromene-2-carboxylic acid (Trolox)
(Sigma-Aldrich, Germany). Results of antioxidant activity
were expressed as trolox equivalents (uM TE g~ of micro-
algae biomass dry weight [mbdw]). Antioxidant activity
analysis was carried out in triplicate.

Total phenolic content was estimated by the Folin—Cio-
calteu method (Velioglu et al. 1998). One hundred microlit-
ers of hydromethanolic extract was mixed with 750 pL of
1:10 diluted Folin—Ciocalteu reagent (Sigma-Aldrich, Ger-
many) and incubated for 5 min at 25 °C. Next, 750 uL of
saturated sodium carbonate solution (566 mM) was added,
incubated for 90 min at 25 °C, and the absorbance measured
at 725 nm. Total phenolic content was determined based
on the standard curve (from 10 to 100 pM) prepared from
3.4,5-trihydroxybenzoic acid (Gallic acid) (Sigma-Aldrich,
Germany). Results of total phenolic content were expressed
as gallic acid equivalents (mg GAE g~! of mbdw). Total
phenolic content analysis was carried out in triplicate.
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Statistical analysis

The homogeneity of variance and normality of the data were
assessed both by the Kolmogorov—Smirnov test and Sha-
piro—Wilk test. Percentage data were arcsine-square root
transformed to meet one-way analysis of variance (ANOVA)
assumptions. The HSD Tukey post hoc test was utilized to
determine if groups were significantly different from each
other. Parametric and non-parametric correlation analysis
were realized using the Pearson correlation and the Spear-
man rank correlation measures, respectively. Differences
were considered significant at P <0.05. All data presented
here are given as the mean + SD. Statistical analysis were
performed using R software v 4.0.0. (Development Core
Team R 2020).

Results
Proximate composition

The biochemical composition among the analyzed microal-
gae strains was significantly different (Fig. 1). Total lipids
content ranged from 5.06% to 23.82% (F >955; P <0.05)
and Scenedesmus sp.2 (>23%), Ankistrodesmus sp. (> 17%),
and Chlorella sp.1 (>16%) had the highest percentage val-
ues. Carbohydrate content ranged from 9.67% to 34.08%
(F>1371; P<0.05) with Scenedesmus sp.2 (>37%),
Chlorella sp.2 (>34%), and Haematococcus sp.1 (>24%)
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Fig.1 Proximate composition (total lipids, carbohydrates, proteins,
and ashes content) of the dry biomass of ten native microalgae strains
of the groups cyanobacteria (blue) and chlorophyta (green) from the
Peruvian Amazon
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containing the largest values. In terms of proteins content,
values ranged from 8.45% to 28.00% (F>290; P <0.05)
and Arthrospira sp.2 (28%), Arthrospira sp.1 (>26%), and
Haematococcus sp.2 (~25%) contained the highest values.
Finally, ash content ranged from 0.97% to 10.24% (F > 1174;
P <0.01) with Arthrospira sp.2 (> 10%), Arthrospira sp.1
(> 6%), and Haematococcus sp.1 (>4%) were positioned
at the top.

Fatty acid composition

The microalgae strains contained in their biochemical com-
position the three main classes of fatty acids (i.e., saturated
fatty acids [SFA], mono unsaturated fatty acids [MUFAs],
and poly unsaturated fatty acids [PUFAs]), but with different
fatty acid profiles (Table 1). The three microalgae species
with the highest fatty acid content were Scenedesmus sp.2
(~200 mg g~! of mbdw), Chlorella sp.1 (~85 mg g~! of
mbdw), and Ankistrodesmus sp.~(81 mg g~ of mbdw). The
hydrocarbon chain length of fatty acids ranged from 14 to
20 carbon atoms, in addition, there were differences in the
degree, type, and position of unsaturation. Also, the content
of identified fatty acids in the microalgae strains were signif-
icant different (F value from 153.46 to 29,492.71,; P <0.05).
For example, linoleic acid (C18:2 n-6) was biosynthesized in
large quantities by Haematococcus sp.2 (20.19+0.39 mg g™
of mbdw), Chlorella sp.1 (18.56+0.14 mg g~' of mbdw),
and Chlorella sp.2 (16.46+0.28 mg g~ of mbdw). How-
ever, a-linoleic acid (C18:3 n3) content was highest in
Scenedesmus sp.2 (23.13+0.19 mg g~ of mbdw), Ankis-
trodesmus sp. (14.45+0.22 mg g~! of mbdw), and Scenedes-
mus sp.1 (13.02+0.13 mg g~! of mbdw). Eicosapentaenoic
acid (EPA, C20:5 n-3) was the only omega-3 very long-
chain polyunsaturated fatty acid identified in Arthrospira
sp.1 (0.26+0.05 mg g~! of mbdw), Haematococcus sp.1
(0.21+0.01 mg g~! of mbdw), and Haematococcus sp.2
(0.17 £0.00 mg g~! of mbdw).

Additionally, the microalgae strains displayed differences
in fatty acid parameters, namely ZSFA, XMUFA, XPUFA,
and Q-6/Q-3 ratios. In terms of ZSFA, Arthrospira sp.2
showed the highest value (~40%), whereas Scenedesmus
sp.1 displayed the lowest value (~13%). With regard to
XMUFA, Arthrospira sp.2 showed the highest percentage
(~57%), but Scenedesmus sp.1 presented the minimum per-
centage (~ 14%). With reference to ZPUFA, Scenedesmus
sp.1 displayed the greatest percentage (67.01%), contrary to
Arthrospira sp.2 reported the smallest percentage (1.01%).
Additionally, there was a significant difference between pairs
of fatty acid parameters (i.e., XSFA vs ZMUFA, ZSFA vs
ZPUFA), but only the pair XSFA vs ZMUFA showed a sta-
tistically significant correlation (R=0.99; P <0.01). Finally,
with respect to Q-6/Q-3 ratios, the microalgae species can
be clustered into three categories: cluster 1 with Q-6/Q-3
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ratio values <0.25 includes only Scenedesmus sp.1; cluster
2 with Q-6/Q-3 ratio values from > 0.25 to <1.00 includes
six microalgae species (Scenedesmus sp.2, Haematococcus
sp.1, Ankistrodesmus sp., Chlorella sp.1, Arthrospira sp.2,
and Chlorella sp.2); and cluster 3 with Q-6/Q-3 ratio val-
ues > 1.00 includes Haematococcus sp.2, Tetraselmis sp.,
and Arthrospira sp.1.

Amino acid composition

Microalgae strains exhibited both essential amino acids
(EAA) and non-essential amino acids (NEAA) and their
amino acid composition profiles were relatively simi-
lar (Table 2), but the quantity of single amino acids were
significantly different (F value from 391.34 to 3162.89;
P <0.01). The largest amino acids quantities were recorded
in Arthrospira sp.2 (~487 mg g~! of mbdw), Arthrospira
sp.1 (~468 mg g~! of mbdw), and Scenedesmus sp.1
(~433 mg g~! of mbdw). Also, ZEAA ranged from 44.73%
(Scenedesmus sp.2) to 46.77% (Arthrospira sp.1), and
YXNEAA from 53.13% (Haematococcus sp.2) to 55.27%
(Scenedesmus sp.2). From the amino acid profiles of the
EAA group, the most abundant amino acids were leucine
and the aromatic amino acid pair (phenylalanine + tyrosine),
whereas the most limiting EAA were methionine + cysteine
and histidine. From the amino acid profiles of the NEAA
group, the most abundant amino acids were Asx (aspartic
acid + asparagine), serine, and alanine, and the scarcest was
the imino acid proline. Finally, EAAI scores ranged from
0.81 (Chlorella sp.1 and Chlorella sp.2) to 0.87 (Arthrospira
sp.1 and Haematococcus sp.2), and the biological value
ranged from 76.26 (Chlorella sp.1 and Chlorella sp.2) to
83.24 (Arthrospira sp.1 and Haematococcus sp.2).

Antioxidant activity and total phenolic content

The hydromethanolic extracts of the microalgae strains
demonstrated DPPH radical scavenging activity (Fig. 2),
with significant differences among microalgae strains
(F=3357.97; P<0.05). The highest value of antioxidant
activity was recorded in Arthrospira sp.2 (>7 uM TE g~! of
mbdw), in contrast, the lowest value was reported in Scened-
esmus sp.2 (0.34 uM TE g~! of mbdw).

The hydromethanolic extracts of all ten microalgae strains
contained phenolic compounds (Fig. 3), but values were
variable and significantly different (F=528.47; P <0.01)
(F=528.47; P<0.01). The highest total phenolic content
was recorded in Scenedesmus sp.2 (~42 mg GAE g~! of
mbdw), Chlorella sp.1 (~38 mg GAE g~! of mbdw), and
Scenedesmus sp.1 (~30 mg GAE g~! of mbdw). The lowest
values were registered in Arthrospira sp.1 (~15 mg GAE
g~! of mbdw), Haematococcus sp.1 (~13 mg GAE g~! of
mbdw), and Arthrospira sp.2 (~3 mg GAE g~! of mbdw).

Additionally, there was no statistically significant correlation
between antioxidant activity and total phenolic content of
the hydromethanolic extracts (Fig. S2).

Discussion
Proximate composition

The main biochemical components (i.e., total lipids, car-
bohydrates, proteins, and ash) quantified in all ten micro-
algae strains revealed interstrain differences and similari-
ties (Fig. 1). These types of findings are very common as
evidenced by several reports worldwide (Natrah et al. 2007,
Kent et al. 2015; Tibbetts et al. 2015; Molino et al. 2018).
Additionally, some studies showed that the proximate com-
position of microalgae can fluctuate according to the growth
phase (i.e., exponential, stationary) (Romero—Romero and
Sanchez-Saavedra 2017), culture conditions (Cobos et al.
2017a), nitrogen starvation (Buono et al. 2016), light quality
(Romero—Romero and Sanchez-Saavedra 2017), and culture
type (i.e., phototrophic, mixotrophic) (Alkhamis and Qin
2016).

Based on the proximate composition these microalgae
strains can be used for the extraction of various commodities
with biorefinery approaches. For instance, some oleaginous
microalgae (containing > 15% total lipids) such as Scened-
esmus sp.2, Ankistrodesmus sp.1, and Chlorella sp.1 can be
cultivated under conditions to improve lipid biosynthesis
and accumulation, specifically triacylglycerols, and then
evaluated for biodiesel production using well-established
approaches (Arguelles et al. 2018). Simultaneously, essen-
tial fatty acids enriched microalgae biomass can be used as
food supplements for both humans and animals (e.g., aqua-
culture, poultry farming, etc.). In addition, Scenedesmus sp.2
and Chlorella sp.2 were carbohydrate hyperaccumulators
(Fig. 1) and thus could be used for bioethanol production,
as has been demonstrated by other investigations (Laka-
tos et al. 2019; Hossain et al. 2019; Abdulla et al. 2020).
Finally, in the majority of microalgae (80%) the protein con-
tent was >20% of dry biomass (Fig. 1). This is important,
because protein enriched microalgae biomass can also be
used in dietary supplements for human and animal nutrition
(Benemann 1992; Ginzberg et al. 2000; Gors et al. 2010;
Jiang et al. 2019).

Fatty acid composition

All microalgae strains analyzed contained the three fatty acid
classes (i.e., SFA, MUFAs, and PUFAs), but the proportion
and absolute quantities of each type were highly variable,
creating distinct fatty acid profiles (Table 1). These differ-
ences were present despite the fact all ten microalgae strains
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Arthrospirasp2 > g three microalgae strains produced EPA (Arthrospira sp.1,
Chlorella sp.1 - Haematococcus sp.1, and Haematococcus sp.2), but all ten
Haematococcus sp.2 [N} ¢ microalgae species were unable to produce DHA. Similar
Chloretiasp:2 [ 8} ¢ results were reported by Banskota et al. (2019), who found
Arthrospira sp.1 [[LLIBI] ¢ that only two of six freshwater microalgae species pro-
Tetraselmis sp. [T060} @ duced EPA, however, all three marine microalgae species
Haematococcus sp.1 | d.e synthesized this compound. On the other hand, identical to
Ankisrodesmus . |G} our findings, these researchers also demonstrated that all
scenedesus p.1 [l < nine microalgae species analyzed were incapable of bio-
Scenedesnus sp 2 [ o1 synthesizing DHA. Analogous results were also published

0 1 2 3 4 5 6 7 &
DPPH (uM TE g of mbdw)

Fig.2 DPPH radical scavenging activity of the dry biomass of ten
native microalgae strains of the groups cyanobacteria (blue) and chlo-
rophyta (green) from the Peruvian Amazon

Scenedesmus sp.2 41.90

Chlorella sp.1 38.09 + b
Scenedesmus sp.1 3032 + c

Ankistrodesmus sp. 2803 >—|—< c

Chlorella sp.2 2529 + d

Tetraselmis sp. 19.07 + e

Haematococcus sp.2 1766 + e.f

Arthrospira sp.1 1542 } f
Haematococcus sp.1 1335 }« f.g
Arthrospira sp.2| 2 74}« h

0 5 10 15 20 25 30 35 40 45
Total Phenolic Content (mg GAE g of mbdw)

Fig.3 Total phenolic content of the dry biomass of ten native micro-
algae strains of the groups cyanobacteria (blue) and chlorophyta
(green) from the Peruvian Amazon

were cultivated under the same conditions. Interesting, to
complicate the problem further, a recent study found that the
same microalgae strain produced different fatty acid profiles
when cultivated under variable culture conditions (Santha-
kumaran et al. 2020). Frequently, the great diversities in fatty
acid profiles is a common phenomenon of several microal-
gae studied to date, both from marine and freshwater origin
(Natrah et al. 2007; Maadane et al. 2015; Banskota et al.
2019; Soares et al. 2019).

In terms of health-promoting short-chain PUFAs, all ten
microalgae species in this study were able to biosynthe-
size both essential fatty acids (i.e., linoleic acid, a-linoleic
acid), but differences between strains were pronounced
(Table 1). No all microalgae are able to produce these
essential PUFAs. For example, Nannochloropsis granu-
lata, Porphyridium aerugineum, and Phaeodactylum tri-
cornutum do not produce a-linoleic acid (Banskota et al.
2019). In terms of very long-chain PUFAs (i.e., eisosap-
entaenoic acid [EPA], docosahexaenoic acid [DHA]) only

by other research groups, who reported the existence of
microalgae species (from marine and freshwater origin)
that are able or unable to biosynthesize one or both very
long-chain PUFAs (Maadane et al. 2015; Banskota et al.
2019; Soares et al. 2019). For example, some representa-
tive microalgae genus of both groups (chlorophyta and
cyanobacteria) with capabilities to biosynthesize EPA and/
or DHA are: Arthrospira, Chlorella, Gloeothece, Haema-
tococcus, Isocrysis, Nannochloropsis, Nostoc, Phaeo-
dactylum, Pavlova, Pinguiococcus, Scenedesmus, and
Thraustochytrium (Tokusoglu and tiUnal 2003; Guedes
et al. 2011; Lei et al. 2012; Adarme-Vega et al. 2012;
Los and Mironov 2015). Undoubtedly, the biosynthetic
capabilities of certain microalgae species are coded by
genes which were recently identified through genomic and
transcriptomic approaches (Chi et al. 2008; Rismani-Yazdi
et al. 2011; Radakovits et al. 2012; Wang et al. 2014; Ma
et al. 2018; Liang et al. 2019; Gao et al. 2020), and several
of these genes have been cloned and functionally charac-
terized, specifically elongases and the membrane-bound
enzymes called front-end desaturases (Qi et al. 2002;
Pereira et al. 2004; Khozin-Goldberg et al. 2011, 2016;
Miihlroth et al. 2013; Ben Amor et al. 2018). From an
evolutionary viewpoint, the gene encoding the prototype
of prokaryotic delta-6 desaturase could be the common
ancestor of all the front-end desaturases identified to date
in eukaryotes (Sperling et al. 2003; Meesapyodsuk and
Qiu 2012).

Finally, with respect to Q-6/Q-3 ratios, 50% of the
microalgae species (Table 1) had values within the range
(from 0.25 to 1) considered most beneficial for human
and animal health (Simopoulos 2008; DiNicolantonio and
O’Keefe 2018; DiNicolantonio and OKeefe 2019; Kalian-
nan et al. 2019; Xiao et al. 2019). Over 10 years ago, evi-
dence was presented that ingestion of enormous quantities
of omega-6 PUFAs and a very high Q-6/Q-3 ratio, which
is common in western diets, boost the pathogenic effects
of several human chronic diseases, including autoimmune
diseases, cancer, cardiovascular diseases, and inflamma-
tory diseases, while increased levels of omega-3 PUFAs
(i.e., areduced Q-6/Q-3 ratio) carry out an important role
in the suppressive effects (Simopoulos 2008).
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Amino acid composition

All ten microalgae species exhibited both classes of dietary
amino acids (i.e., EAA, NEAA), but amino acid profiles
were variable (Table 2). Our results are in agreement with
several studies that determined both marine and freshwater
microalgae can produce the 20 amino acids commonly found
in proteins (Zhang et al. 2009; Kent et al. 2015; Tibbetts
etal. 2015, 2019; Pereira et al. 2019). Moreover, the molecu-
lar machinery necessary to produce these amino acids was
corroborated by an abundance of genomic resources from
several microalgae species from classical biochemical inves-
tigations and studies at the genomics, transcriptomics, pro-
teomics, and metabolomics levels (Baba et al. 2012; Gao
et al. 2014; Gudmundsson et al. 2017; Brown et al. 2019).

Based on the EAAI to test the nutritional quality of pro-
teins contained in microalgae biomass, our results showed
that these microalgae proteins can be ranked, according to
Zhang et al. (2009), as useful proteins (EAAI value from
0.75 to 0.86) and good quality proteins (EAAI value from
0.86 to 0.95). These results are similar to marine and fresh-
water microalgae that had EAAI values from 0.76 to 1.25
(Kent et al. 2015; Tibbetts et al. 2015), and thus ranked as
useful proteins, good quality proteins, and high-quality pro-
teins (EAAI value > 0.95) (Zhang et al. 2009). In Dunaliella
salina EAA productivity and yield is impacted by both light/
dark conditions and growth phases of the microalgae culture.
Thus, the greatest EAA quantities were recorded in the sta-
tionary phase and the EAAI scores revealed an accumulating
tendency during the growth phases (Sui et al. 2019).

The biological values of the microalgae proteins are char-
acterized as good quality and exhibited a strong correla-
tion with EAAI values, which is consistent with the results
reported by Oser (1959). Finally, the equation for calculat-
ing EAAI, which integrates the totality of human essential
amino acids, indicates that microalgae proteins are the rich-
est source of essential amino acids relevant for human and
animal nutrition.

Antioxidant activity and total phenolic content

All ten microalgae strains demonstrated capabilities to neu-
tralize the oxidative effect of DPPH radicals (Fig. 2). This
antioxidant activity was also demonstrated in both marine
and freshwater microalgae species researched worldwide (Li
et al. 2007; Ahmed et al. 2014; Maadane et al. 2015; Safafar
et al. 2015; Assuncdo et al. 2017; Banskota et al. 2019, but
see Natrah et al. 2007).

Without exception, the hydromethanolic extracts of eval-
uated microalgae contained phenolic compounds (Fig. 3).
These compounds have beneficial effects on human health
(Barkia et al. 2019) and are commonly found in marine and
freshwater microalgae (Li et al. 2007; Zhang et al. 2007;

@ Springer

Hajimahmoodi et al. 2010; Goiris et al. 2012; Ahmed et al.
2014; Safafar et al. 2015; Banskota et al. 2019; Bulut et al.
2019), indicating that these microorganism possess meta-
bolic pathways to biosynthesize phenolic compounds (Tohge
et al. 2013; Goiris et al. 2014; Yonekura-Sakakibara et al.
2019). Several human health-promoting effects of phenolic
compounds are associated with their direct scavenging
actions against free radicals (i.e., reactive oxygen species
[ROS], reactive nitrogen species [RNS]). These abilities,
to efficiently remove ROS and RNS, are related with their
structural properties and are dose-dependently modulated
(Onofrejova et al. 2010; Fernando et al. 2016). Curiously,
antioxidant activity on total phenolic were not correlated
(Fig. S2.), but similar results were also reported in a study
of several microalgae species (Li et al. 2007). However, dis-
crepant results were published by another research group
from Canada, who display a statistically significant Pearson
correlation (r2 =0.66, P <0.005) between antioxidant activ-
ity and total phenolic content (Banskota et al. 2019).

The lack of correlation between antioxidant activity and
total phenolic content found in our study could be partially
explained by the influence of several factors. First, the anti-
oxidant action of the hydromethanolic extracts is a conse-
quence of individual and synergistic action of various bio-
chemical compounds such as phenolics (e.g., phenolic acids,
flavonoids, etc.), carotenoids (e.g., astaxanthin, -carotene,
lutein, zeaxanthin, etc.), chlorophylls, peptides, polysaccha-
rides, and vitamins (Ko et al. 2012; Trabelsi et al. 2016;
Fimbres-Olivarria et al. 2018; Soares et al. 2019; Sathasi-
vam et al. 2019; Di Lena et al. 2019). Second, particularly
Arthospira sp.2 displayed the highest value (7.24 pM TE g-1
of mbdw) of DPPH radical scavenging activity (Fig. 2), but
surprisingly, presented the lowest value (2.74 mg GAE g~!
of mbdw) in total phenolic content (Fig. 3). This cyanobacte-
ria species, in addition, showed a high protein content (28%,
see Fig. 1), therefore, the incongruity mentioned, could be
interpreted considering that in the protein fraction of this
cyanobacteria exist a great proportion of phycobiliproteins.
These proteins covalently bound to open tetrapyrroles con-
stitute an abundant (i.e., Limnothrix sp. produces 18% of
C-phycocyanin of total dry biomass) and very common
component of cyanobacteria that displays a potent scaveng-
ing capacity against DPPH free radicals (Gantar et al. 2012;
Mysliwa-Kurdziel and Solymosi 2017; Park et al. 2018; Li
et al. 2019; Pagels et al. 2019).

Conclusion

All ten native microalgae strains from the Peruvian Ama-
zon analyzed in this study had the ability to biosynthesize
and accumulate several nutrients and compounds that have
the potential to promote human health, but their absolute
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and relative quantities were highly variable both within and
between genera. Total lipids and carbohydrates were more
abundant in Scenedesmus sp.2, however, proteins and ashes
were more concentrated in the Arthrospira genus. Essential
fatty acids such as linoleic acid and a-linoleic acid were
mainly produced and accumulated by microalgae of the
chlorophyta group, but y-linoleic acid was highest in the
cyanobacteria Arthrospira sp.1. EPA was biosynthesized
by the cyanobacteria Arthrospira sp.1 and both strains of
the genus Haematococcus. Essential amino acids were pro-
duced by cyanobacteria and chlorophyta groups, however
the cyanobacteria group was the principal producer of these
nutrients.

In the case of compounds with human health-promoting
potential, all microalgae were able to neutralize the oxidative
effect of DPPH radicals, but the cyanobacteria Arthrospira
sp.2 was by far the most efficient. Also, phenolic compounds
were commonly more concentrated in the chlorophyta group,
in contrast the cyanobacteria group produced low levels of
these compounds. These phenolic compounds should be
identified and functionally characterized to demonstrate their
biosafety and beneficial effects on human health.

Now that our bioprospecting has established that select
microalgae strains of the Peruvian Amazon have attributes
that are likely to be of social and economic value, future
studies should focus on their potential use and feasibility of
industrial cultivation using biorefinery approaches. Addi-
tional bioprospecting studies should also be encouraged,
especially in the Amazon, as only a minuscule proportion
of extant species has been characterized.
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