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Abstract: Microalgae have enormous potential for human nutrition, yet the European Commission
has authorized the consumption of only eleven species. Strains of fifteen rarely researched microalgae
from two kingdoms were screened regarding their nutritional profile and value for human health
in two cultivation phases. Contents of protein, fiber, lipids, fatty acids, minerals, trace elements
and heavy metals were determined. In the growth phase, microalgae accumulated more arginine,
histidine, ornithine, pure and crude protein, Mg, Mn, Fe and Zn and less Ni, Mo and I2 compared to
the stationary phase. Higher contents of total fat, C14:0, C14:1n5, C16:1n7, C20:4n6, C20:5n3 and also
As were observed in microalgae from the chromista kingdom in comparison to microalgae from the
plantae kingdom (p < 0.05). Conversely, the latter had higher contents of C20:0, C20:1n9 and C18:3n3

as well as Ca and Pb (p < 0.05). More precisely, Chrysotila carterae appeared to have great potential for
human nutrition because of its high nutrient contents such as fibers, carotenoids, C20:6n3, Mg, Ca,
Mn, Fe, Se, Zn, Ni, Mo and I2. In summary, microalgae may contribute to a large variety of nutrients,
yet the contents differ between kingdoms, cultivation phases and also species.

Keywords: microalgae; protein; minerals; trace elements; fatty acids; omega-3 fatty acids; nutrition; health

1. Introduction

Microalgae are rich in various essential nutrients such as macronutrients (proteins
and amino acids, fats and omega-3 polyunsaturated fatty acids (n3-PUFA), carbohydrates
and fibers) as well as micronutrients (vitamins, pigments, minerals and trace elements) [1].
Although microalgae have enormous potential for human nutrition, the European Com-
mission has authorized the consumption of only eleven microalgae species [2,3]. So far,
partial research and nomenclature has been carried out on 30,000 microalgae species of an
estimated variety of 50,000 species [4]. Previous studies indicate differences in nutrient
profile depending on the cultivation and growth period [5–7]. The cultivation of microal-
gae can be divided into five phases: induction phase, growth phase, phase of declining
relative growth, stationary phase and death phase [8]. The first phase is characterized by
a small increase in cell density because of the adaptation to changing culture condition
from the former to new cultivation conditions. In the exponential or growth phase, the
number of cells increases close to exponentially due to cell division. When nutrients, carbon
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dioxide and light supply decrease, the cell division rate drops, and the microalgae reach
the third phase. Afterwards, the stationary phase begins, where the cell density is close
to a constant level because of the balance between the growth rate and factors limiting
growth. In the last phase, the death phase, nutrients are exhausted, which inhibits further
growth, causing the microalgae density to decrease, and the culture collapses [8]. Whereas
parameters such as different growth media composition, temperature and light quality or
quantity are commonly used to customize the nutrient profile of microalgae, differences
in the nutrient profile between the cultivation phases have been studied only to some
extent. For instance, various studies indicate a higher content of polyunsaturated fatty
acids (PUFAs) and phytochemicals such as β-carotene in the growth phase rather than in
the stationary [9–12].

The aim of the present study was to evaluate the nutrient profile of 15 rarely studied
microalgae species from the kingdoms plantae (Autumnella lusatica, Botryococcus braunii,
Chlorococcum novae-anglia, Klebsormidium sp., Myrmecia bisecta, Spongiochloris minor, Sti-
chococcus sp., Tetradesmus obliquus, Tetraselmis suecica) and chromista (Chrysotila carterae,
Eustigmatos sp., Microchloropsis salina, Nannochloropsis limnetica, Nitzschia palea, Phaeodacty-
lum tricornutum), which showed valuable amounts of different nutrients in pre-screening
tests. The analyzed nutrient profile of all microalgae has been used to rate their potential
benefit for human nutrition. Furthermore, differences in the nutrient profile of four mi-
croalgae species during cultivation in the growth phase and stationary phase have been
analyzed, compared and categorized using their nutritional value. The microalgae species
were selected based on literature searches according to the criteria of presumed nutrient
profile, cultivability and food safety, whereby the latter was assessed based on relatedness
to approved species and on toxin formation study results.

2. Results
2.1. Amino Acid Analysis

The amino acid profiles did not differ significantly between the microalgae biomass
of the two kingdoms. The specific N-factors (nitrogen-to-protein conversion factor) for
each microalgae were neither different between kingdoms nor between cultivation phases
(Table 1).

Arginine, histidine and ornithine contents were higher in the growth phase com-
pared to the stationary phase (p < 0.05; Table 1). In the growth phase, arginine ranged
from 1.3 (S. minor) to 3.0 g/100 g d.w. (T. obliquus) and in the stationary phase from 0.6
(M. salina) to 3.2 g/100 g d.w. (S. minor). Histidine concentrations were from 0.4 (S. minor)
to 0.8 g/100 g d.w. (M. salina) in the growth phase, while in the stationary phase, they
ranged from 0.3 (M. salina) to 0.4 g/100 g d.w. (S. minor). Ornithine concentrations in the
growth phase were between 0.03 (S. minor) and 0.12 g/100 g d.w. (T. obliquus), while in the
stationary phase, they were between 0.02 (M. salina) and 0.06 g/100 g d.w. (S. minor).

The nonessential amino acid (NEA) concentration in chromista varied between 4.7
(C. novae-angliae) and 12.7 g/100 g d.w. (N. palea) and in plantae from 5.0 (T. suecica) to
14.4 g/100 g d.w. (S. minor; Table 1). In the growth phase, the range was between 9.7 (S. minor)
and 17.1 g/100 g d.w. (C. novae-angliae), while in the stationary phase, it was between 4.7
(C. novae-angliae) and 14.4 g/100 g d.w. (S. minor). Between kingdoms, the semi-essential
amino acid (SEA) concentration varied from 1.0 (P. tricornutum) to 1.7 g/100 g (C. carterae) in
chromista and 0.9 (Stichococcus sp.) to 3.6 g/100 g d.w. (S. minor) in plantae (Table 1). SEA
concentrations in microalgae in the growth phase were from 1.6 (S. minor) to 2.8 g/100 g d.w.
(M. salina) and in the stationary phase from 0.9 (C. novae-angliae) to 3.6 g/100 g d.w. (S. minor).
The range of essential amino acid (EAA) concentrations was from 4.1 (M. salina) to 8.9 g/100 g
(C. carterae) in chromista and 4.9 (Stichococcus sp.) to 11.1 g/100 g d.w. (S. minor) in plantae
(Table 1). EAA ranged from 7.4 (T. obliquus) to 13.5 g/100 g (C. novae-angliae) in the growth
phase and 4.1 (C. novae-angliae) to 11.1 g/100 g d.w. (S. minor) in the stationary phase.
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N-factors ranged from 4.38 (M. salina) to 5.47 (P. tricornutum) in chromista and 4.42 (C.
novae-angliae) to 5.61 (S. minor) in plantae. In the growth phase, the N-factors ranged from
3.93 (M. salina and C. novae-angliae) to 4.77 (S. minor).

2.2. Nitrogenous Compounds

The analysis of nitrogenous compounds in microalgae did not reveal any significant
differences in total fiber, nitrogen or non-protein nitrogen (NPN) between both kingdoms
or in different cultivation phases (p > 0.05; Table 2).

In chromista, the crude protein content (use of specific N-factor) was between 10.7 (M.
salina) and 24.0 g/100 g d.w. (N. palea), while in plantae, it was between 10.2 (T. suecica) and
30.4 g/100 g d.w. (A. lusatica). Higher contents of crude protein were detected in biomass
in the growth phase, ranging from 20.5 (T. obliquus) to 32.0 g/100 g d.w. (C. novae-angliae),
compared to the stationary phase, ranging from 10.7 (M. salina) to 22.7 g/100 g d.w. (S. minor;
p < 0.05; Table 2).

The pure protein content in chromista ranged from 10.0 (M. salina) to 20.3 g/100 g d.w.
(N. palea) and in plantae from 7.7 (T. suecica) to 23.1 g/100 g d.w. (Klebsormidium sp.). It was
higher in the growth phase compared to the stationary phase, ranging from 16.0 (T. obliquus)
to 28.2 g/100 g d.w. (M. salina) and from 10.0 (M. salina) to 21.0 g/100 g d.w. (S. minor),
respectively (p < 0.05; Table 2).

The total fiber content in chromista varied from 14.3 (N. limnetica) to 41.2 g/100 g (C.
carterae) and in plantae from 13.7 (M. bisecta) to 40.5 g/100 g (S. minor; Table 2). In the
growth phase, the range was from 23.8 (M. salina) to 40.4 g/100 g d.w. (S. minor) and in the
stationary phase from 21.0 (M. salina) to 40.5 g/100 g d.w. (S. minor).
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Table 1. Amino acid profiles and ammonium contents of 15 microalgae from different kingdoms and cultivation phases in g/100 g d.w. with their calculated
N-factor.
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Kingdom Cr Pl Pl Cr Pl Pl

CP SP SP SP SP SP SP SP SP SP SP SP SP SP SP SP ♦ GP GP GP GP O

Alanine 1.89 1.26 0.77
± 0.15

1.32 1.90
± 0.04

1.28 1.95 1.06
± 0.07

1.43
± 0.02

1.97 2.66 2.52
± 0.14

1.156
± 0.002

1.71
± 0.05

0.80 0.38 2.92
± 0.37

2.56
± 0.14

1.71
± 0.05

2.03
± 0.10

0.12

Arginine 1.34 0.97 0.57
± 0.10

1.00 1.25
± 0.03

0.89 1.54 1.14
± 0.07

0.92
± 0.01

1.37 1.32 3.18
± 0.18

0.81
± 0.01

0.88
± 0.02

0.53 0.54 2.14
± 0.26

2.03
± 0.14

3.03
± 0.08

1.27
± 0.04

0.04

Aspartic acid 2.20 1.62 0.99
± 0.17

1.58 2.65
± 0.04

1.78 2.24 1.35
± 0.08

1.77
± 0.02

2.49 2.63 3.09
± 0.21

1.22
± 0.01

1.72
± 0.05

0.99 0.73 3.59
± 0.50

3.43
± 0.03

1.94
± 0.07

1.84
± 0.18

0.16

Cysteine 0.04 0.02 0.029
± 0.004

0.03 0.039
± 0.003

0.01 0.01 0.06
± 0.03

0.114
± 0.001

0.01 0.04 0.12
± 0.05

0.021
± 0.001

0.081
± 0.001

<LOQ 0.25 0.26
± 0.05

0.06
± 0.01

0.08
± 0.0.1

0.06
± 0.01

0.78

Glutamic acid 2.95 1.93 1.00
± 0.25

2.04 2.63
± 0.05

2.08 2.69 1.58
± 0.10

1.74
± 0.01

3.37 3.01 3.26
± 0.19

1.44
± 0.01

2.05
± 0.04

1.20 0.79 3.61
± 0.39

3.37
± 0.03

2.11
± 0.01

2.31
± 0.12

0.12

Glycine 1.35 1.05 0.63
± 0.12

1.04 1.77
± 0.03

1.01 1.55 0.86
± 0.05

1.03
± 0.01

1.57 1.75 1.80
± 0.10

0.83
± 0.01

1.19
± 0.05

0.62 0.84 2.14
± 0.28

2.01
± 0.12

1.24
± 0.04

1.47
± 0.06

0.12

Histidine 0.38 0.31 0.28
± 0.06

0.08 0.40
± 0.01

0.07 0.51 0.28
± 0.02

0.29
± 0.

0.49 0.58 0.42
± 0.06

0.054
± 0.001

0.30
± 0.01

0.19 0.89 0.69
± 0.07

0.81
± 0.13

0.42
± 0.04

0.36
± 0.02

0.02

Isoleucine 1.02 0.73 0.50
± 0.08

0.72 1.08
± 0.02

0.78 0.94 0.64
± 0.04

0.79
± 0.02

0.95 1.04 1.21
± 0.07

0.516
± 0.003

0.78
± 0.03

0.44 0.95 1.56
± 0.19

1.62
± 0.13

0.80
± 0.03

0.93
± 0.01

0.12

Leucine 2.11 1.40 0.93
± 0.16

1.53 1.91
± 0.03

1.41 2.19 1.38
± 0.09

1.63
± 0.02

2.18 2.31 2.48
± 0.17

1.14
± 0.01

1.62
± 0.05

0.89 0.31 3.21
± 0.41

3.06
± 0.22

1.65
± 0.05

2.02
± 0.07

0.12

Lysine 1.24 1.14 0.56
± 0.10

1.15 1.21
± 0.02

1.02 1.55 0.89
± 0.06

1.07
± 0.01

1.43 1.37 1.81
± 0.07

0.907
± 0.001

1.03
± 0.05

0.67 0.79 2.19
± 0.26

1.76
± 0.10

1.29
± 0.07

1.28
± 0.01

0.12

Methionine 0.45 0.10 0.03
± 0.01

0.17 0.18
± 0.08

0.32 0.33 0.07
± 0.02

0.04
± 0.01

0.36 0.18 0.26
± 0.07

0.10
± 0.02

0.02
± 0.02

0.32 0.79 0.07
± 0.01

0.19
± 0.05

0.086
± 0.003

0.038
± 0.001

0.91

Phenylalanine 1.34 0.84 0.66
± 0.06

0.89 1.36
± 0.03

1.09 1.52 0.86
± 0.06

1.08
± 0.01

1.46 1.54 1.57
± 0.11

0.67
± 0.01

1.06
± 0.03

0.58 0.59 2.13
± 0.23

1.90
± 0.14

1.04
± 0.03

1.37
± 0.05

0.12

Proline 1.15 0.82 0.55
± 0.04

0.78 1.15
± 0.01

0.67 1.34 0.79
± 0.03

1.26
± 0.30

1.47 1.43 1.50
± 0.09

0.95
± 0.23

1.27
± 0.28

0.49 0.05 2.08
± 0.47

1.93
± 0.40

1.32
± 0.29

1.21
± 0.09

0.26

Serine 1.22 0.78 0.48
± 0.10

0.86 1.48
± 0.03

1.00 1.24 0.64
± 0.04

0.92
± 0.01

1.29 1.16 1.45
± 0.10

0.68
± 0.01

0.88
± 0.01

0.56 0.99 1.81
± 0.19

1.51
± 0.07

0.917
± 0.003

1.04
± 0.07

0.16

Threonine 1.18 0.90 0.58
± 0.11

0.83 1.36
± 0.03

0.89 1.19 0.75
± 0.05

1.000
± 0.001

1.35 1.32 1.71
± 0.11

0.80
± 0.01

1.11
± 0.02

0.57 0.59 1.95
± 0.23

1.77
± 0.10

1.18
± 0.03

1.26
± 0.06

0.12

Tryptophan 0.18 0.09 0.101
± 0.004

<LOQ 0.14
± 0.01

0.04 0.27 0.075
± 0.001

0.089
± 0.007

0.32 0.04 0.16
± 0.02

0.022
± 0.02

0.084
± 0.004

0.03 0.54 0.16
± 0.03

0.20
± 0.05

0.115
± 0.002

0.11
± 0.01

0.12

Tyrosine 0.66 0.57 0.25
± 0.03

0.64 1.11
± 0.03

0.72 1.02 0.49
± 0.01

0.15
± 0.02

1.08 1.02 0.67
± 0.06

0.50
± 0.01

0.20
± 0.01

0.38 0.22 0.69
± 0.01

0.83
± 0.02

0.41
± 0.02

0.43
± 0.04

0.09

Valine 1.35 0.98 0.65
± 0.10

0.96 1.31
± 0.03

0.96 1.39 0.84
± 0.06

1.14
± 0.02

1.32 1.45 1.85
± 0.10

0.721
± 0.005

1.17
± 0.03

0.65 0.54 2.19
± 0.28

2.02
± 0.16

1.20
± 0.05

1.31
± 0.02

0.16

Taurine 0.13 0.18 0.05
± 0.01

0.08 0.039
± 0.001

0.12 0.07 0.019
± 0.003

0.19
± 0.01

0.09 0.08 0.202
± 0.002

0.106
± 0.002

0.14
± 0.04

0.20 0.17 0.09
± 0.02

0.054
± 0.001

0.194
± 0.005

0.079
± 0.003

0.16

S-adenosyl-
methionine <LOQ <LOQ 0.01

± 0.01
0.06 0.018

± 0.005
0.05 0.06 <LOQ 0.07

± 0.01
0.01 0.08 0.07

± 0.02
0.05

± 0.05
0.029

± 0.003
<LOQ 0.17 0.04

± 0.01
0.03

± 0.01
0.01

± 0.01
<LOQ 0.09

Cystine 0.40 0.17 0.08
± 0.01

0.18 0.197
± 0.001

0.12 0.16 0.11
± 0.01

0.11
± 0.01

0.19 0.29 0.21
± 0.04

0.127
± 0.006

0.10
± 0.01

0.12 0.45 0.16
± 0.02

0.16
± 0.06

0.13
± 0.01

0.11
± 0.02

0.67

γ-amino-
butyric
acid

0.03 <LOQ 0.13
± 0.03

<LOQ 0.037
± 0.001

0.02 0.47 0.024
± 0.005

0.03
± 0.01

0.03 0.03 0.08
± 0.03

<LOQ. 0.500
± 0.001

0.01 0.71 0.062
± 0.002

0.23
± 0.02

0.06
± 0.01

0.07
± 0.01

0.67

Ornithine 0.04 0.02 0.02
± 0.01

0.03 0.151
± 0.001

0.04 0.05 0.016
± 0.002

0.033
± 0.003

0.02 0.09 0.061
± 0.001

0.013
± 0.001

0.029
± 0.002

<LOQ 0.38 0.07
± 0.01

0.12
± 0.01

0.08
± 0.01

0.027
± 0.001

0.03

NH4
+ 0.41 0.36 0.23

± 0.03
0.35 0.52

± 0.01
0.00 0.00 0.26

± 0.03
0.49

± 0.03
0.39 0.54 0.73

± 0.01
0.275

± 0.001
0.41

± 0.02
0.20 0.52 0.88

± 0.07
0.69

± 0.06
0.51

± 0.04
0.52

± 0.02
0.26
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Table 1. Cont.
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Sum

NEA 11.46 8.05 4.70
± 0.65

8.27 12.72
± 0.28

8.56 12.04 6.83
± 0.39

8.42
± 0.35

13.25 13.71 14.41
± 0.64

6.80
±0.24

9.10
± 0.42

5.03 0.48 17.10
± 1.22

15.71
± 0.68

9.74
± 0.43

10.39
± 0.51

0.27

SEA 1.72 1.27 0.86
± 0.11

1.08 1.65
± 0.03

0.97 2.05 1.42
± 0.08

1.21
± 0.01

1.85 1.90 3.60
± 0.19

0.87
± 0.01

1.18
±0.02

0.71 0.35 2.83
± 0.27

2.84
±0.19

3.46
± 0.09

1.63
± 0.04

0.14

EAA 8.89 6.20 4.11
± 0.26

6.25 8.54
± 0.11

6.52 9.38 5.51
± 0.15

6.84
± 0.04

9.36 9.25 11.05
± 0.28

4.87
± 0.02

6.89
0.09

4.15 0.35 13.46
± 0.68

12.52
± 0.37

7.36
± 0.12

8.32
± 0.11

0.27

N-factor 4.83 5.46 4.38 4.67 4.66 5.47 5.14 4.56 4.42 4.76 4.89 5.61 4.84 4.65 4.81 0.99 4.77 4.77 4.24 3.93 0.47

Cr, chromista; CP, cultivation phase; EAA, essential amino acids (printed in bold); GP, growth phase; LOQ, limit of quantification (LOQ < 0.001 g/100 g dry weight); NEA, non-essential
amino acids; Pl, plantae; SEA, semi-essential amino acids; SP, stationary phase; ♦, p-values between chromista and plantae of the stationary phase; O, p-values between the stationary
and growth phase of four microalgae. Values are expressed as means ± standard deviation (n = 2); single determination was performed with microalgae low in biomass.
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Table 2. Contents of nitrogenous compounds in g/100 g dry weight of 15 microalgae species in different cultivation phases.
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Kingdom Cr Pl Pl Cr Pl Pl

CP SP SP SP SP SP SP SP SP SP SP SP SP SP SP SP ♦ GP GP GP GP O

Nitrogen 4.71
± 0.06

2.41
± 0.07

2.44
± 0.01

3.49
± 0.01

5.14
± 0.03

3.05
± 0.01

3.91
± 0.05

3.20
± 0.02

3.91
± 0.05

5.56
± 0.07

4.96
± 0.06

4.05
± 0.03

2.55
± 0.01

3.77
± 0.07

2.12
± 0.01 0.41 6.72

± 0.05
6.44

± 0.02
6.79

± 0.10
4.83

± 0.02 0.29

NPN 0.83
± 0.06

0.15
± 0.08

0.14
± 0.09

0.43
± 0.09

0.78
± 0.03

0.13
± 0.03

0.83
± 0.12

0.43
± 0.04

0.54
± 0.06

0.71
± 0.19

0.84
± 0.07

0.30
± 0.03

0.23
± 0.03

0.50
± 0.13

0.53
± 0.05 0.58 1.04

± 0.13
0.54

± 0.02
0.40

± 0.13
1.04

± 0.11 0.99

Crude protein
(N-Factor 6.25)

29.4
± 0.4

15.10
± 0.5

15.23
± 0.04

21.80
± 0.05

32.1
± 0.2

19.06
± 0.08

30.4
± 0.8

20.0
± 0.1

24.4
± 0.3

34.7
± 0.5

31.0
± 0.4

25.3
± 0.2

15.94
± 0.07

23.6
± 0.5

13.23
± 0.09 0.41 42.0

± 0.3
40.2
± 0.1

42.4
± 0.6

30.2
± 0.1 0.29

Crude protein
(N-Factor 4.97)

23.4
± 0.3

12.0
± 0.4

12.11
± 0.03

17.34
± 0.04

25.5
± 0.2

15.15
± 0.06

30.4
± 0.8

15.89
± 0.08

19.4
± 0.3

27.6
± 0.4

24.6
± 0.3

20.1
± 0.2

12.67
± 0.06

18.7
± 0.4

10.52
± 0.07 0.41 33.4

± 0.3
32.00
± 0.08

33.7
± 0.5

24.0
± 0.1 0.29

Crude protein
(Specific
N-Factor)

22.7
± 0.3

13.2
± 0.4

10.67
± 0.03

16.29
± 0.04

24.0
± 0.2

16.7
± 0.1

25.0
± 0.6

14.6
± 0.1

17.3
± 0.2

26.4
± 0.4

24.2
± 0.3

22.7
± 0.2

12.3
± 0.1

17.5
± 0.3

10.2
± 0.1 0.29 32.0

± 0.3
30.7
± 0.1

20.5
± 0.1

26.7
± 0.4 0.04

Pure protein
(Specific
N-Factor)

18.7
± 0.1

12.3
± 0.2

10.0
± 0.4

14.3
± 0.4

20.31
± 0.01

16.0
± 0.2

20.68
± 0.01

12.6
± 0.2

14.9
± 0.2

23.1
± 0.8

20.1
± 0.2

21.02
± 0.04

11.2
± 0.2

15.2
± 0.5

7.7
± 0.2 0.45 27.1

± 0.5
28.16
± 0.01

16.0
± 0.5

25.1
± 0.3 0.04

Total fiber
(Specific
N-Factor)

41.2
± 1.1

34.2
± 0.2

21.0
± 1.2

14.3
± 0.1

20.6
± 0.7

29.4
± 0.4

29.4
± 0.4

34.0
± 1.6

25.1
± 2.1

28.9
± 0.7

12.7
± 0.5

40.5
± 2.2

28.0
± 0.3

34.6
± 2.4

27.5
± 1.3 0.68 32.6

± 1.0
23.8
± 0.8

36.6
± 0.7

40.4
± 0.5 0.27

Cr, chromista; CP, cultivation phase; GP, growth phase; NPN, non-protein nitrogen; Pl, plantae; SP, stationary phase; ♦, p-values between chromista and plantae of the stationary phase;
O, p-values between the stationary and growth phase of four microalgae. Values are expressed as means ± standard deviation (n = 2).
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2.3. Total Fat and Fatty Acids

The total fat content of microalgal biomass in the growth phase varied from 6.8 (C.
novae-angliae) to 15.3 g/100 g (M. salina), while in the stationary phase, it ranged from 5.9
(C. novae-angliae) to 53.0 g/100 g (M. salina). The total fat content as well as the fatty acid
profile of microalgal biomass in the growth phase versus the stationary phase did not differ
significantly (Table 3). In chromista, the total fat, ranging from 8.6 (N. palea) to 53.0 g/100 g
(M. salina), was higher than in plantae, ranging from 4.9 (Klebsormidium sp.) to 51.1 g/100 g
(B. braunii; p < 0.05). Comparing both kingdoms, the contents of total fat, saturated fatty
acids (SFAs), C14:0, C16:1n7, C20:4n6 and C20:5n3 were higher in chromista than in plantae
(p < 0.05, Table 3).

Furthermore, the SFA content in chromista, between 2.3 (N. palea) and 26.8 g/100 g (M.
salina), was higher than the contents in plantae, ranging from 1.2 (M. bisecta) to 14.3 g/100 g
(B. braunii; p < 0.05). The SFA content of biomass in the growth phase ranged from 1.3
(S. minor) to 4.9 g/100 g (M. salina), while in the stationary phase, it ranged from 1.6 (T.
obliquus) to 26.8 g/100 g (M. salina).

The monounsaturated fatty acid (MUFAs) content in chromista varied from 3.3 (N.
palea) to 22.3 g/100 g (Eustigmatos sp.) and in plantae from 0.3 (Klebsormidium sp.) to
20.1 g/100 g (Botryococcus sp.). The MUFA content in biomass in the growth phase ranged
from 0.8 (S. minor) to 4.1 g/100 g (M. salina), while in the stationary phase, it varied from
1.2 (C. novae-angliae) to 20.5 g/100 g (M. salina).

The contents of PUFAs in chromista ranged from 1.6 (N. palea) to 4.2 g/100 g (P. tricornutum)
and in plantae, it ranged from 0.9 (Klebsormidium sp.) to 9.5 g/100 g (B. braunii). The PUFA
content in biomass in the growth phase varied from 1.9 (T. obliquus) to 3.6 g/100 g (M. salina),
while in the stationary phase, it ranged from 1.6 (C. novae-angliae) to 3.2 g/100 g (M. salina).

The C18:3n3 content of chromista with a range from below the limit of quantification
(LOQ, <0.1 g/100 g d.w. N. limnetica) to 1.23 g/100 g (C. carterae) was lower than the contents
in plantae, which were between 0.07 (Klebsormidium sp.) and 6.7 g/100 g (B. braunii; p < 0.05).
C18:3n3 was the dominant n3-PUFA in plantae. The contents of C18:3n3 were not different
between the growth phase, ranging from <LOQ (M. salina) to 2.59 g/100 g (S. minor), and
stationary phase, ranging from 0.01 (M. salina) to 1.34 g/100 g (T. obliquus).

C20:5n3 was the dominant n3-PUFA in chromista, with contents between 0.25 (C. carterae)
and 2.78 g/100 g (P. tricornutum), which is higher than that of plantae, ranging from <LOQ
(A. lusatica and C. novae-angliae) to 1.08 g/100 g (B. braunii; p < 0.05). In the growth phase,
C20:5n3 contents ranged from <LOQ (S. minor) to 2.97 g/100 g (M. salina), while the range in
the stationary phase was from <LOQ (C. novae-angliae) to 1.7 g/100 g (M. salina).

The n6/n3 PUFA ratios ranged from 0.4 (P. tricornutum) to 1.6 (N. palea) in the chromista
kingdom and from 0.2 (B. braunii) to 9.15 (Klebsormidium sp.) in plantae (Table 3). The
range of the n6/n3 PUFA ratio in the growth phase was from 0.22 (M. salina) to 2.41 (C.
novae-angliae), whereas it ranged from 0.64 (T. obliquus) to 2.18 (C. novae-angliae) in the
stationary phase.

Additional parameters shown in Table 3 were comparable between kingdoms and
cultivation phases, respectively.
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Table 3. Total fat content and fatty acid composition in g/100 g dry weight of 15 microalgae species in different cultivation phases.
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Kingdom Cr Pl Pl Cr Pl Pl

CP SP SP SP SP SP SP SP SP SP SP SP SP SP SP SP ♦ GP GP GP GP O

Total
fat

12.9
± 0.1

38.3
± 0.2

53.0
± 0.3

40.1
± 0.3

8.64
± 0.09

27.43
±

0.04

20.6
± 0.6

51.09
± 0.54

5.85
± 0.18

4.91
±

0.11

6.22
±

0.27

8.93
± 0.06

33.87
± 0.08

8.07
± 0.19

9.21
± 0.14 0.03

6.78
±

0.23

15.3
± 0.3

7.71
± 0.10

7.66
± 0.22 0.17

SFA

C14:0 0.031 1.21 3.23 1.90 0.45 2.16 0.037 0.44 0.17 0.054 0.010 0.069 0.33 0.022 0.028 0.01 0.15 1.10 0.015 0.019 0.37
C16:0 3.34 10.9 22.8 13.4 1.65 7.72 3.91 11.69 1.22 1.88 1.11 1.59 8.01 1.50 2.26 0.06 1.57 3.48 1.09 1.41 0.27
C18:0 0.16 0.52 0.56 0.65 0.065 0.19 0.35 0.64 0.26 0.14 0.044 0.26 0.81 0.062 0.047 0.64 0.19 0.15 0.14 0.076 0.14
C20:0 <LOQ 0.022 <LOQ 0.071 0.005 0.019 0.065 0.93 0.029 0.021 0.006 0.052 0.14 <LOQ <LOQ 0.29 0.017 0.013 0.014 0.004 0.47
C22:0 <LOQ <LOQ <LOQ <LOQ 0.009 0.021 0.10 0.52 0.012 0.15 0.006 0.016 0.075 0.020 <LOQ 0.03 0.006 0.001 0.006 0.018 0.14
C24:0 0.011 <LOQ <LOQ <LOQ 0.070 0.11 0.33 <LOQ 0.016 0.037 0.061 0.049 0.20 0.012 0.007 0.26 0.007 0.001 0.023 0.013 0.47

MUFA

C16:1n7 0.36 18.8 13.3 10.4 2.85 9.15 0.063 2.71 0.078 0.068 0.047 0.29 0.034 0.058 0.037 0.002 0.067 3.31 0.033 0.060 0.38
C17:1n7 <LOQ <LOQ 0.15 <LOQ <LOQ <LOQ <LOQ <LOQ 0.003 0.032 0.014 0.016 <LOQ 0.033 <LOQ X 0.008 0.078 0.014 0.030 0.47
C18:1n9 2.82 3.34 6.98 9.08 0.053 1.84 5.29 15.8 0.14 0.16 0.99 3.38 13.6 1.55 2.46 0.91 0.19 0.63 0.65 1.39 0.14
C18:1n7 0.39 0.24 <LOQ 0.17 0.41 0.13 0.17 0.98 0.97 <LOQ 0.40 0.063 0.083 0.066 0.38 0.95 0.85 0.058 0.070 0.063 0.70
C20:1n9 <LOQ <LOQ 0.002 0.030 <LOQ <LOQ 0.065 0.58 0.014 <LOQ 0.017 0.050 0.26 0.015 0.12 0.02 0.015 0.005 0.029 0.014 0.72

n6-PUFA

C18:2n6 0.88 0.83 0.33 0.95 0.026 0.29 2.93 1.69 0.66 0.72 0.83 1.33 4.44 0.78 0.94 0.10 1.22 0.12 0.86 0.67 0.72
C18:3n6 0.049 0.042 0.11 0.064 0.040 0.20 0.170 <LOQ 0.44 0.028 0.018 0.034 0.080 0.078 0.069 0.64 0.48 0.031 0.023 0.067 0.47

C20:2n6 0.039 <LOQ <LOQ 0.028 <LOQ 0.026 <LOQ <LOQ 0.005 0.010 0.021 0.001 0.15 <LOQ 0.012 0.86 0.004 0.004 0.007 0.001 0.47
C20:3n6 0.014 0.089 <LOQ 0.10 0.009 0.032 <LOQ <LOQ <LOQ 0.026 0.020 0.002 0.25 <LOQ 0.017 0.28 <LOQ 0.032 <LOQ <LOQ X
C20:4n6 0.043 0.15 1.01 0.77 0.89 0.70 <LOQ <LOQ <LOQ 0.030 0.68 0.019 0.50 0.001 0.21 0.01 <LOQ 0.47 <LOQ 0.001 0.37

n3-PUFA

C18:3n3 1.23 0.21 0.009 <LOQ 0.068 0.023 3.25 6.70 0.51 0.076 0.44 0.74 2.87 1.34 0.46 0.01 0.71 <LOQ 2.59 1.10 0.72
C20:5n3 0.25 1.24 1.70 1.68 0.51 2.78 <LOQ 1.08 <LOQ 0.015 0.091 0.04 0.10 0.004 0.50 0.005 0.001 2.97 <LOQ 0.008 0.41
C22:6n3 0.86 <LOQ <LOQ <LOQ 0.044 0.15 0.014 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ X <LOQ <LOQ <LOQ <LOQ X
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Table 3. Cont.

Species
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Sum

SFA 3.54 12.6 26.8 16.1 2.26 10.2 4.79 14.3 1.70 2.28 1.23 2.04 9.56 1.62 2.34 0.045 1.93 4.86 1.29 1.54 0.27
MUFA 3.56 22.3 20.5 19.8 3.31 11.1 5.59 20.1 1.21 0.25 1.46 3.80 14.0 1.72 3.00 0.06 1.13 4.10 0.79 1.55 0.07
PUFA 3.51 2.57 3.15 3.59 1.59 4.19 6.37 9.47 1.62 0.93 2.10 2.17 8.40 2.20 2.21 0.64 2.41 3.64 3.48 1.85 0.14
n6-PUFA 1.16 1.12 1.45 1.92 0.97 1.24 3.10 1.69 1.11 0.84 1.56 1.39 5.43 0.85 1.25 0.48 1.70 0.66 0.89 0.74 0.47
n3-PUFA 2.35 1.46 1.71 1.68 0.62 2.95 3.27 7.78 0.51 0.09 0.54 0.78 2.97 1.34 0.96 0.64 0.71 2.97 2.59 1.11 0.27
n6/n3 0.50 0.77 0.85 1.14 1.55 0.42 0.95 0.22 2.18 9.15 2.92 1.77 1.83 0.64 1.30 0.48 2.41 0.22 0.34 0.66 0.47
Others 2.28 0.77 2.51 0.67 1.48 1.87 3.81 7.22 1.32 1.44 1.43 0.91 1.91 2.53 1.66 0.10 1.31 2.72 2.15 2.72 0.14

Cr, chromista; CP, cultivation phase; GP, growth phase; LOQ, limit of quantification; MUFA, monounsaturated fatty acids; Pl, plantae; PUFA, poly-unsaturated fatty acids; SFA, saturated
fatty acids; SP, stationary phase; LOQ < 0.1 g/100 g dry weight; ♦, p-values between chromista and plantae of the sta-tionary phase; O, p-values between the stationary and growth phase
of four microalgae; values of total fat are expressed as means ± standard deviation (n = 2).
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2.4. Total Carotenoids and Total Chlorophyll

Regarding the concentration of total carotenoids and total chlorophyll, there were
no significant differences detected between both kingdoms or both cultivation phases
(Figure 1).
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Figure 1. Concentration of total carotenoids and total chlorophyll of fifteen microalgae in g/100 g
dry weight. There were no significant differences between kingdoms or between cultivation phases
(p > 0.05; n = 3; Cr, chromista; GP, growth phase; Pl, plantae; SP, stationary phase).

The total carotenoid concentrations ranged from 0.05 (N. palea) to 0.86 g/100 g (P.
tricornutum) in chromista and from 0.01 (C. novae-angliae and S. minor) to 0.84 g/100 g (A.
lusatica) in plantae. The ranges regarding both cultivation phases were from 0.04 (S. minor)
to 0.29 g/100 g (T. obliquus) in the growth phase and from 0.01 (C. novae-angliae and S. minor)
to 0.16 g/100 g (M. salina) in the stationary phase.

2.5. Main Elements

The main elements C, H, N and S were not significantly different between the microal-
gae biomass of both kingdoms or cultivation phases (Table 4; for N, see also Table 2).

Carbon was the most abundant element in the studied microalgae (Table 4). In chromista,
the C concentration ranged from 25 (N. palea) to 59 g/100 g d.w. (M. salina) and in plantae
from 35 (M. bisecta) to 68 g/100 g d.w. (B. braunii). In the growth phase, the range was from
42 (S. minor) to 49 g/100 g d.w. (M. salina) and in the stationary phase from 44 (S. minor) to
59 g/100 g d.w. (M. salina).

2.6. Minerals, Trace Elements and Heavy Metals

The contents of Ca and As in chromista were higher than those in plantae, whereas the
content of Pb was higher in plantae (p < 0.05; Table 4). Furthermore, the contents of Mg, Mn,
Fe and Zn in biomass in the growth phase were higher than that in the stationary phase.
However, the contents of Ni, Mo and I2 were higher in the stationary phase compared to
the growth phase (p < 0.05).
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The Mg content in chromista ranged from 147 (N. limnetica) to 496 mg/100 g d.w. (C.
carterae) and in plantae from 74 (B. braunii) to 1065 mg/100 g d.w. (M. bisecta; Table 4).
The Mg content in the growth phase, ranging from 169 (S. minor) to 333 mg/100 g d.w.
(M. salina), was higher than that in the stationary phase, ranging from 189 (S. minor) to
226 mg/100 g d.w. (T. obliquus, p < 0.05). Higher Ca contents were detected in chromista,
with a range from 22 (N. palea) to 286 mg/100 g d.w. (p. tricornutum), compared to plantae,
with a range from 15 (B. braunii) to 1707 mg/100 g d.w. (T. suecica; p < 0.05). During the
growth phase, Ca contents ranged from 115 (S. minor) to 197 mg/100 g d.w. (M. salina) and
during stationary phase from 80 (M. salina) to 233 mg/100 g d.w. (T. obliquus).

Among the analyzed trace elements, iron was the dominant one detected in all microalgae.
The Fe content in the chromista microalgae ranged from 71 (M. salina) to 441 mg/100 g d.w.
(N. palea) and in plantae from 90 (B. braunii) to 1359 mg/100 g d.w. (M. bisecta; Table 4).
The Fe content of growing biomass, ranging from 99 (T. obliquus) to 205 mg/100 g d.w. (C.
novae-angliae), was higher than the Fe content in stationary biomass, ranging from 71 (M.
salina) to 135 mg/100 g d.w. (C. novae-angliae; p < 0.05). The Zn content in the chromista
microalgae ranged from 1.5 (N. limnetica) to 5.5 mg/100 g d.w. (C. carterae) and in plantae from
0.5 (T. obliquus) to 2.6 mg/100 g d.w. (M. bisecta; Table 4). The Zn content in the growth phase,
ranging from 0.7 (C. novae-angliae and S. minor) to 3.2 mg/100 g d.w. (M. salina), was higher
compared to that in the stationary phase, ranging from 0.5 (T. obliquus) to 1.6 mg/100 g d.w.
(M. salina; p < 0.05). The I2 content in the chromista microalgae ranged from 12 (N. limnetica)
to 840 µg/100 g d.w. (C. carterae) and in plantae from 8 (B. braunii) to 70 µg/100 g d.w.
(Stichococcus sp.; Table 4). Differences were determined concerning the content of I2, with
lower content in the growth phase, ranging from 33 (C. novae-angliae and T. obliquus) to
72 µg/100 g d.w. (M. salina), compared to the stationary phase, ranging from 39 (T. obliquus)
to 72 µg/100 g d.w. (M. salina, p < 0.05).

The content of As in chromista was higher than that in plantae (p < 0.05). The former
ranged from 8.6 (Eustigmatos sp.) to 129.0 µg/100 g d.w. (M. salina), whereas the latter
ranged from 2.7 (T. obliquus) to 37.4 µg/100 g d.w. (M. bisecta). In the growth phase, the
As content ranged from 2.1 (T. obliquus) to 234.0 µg/100 g d.w. (M. salina) and in the
stationary phase from 2.7 (T. obliquus) to 129.0 µg/100 g d.w. (M. salina). The content of
Pb was lower in chromista in comparison to plantae (p < 0.05), ranging from 0.1 (M.) to
15.2 mg/100 g d.w. (N. limnetica) in chromista and 0.8 (B. braunii) to 11.3 mg/100 g d.w.
(T. suecica) in plantae. While the range in the growth phase was from 0.2 (M. salina) to
2.3 mg/100 g d.w. (C. novae-angliae), in the stationary phase, it was from 0.1 (M. salina) to
3.4 mg/100 g d.w. (C. novae-angliae).

Further parameters of Table 4 were comparable between kingdoms and cultivation
phases, respectively.
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Table 4. Content of minerals and trace elements with their recommended daily intake and heavy metals with tolerable daily amounts in the dry weight of 15
microalgae species in different cultivation phases.
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Kingdom Cr Pl Pl Cr Pl Pl

CP SP SP SP SP SP SP SP SP SP SP SP SP SP SP SP ♦ GP GP GP GP O

Main elements

C
(g/100 g)

43.47
± 0.30

54.45
± 0.20

58.813
± 0.005

53.97
± 0.39

25.13
± 0.10

48.38
± 0.14

49.51
± 0.51

67.99
± 0.93

43.77
± 0.74

42.91
± 0.33

34.69
± 0.41

43.59
± 0.91

50.09
± 0.47

44.81
± 0.79

40.02
± 0.14 0.75 43.67

± 0.70
48.73
± 0.26

42.49
± 0.80

46.42
± 1.02 0.94 X

H2
(g/100 g)

6.23
± 0.05

8.18
± 0.03

9.01
± 0.01

8.08
± 0.02

4.06
± 0.02

7.17
± 0.02

7.05
± 0.06

9.63
± 0.18

6.60
± 0.08

6.18
± 0.04

5.18
± 0.05

6.62
± 0.17

7.45
± 0.08

6.73
± 0.10

6.21
± 0.03 0.52 6.42

± 0.11
7.23

± 0.05
6.55

± 0.14
6.74

± 0.16 0.88 X

S
(g/100 g)

0.96
± 0.02

0.22
± 0.04

0.32
± 0.03

0.37
± 0.12

0.52
± 0.06

0.73
± 0.04

0.55
± 0.04

0.21
± 0.04

0.43
± 0.03

0.39
±0.03

0.39
± 0.04

0.38
± 0.04

0.35
±0.04

0.42
±0.06

1.13
±0.02 0.65 0.60

±0.01
0.58
±0.04

0.34
±0.01

0.48
±0.03 0.93 X

Minerals

Mg
(mg/100 g)

496
± 5

276
± 2

219
± 1

146.7
± 0.5

331
± 6

333
± 3

334
± 4

74.0
± 1.6

218
± 2

183
± 1

1065
± 28

188.5
± 0.3

331
± 3

226
± 1

559
± 3 0.15 319

± 4
333.1
± 0.8

169
± 2

295
± 18 0.005 300–350 mg

Ca
(mg/100 g)

258
± 5

240.1
± 0.5

80.4
± 1.4

109
± 4

21.8
± 2.5

268
± 1

33.9
±1.6

15.4
± 0.9

188
± 1

81.5
± 0.2

166
± 8

149
± 2

70
± 1

233
± 3

1707
± 19 0.04 182.4

± 0.6
197
± 3

115.0
± 0.9

151
± 8 0.86 1000 mg

Trace elements

Mn
(mg/100 g)

5.82
± 0.11

1.615
± 0.008

1.582
± 0.004

17.49
± 0.03

6.23
± 0.08

5.04
± 0.02

3.26
±0.01

1.96
± 0.01

1.00
± 0.03

1.886
± 0.007

23.0
± 1.5

0.76
± 0.01

3.79
± 0.03

0.7
± 0.01

2.49
± 0.01 0.82 1.53

± 0.03
3.76

± 0.02
0.90

± 0.03
1.12

± 0.06 0.01 2–5 mg

Fe
(mg/100 g)

411
± 5

247.1
± 0.4

70.6
± 0.5

328
± 4

441
± 18

217
± 1

205.4
± 0.9

90.3
± 1.3

135
± 2

203.9
± 0.8

1359
± 57

122
± 2.3

214
± 1

92
± 3

117.8
± 0.3 0.33 205

± 6
110.7
± 0.4

124
± 2

98.6
± 4.2 0.01 10–15 mg

Cu
(mg/100 g)

1.05
± 0.03

0.37
± 0.01

0.290
± 0.002

1.13
± 0.04

3.90
± 0.05

4.42
± 0.01

0.447
±0.002

0.31
± 0.01

0.33
± 0.01

0.633
± 0.005

7.74
± 0.12

0.48
± 0.01

1.02
± 0.01

0.380
± 0.001

0.57
± 0.01 0.70 0.150

± 0.002
0.519

± 0.001
0.383

± 0.006
0.56

± 0.02 0.21 1.0–1.5 mg

Zn
(mg/100 g)

5.48
± 0.09

1.68
± 0.01

1.61
± 0.03

1.51
± 0.01

3.87
± 0.06

1.60
± 0.02

1.85
±0.02

1.37
± 0.02

0.77
± 0.02

0.54
± 0.02

2.61
± 0.03

0.62
± 0.06

1.22
± 0.02

0.501
± 0.001

1.69
± 0.04 0.78 0.71

± 0.03
3.18

± 0.02
0.70

± 0.01
1.26

± 0.01 0.02 7–16 mg

Se
(µg/100 g)

19.6
± 2.9

10.2
± 0.8

7.80
± 1.03

132
± 10

4.43
± 0.91

3.45
± 0.76

0.26
±0.08

17.6
± 1.3

7.89
± 2.08

36.5
± 1.4

9.19
± 0.81

1.87
± 0.23

20.6
± 0.4

3.40
± 1.10

46.1
± 1.9 0.08 5.30

± 0.12
9.86

± 0.71
0.66

± 0.03
2.33

± 0.49 0.59 60–70 µg

Ni
(mg/100 g)

12.5
± 0.3

2.66
± 0.01

1.11
± 0.01

7.58
± 0.01

7.63
± 0.11

6.47
± 0.05

3.65
±0.03

2.25
± 0.03

1.31
± 0.04

5.45
± 0.03

141
± 5

0.64
± 0.03

3.49
± 0.01

0.494
± 0.001

3.13
± 0.02 0.20 0.41

± 0.01
0.48

± 0.04
0.140

± 0.002
0.311

± 0.006 0.01 0.025–0.035 mg

Mo
(mg/100 g)

3.17
± 0.42

1.363
± 0.008

0.36
± 0.01

3.98
± 0.06

4.83
± 0.25

2.02
± 0.02

2.16
±0.02

0.94
± 0.06

0.74
± 0.01

1.946
± 0.009

5.20
± 0.27

0.39
± 0.02

3.08
± 0.07

0.379
± 0.001

1.35
± 0.01 0.94 0.31

± 0.01
0.33

± 0.01
0.184

± 0.001
0.275

± 0.009 0.01 0.05–0.10 mg

I2
(µg/100 g)

840
±23

18.9
± 5.0

72.4
± 5.1

11.6
± 1.5

21.6
± 3.8

65.4
± 8.2

39.3
± 2.9

7.70
± 0.4

41.2
± 29.4

26.9
± 5.2

20.4
± 1.0

47.6
± 23.8

70.0
± 7.1

38.6
± 16.3

62.1
± 1.5 0.99 33.0

± 27.3
71.6
± 1.6

38.9
± 19.0

33.3
± 20.6 0.02 180–200 µg
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Table 4. Cont.
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Heavy metals ****

As
(µg/100 g)

25.5
± 1.9

8.57
± 0.36

129
± 2

11.5
± 0.3

17.9
± 0.8

59.1
± 0.8

10.1
± 0.2

4.74
± 0.35

6.47
±0.13

9.54
± 0.17

37.4
± 0.8

2.93
± 0.13

9.06
± 0.44

2.65
± 0.03

14.7
± 0.3 0.01 14.2

± 1.1
234
± 3

2.52
± 0.02

2.12
± 0.07 0.07 X

Cd
(mg/100 g)

0.175
± 0.003

0.191
± 0.001

0.237
± 0.003

2.23
± 0.02

0.078
± 0.001

0.016
± 0.001

0.337
±0.003

1.48
± 0.01

0.38
± 0.03

1.551
± 0.008

0.563
± 0.001

0.158
± 0.06

0.117
± 0.002

0.131
± 0.003

1.25
± 0.01 0.65 0.375

± 0.004
0.197

± 0.001
0.165

± 0.009
0.113

± 0.001 0.05 <0.1 mg/100 g

Hg
(µg/100 g)

0.80
± 0.12

0.40
± 0.08

0.59
± 0.07

0.62
± 0.01

2.04
± 0.22

0.504
± 0.007

0.319
±0.003

0.45
± 0.10

1.53
± 0.01

0.62
± 0.04

1.58
± 0.26

1.02
± 0.05

0.34
± 0.06

0.97
± 0.13

0.38
± 0.13 0.53 1.41

± 0.23
1.16

± 0.08
0.63

± 0.02
0.56

± 0.04 0.95 <10 µg/100 g

Pb
(mg/100 g)

0.54
± 0.01

0.700
± 0.001

0.110
± 0.005

15.23
± 0.07

0.338
± 0.007

0.122
± 0.003

2.51
±0.02

0.790
± 0.002

3.41
± 0.23

0.936
± 0.007

2.20
± 0.08

1.51
± 0.17

1.56
± 0.01

1.18
± 0.18

11.26
± 0.06 0.006 2.33

± 0.18
0.167

± 0.002
0.69

± 0.10
0.169

± 0.021 0.05 <0.3 mg/100 g

C, chromista; CP, cultivation phase; GP, growth phase; P, plantae; RDI, recommended daily intake; SP, stationary phase; TDI, tolerable daily intake. RDI only refers to minerals and trace
elements [13,14]; TDI only refers to heavy metals [15]. ♦, p-values between chromista and plantae of the stationary phase; O, p-values between the stationary and growth phase of four
microalgae. Values are expressed as means ± standard deviation (n = 3). **** Due to contamination of the central compressed air supply, heavy metal levels were unusually high in
microalgae cultivated for this study.
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3. Discussion

Microalgae production for human nutrition is a growing sector in the food industry.
This study examined 15 hardly studied microalgae species from different kingdoms and
their nutritional value. In addition, changes in the nutritional profile of four different
microalgae during two different cultivation phases were investigated to evaluate their
potential for human nutrition.

3.1. Variability between Kingdoms and Genera

Chromista differ from plantae by the more complex membrane topology of their
chloroplasts and their rigid tubular multipartite ciliary hairs [16]. The development of
chloroplasts was most likely caused by an endosymbiotic event between a red alga and
a heterotrophic eukaryotic host in the course of evolution [17]. Microalgae belonging
to chromista are able to synthesize and accumulate larger amounts of n3-PUFA such as
eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) and docosahexaenoic acid
(DHA) [18]. The differences in morphology regarding the existence and location of cortical
alveoli, position of chloroplasts, Golgi apparatus and phycobilisomes between chromista
and plantae cause a variety in metabolites and, therefore, nutrients in different microalgae
species [16]. To date, there are no data available in the literature regarding the contents of
macro- and micronutrients in Myrmecia sp. and Autumnella sp.

3.2. Protein and Amino Acids

In the amino acid profile, only slight differences were determined among all analyzed
microalgae. Microalgae synthesize all amino acids in substantial amounts but are poor
in sulfur-containing amino acids, which is consistent with data from the literature [1,19].
Furthermore, the ratios between amino acids in microalgae such as Botryococcus sp., Nan-
nochloropsis sp., Phaeodactylum sp. and Tetraselmis sp. match with those in the literature,
yet the overall content does not [20]. A culture medium with a carbon to nitrogen ratio
tending towards nitrogen promotes the production of amino acids [21]. We assume that a
nitrogen-poorer cultivation is causing the lower amino acid concentrations in the analyzed
microalgae compared to the literature. This hypothesis is supported by generally higher
amino acid concentrations such as histidine and arginine in the growth phase compared to
the stationary phase, where the number of microalgae is increased, which leads to competi-
tion for nutrients as well as carbon dioxide. Microalgae in the growth phase were shown
to accumulate more amino acids with two or more nitrogen atoms, such as histidine and
arginine but also ornithine. This might be due to a greater availability of nitrogen in the
culture medium, since microalgae cultivated in a nitrogen-rich medium synthesize amino
acids rich in nitrogen [21]. Furthermore, the additional increase in the non-protein amino
acid ornithine is plausible, due to its role as a precursor for arginine synthesis [21]. In recent
years, alternatives to animal-based protein sources have been investigated due to the higher
demands for food of a continuously increasing human population [22]. Microalgae might
be a potential food alternative rather than conventional plant protein sources such as lentils,
beans and peas because of their protein quality and higher protein digestibility-corrected
amino acid score (PDCAAS) [23]. The protein content in microalgae species such as Chloro-
coccum sp., Microchloropsis sp. and Tetradesmus sp. in the growth phase was higher than
that in eggs (13%), legumes (21–26%) and beef (19%) [24]. Comparable studies described
lower protein contents for Klebsormidium sp. [25], whereas the crude protein contents of the
species Botryococcus, Chlorococcum, Nitzschia, Tetradesmus and Stichococcus were comparable
with the literature [26–31]. The protein content of the microalgae species Nannochloropsis,
Phaeodactylum, Chrysotila, Spongiochloris and Tetraselmis analyzed in the present study was
lower than data in the literature [26,29,32–35]. Previous research into the protein content
of the species Eustigmatos, Autumnella and Myrmecia was not found. Depending on the
N-factor used for the calculation of the protein content, the protein content varies drastically
and is often overestimated due to an incorrect (i.e., unspecific) N-factor [1]. It is often not
considered that the N-factor between different species and cultivation phases can vary
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strongly [36,37]. Although the N-factor between cultivations was not different, the use
of a specific calculated N-factor for each microalga caused differences in the pure and
crude protein content between cultivation phases. This underlines the necessity of the
usage of specific N-factors, which were obtained through amino acid analysis in this study.
Furthermore, the protein content can depend on the species of microalgae, light quality and
quantity, temperature, nitrogen source, nitrogen availability, CO2, pH and medium [38,39].

3.3. Dietary Fibers

Dietary fibers have a positive impact on human health, reducing the blood cholesterol
and having an effect on digestive regulation, fecal bulk, intestinal transit time and gastric
emptying [40]. Microalgae contain high amounts of fibers of great variety [41]. With an
average total fiber amount of over 29%, the microalgae analyzed here have higher fiber
contents than common sources such as white beans (18%), barley (17%) and soy (15%) [42].
The literature is lacking in dietary fiber references for microalgae, likely because of the high
costs and time-consuming analyses. Matching contents were found for Nannochloropsis
and Tetradesmus, while Phaeodactylum had higher total dietary fiber than that described in
the literature [31,43,44]. The total fiber content in the growth phase was higher than in the
stationary phase for all analyzed microalgae species except Spongiochloris. This is trend is
supported by analysis of other microalgae described in the literature [45].

3.4. Lipids

The total fat content of microalgae from this study did not always match the data from
the literature. Microalgae known for generally high contents of total fat are Microchloropsis
salina (26–46%) Nannochloropsis sp. (22–28%), Phaeodactylum tricornutum (16%), Stichococcus
bacillaris (11–24%) and Eustigmatos magnus (28%) [20,46–49]. Matching fat contents were
detected in the microalgae Botryococcus, Chrysotila, Nitzschia and Tetraselmis [26,28,34]. A
surprising discovery is the low lipid amounts between 5 and 9% analyzed in Klebsormidium,
Chlorococcum and Spongiochloris, while the literature indicates lipid amounts of 32, 33 and
27–46%, respectively [25,27,32,50]. During the growth of biomass, the microalgae start to
synthesize lipids until a plateau is reached in their stationary phase [51]. This was not
confirmed by the present data. Microalgae synthesize lipids from their available carbon
source, which is both inorganic carbon such as carbon dioxide and organic carbon such as
glucose. Depending on the carbon source used, the lipid content in microalgae can vary
widely [52].

To evaluate the nutritional value of lipids in microalgae, the fatty acid distribution
is crucial. The main groups of SFAs, MUFAs and PUFAs have substantial functions in
the human body, e.g., energy storage and the modulation of cell signaling [53]. Meta-
analyses associate an increased risk of cardiovascular diseases with an increased intake of
SFAs due to their effect on inflammation processes and cholesterol metabolism, free fatty
acids and triacylglycerols [54,55]. In this study, microalgae from the chromista kingdom
had higher amounts of SFAs compared to the plantae microalgae. The SFA contents
generally matched the literature data for Microchloropsis, Nannochloropsis, Phaeodactylum
and Tetraselmis [56,57]. C16:0 is the most common SFA in the human body [58]. C16:0 can be
consumed via diet or synthesized endogenously from other fatty acids, carbohydrates and
amino acids. It is involved in several biological processes such as preserving the physical-
chemical properties of membrane phospholipids and being the starting fatty acid for the
elongation and desaturation of long-chain (LC) fatty acids [59]. An increased consumption
of C16:0-rich foods is associated with an increased cardiovascular risk [60]. In Nitzschia
palea (C16:0: 19% of total fatty acid methyl esters (FAME)) and Tetradesmus obliquus (C16:0:
17% of total FAME), lower C16:0 amounts were detected compared to the literature: 33% in
Nitzschia palea and 22% in Tetradesmus obliquus [56,61]. An enormous variation in the C16:0
content was also observed in Botryococcus braunii (23% of total FAME) and Klebsormidium sp.
(38% of total FAME) compared to 12 and 7%, respectively, in the literature [25,62]. In the
present study, the microalgae from plantae had lower amounts of total SFA than chromista,
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which increases their nutritional value. The predominant MUFA in chromista microalgae
was palmitoleic acid (C16:1n7), whereas oleic acid (C18:1n9) was the most dominant MUFA
in plantae. In the literature, similar results were described for the fatty acid profiles of
the species Botryococcus, Eustigmatos, Phaeodactylum and Tetradesmus [28,57,61,63]. C18:1n9
serves as a precursor for PUFAs as it can be metabolized by elongases and desaturases in
the endoplasmic reticulum [64]. The Fe concentration in the culture medium affects the
accumulation of C18 fatty acids, such as C18:0, C18:1n7 and C18:1n9, while the amounts
of C16 fatty acids are not dependent [65]. Low nitrogen content also leads to higher
contents of C18 fatty acids in microalgae [66]. LC n3-PUFA are well studied and maintain
cardiovascular and mental health [67,68]. Due to the high contents of α-linoleic acid
(ALA), EPA and DHA, 11 out of the 15 analyzed microalgae could be claimed 6 to be “high-
omega-3 fatty acids” according to the European Commission Regulation (EC) 1924/200 [69].
The label “high-omega-3 fatty acids” is strictly reserved for at least 0.6 g ALA per 100 g
and 100 kcal or at least 80 mg EPA+DHA per 100 g and per 100 kcal [69]. A. lusatica, B.
braunii, Stichococcus sp. and S. minor provide more ALA than soy beans (1.6%), oats (1.4%)
and olive oil (0.76%) [70]. The literature indicates higher ALA amounts for Tetraselmis
suecica and Tetradesmus obliquus than the microalgae mentioned above [31,56]. The present
data indicate that P. tricornutum and M. salina, as well as Eustigmatos sp., N. limnetica
and B. braunii, contain more EPA than conventional EPA sources such as salmon (1.0%),
herring (0.9%) and anchovy (0.8%) [71]. These findings are comparable with the data in
the literature [28,56,57,72]. The cultivation phase had no effect on n3-PUFA concentration,
which differs from previous available data. Teh et al. described an ALA decrease in Chlorella
vulgaris during growth [73], while Fidalgo et al. determined an increase in ALA during
the growth of Isochrysis galbana [74]. Cultivation conditions appear to affect the n3-PUFA
amounts. While low nitrogen levels in the medium decrease n3-PUFA accumulation, higher
salinity and phosphate amounts increase C18:3n3 content [63,73,75]. A balanced n6/n3
PUFA ratio of roughly 5:1 in the diet is suggested to prevent cardiovascular diseases [14].
The shift of the ratio to 10–20:1 in the Western diet may be related to increased obesity, low-
density lipoprotein cholesterol concentrations and cardiovascular risk [76,77]. The average
n6/n3 PUFA ratio of nearly 1:2 in chromista microalgae and 1:1 in plantae may be valuable
for human health in terms of optimizing the n6/n3 PUFA ratio in the diet. Altogether, the
fatty acid profiles of all microalgae varied substantially. The great differences between both
kingdoms, apart from different cultivation factors, may be caused by the more complex
membrane topology and, therefore, fatty acid composition in chromista [16]. Variations in
the fatty acid profile between the growth and stationary phase as described in the literature
were not seen, likely due to the small number of microalgae analyzed in the growth phase.

3.5. Pigments

Being crucial for photosynthesis and giving most microalgae their typical greenish
color, chlorophyll is the most abundant natural pigment [78]. Microalgae can accumulate
between 1 and 3% chlorophyll d.w. and, under perfect conditions, Chlorella sp. up to
5%, although commercially available Chlorella sp. powders are more likely to have 1–2%
chlorophyll [1,79]. A. lusatica and Klebsormidium sp. seem to have higher chlorophyll
concentration than commercially available microalgae [1]. While chlorophyll a is found
in all microalgae, chlorophyll b is only present in Chlorophyta (plantae) and chlorophyll
c only in microalgae from the chromista kingdom, such as Haptophyta, Ochrophyta and
Bacillariophyta [80]. The amount of chlorophyll synthesized by microalga is changeable,
and can be controlled by various factors such as the intensity and the wavelength of the
light source [81]. Carotenoids are used as natural food coloring additives by the food
industry but can also be valuable for human nutrition due to their antioxidative properties,
as well as their role in the inhibition of tumor growth and induction of apoptosis [82–84].
Usually, most microalgae contain carotenoid amounts between 0.1 and 1.0%, which was
in accordance with the analyzed microalgae [82,85,86]. It is well known from research
that the amount of carotenoids in microalgae can be significantly increased under stress
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conditions such as nutrition deficiency, high UV exposure and salinity [87]. Furthermore,
the carotenoid profile varies between microalgae. While fucoxanthin is the most present
carotenoid in P. tricornutum, T. suecica is richer in lutein and violaxanthin and Nannochlorop-
sis gaditana richer in violaxanthin and β-carotene [88]. Microalgae tend to increase their
chlorophyll and carotenoid content during growth [81,89]. However, no differences were
seen in the analyzed microalgae, which is most likely due to the low number of microalgae
analyzed from different cultivation stages.

3.6. Minerals and Trace Elements

Limited data regarding the micronutrient content in microalgae are available, since
research and industry are more focused on nutrients, e.g., carotenoids and n3-PUFA.
Because of the intrinsic composition of the cell walls and their negatively charged functional
groups, microalgae are able to accumulate larger amounts of metals [90]. Microalgae in
the stationary phase accumulated less minerals and trace elements compared to their
counterparts in the growth phase. During the growth phase, microalgae perform more
photosynthesis due to an increased energy requirement [91]. Fe plays a key role in the
synthesis of chlorophyll, whereas Mg is bonded to the active center of chlorophyll [92,93].
Therefore, the higher accumulation of minerals and trace elements in the growth phase is
plausible. Contrary results were obtained for Ni, Mo and I2. Stronger differences of both
kingdoms were seen for Ca, As and Pb, which were higher in chromista, except for Pb.
Previous studies showed the close link between minerals and trace element enrichment in
microalgae. The Mn content in microalgae, for example, can be influenced by the amounts
of Zn in the culture medium [90]. However, many synergistic interactions between elements
are not fully understood and need further investigation. Ca is involved in many biological
pathways and is essential for skeleton mineralization and bone health [94]. P. tricornutum,
C. carterae and T. suecica are richer in Ca than common Ca-rich foods such as cabbage
(212 mg/100 g) and milk (113 mg/100 mL) [95,96]. Nevertheless, quantities of 373 g (P.
tricornutum), 387 g (C. carterae) and 59 g (T. suecica) need to be consumed to fulfill the
recommended daily intake (RDI) of 1 g Ca from the German Nutrition Society [14]. Mg
is used as cofactor in a variety of metabolic reactions in the human body such as protein
and DNA synthesis [97]. Mg-rich microalgae such as C. carterae, M. bisecta and T. suecica
could contribute to the optimal nutrient intake of this valuable mineral in human nutrition.
Amounts of 28–33 g M. bisecta, the Mg-richest microalgae studied here, would cover the RDI
of 300–350 mg Mg [14]. M. bisecta provides larger amounts of Fe than animal Fe sources such
as pork liver (16 mg/100 g) and, therefore, may also help to reduce Fe deficiency in plant-
based diets. The consumption of about 1 g M. bisecta could already fulfill the RDI for Fe
(10–15 mg) [14]. N. limnetica may support the antioxidant and anti-inflammatory processes
of selenoproteins due to its high content of Se compared to other Se sources such as fish
(6–63 µg/100 g) and pork (27–35 µg/100 g) [98–100]. However, the necessary amounts to
be consumed would be about 44 g to cover the RDI for selenium (60–70 µg) [14]. Zn is
essential for wound healing, strengthening the immune system, cell differentiation and
proliferation [101,102]. C. carterae might be a valuable source of Zn with similar amounts
to other Zn sources such as cashew nuts (5.8 mg/100 g) and beef (5.0 mg/100 g) [103].
However, large quantities of 127–292 g C. carterae need to be consumed to cover the RDI
of 7–16 mg Zn [14]. The consumable amounts of microalgae are often limited due to their
distinctive smell, coloring of different foods and dryness. However, the addition of small
amounts of microalgae biomass to the diet can help to achieve the RDI.

3.7. Heavy Metals

Heavy metal amounts in microalgae can be generally high due to bioaccumulation
or biosorption [104]. Due to the negative impact of Hg, Cd and Pb on human health,
their maximum tolerated concentration in microalgae is strictly regulated by the European
Commission Regulation (EC) No.1881/2006. By inducing oxidative stress, heavy metals
cause impaired neurobehavioral development in children, kidney damage, gastrointestinal
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diseases and carcinogenicity and affect the central nervous system [105]. Due to contami-
nation of the central compressed air supply, the heavy metal levels were unusually high
in the microalgae cultivated for this study and compared to cultivations of two of the
species (C. novae-angliae, M. salina) on a technical scale. Maximum tolerable amounts of
<100 µg/100 g for Cd were exceeded in every analyzed microalga except N. palea and P.
tricornutum. Tolerable amounts of <10 µg/100 g for Hg were not exceeded in any microalga.
The regulations for Pb with <300 µg/100 g microalgae were only fulfilled by P. tricornutum,
T. obliquus and M. salina from the growth and stationary phase. Maximum contents of As
are not yet regulated for microalgae powder. Additionally, a further classification of As
is needed since organic As is far less toxic compared to inorganic arsenic species [106].
The accumulation of heavy metals showed a great variety between and within the same
phyla as well as different and similar culture media, which is in accordance with the liter-
ature [107,108]. These data indicate that the accumulation of heavy metals does not only
depend on the degree of heavy metal input during cultivation, which should, therefore, be
carefully monitored and minimized. The amounts of heavy metals are also influenced by
the functional groups (carboxyl, amino, hydroxyl and sulfate) of the cell wall. Microalgae
with more functional groups in the outer layer of the cell wall tend to accumulate more
heavy metals [109]. We assume that some microalgae such as N. limnetica and T. suecica
might integrate more functional groups into their cell walls, which could have led to higher
biosorption and bioaccumulation of heavy metals. However, the high concentrations of
heavy metals were most likely caused by a contaminated gas supply. The compression air
supply was located in the institute’s basement, sucking in air through an open, low-lying
basement window near a crossroad. Further experiments analyzing the used air confirmed
the contamination with heavy metals. Varying traffic density, weather and cultivation
time as well as the use of different sterile filters at the air inlets of the cultivation bottles
might have caused a difference in heavy metal contamination of the analyzed microalgae.
Therefore, it is necessary to ensure a pure cultivation medium and gas supply for the
production of microalgae for human nutrition.

3.8. Multi-Criteria Analysis of the Biomass Suitability for Nutrition

To determine the value of each microalgae for human nutrition, the microalgae were
compared and ranked (Table 5). The amounts of SEA, EAA, protein, fiber, carotenoids,
minerals, trace elements, n3-PUFA and a low n6/n3 ratio were determined as nutrients
of high nutritional value. On the other hand, high amounts of SFAs as well as a high
n6/n3 ratio lowered the nutritional value of the microalgae. The analyzed nutrients
were weighted equally. We awarded plus points for essential or nutritionally favorable
nutrients and minus points for negatively associated substances. Since the contamination
conditions were not controlled and uniform, the heavy metal contents are not included in
the weighting, but are listed. Further investigations of the species-specific tendency for
heavy metal uptake are necessary. The toxicity of As differs in its organic and inorganic
form. Since only the total amount of As was determined, no further statement about As
toxicity can be made. Therefore, the As concentration was not included in the determination
of the nutritional value of the microalgae. C. novae-angliae in the stationary phase had above
average concentrations of I2 but was generally low in nutrients compared to the other
analyzed microalgae. It was also characterized by a high n6/n3 ratio. This caused its
lowest ranking for nutritional value. Klebsormidium sp. was rich in EAA, protein and Se
but lacked in further nutrients and had the highest n6/n3 ratio in all analyzed microalgae,
which resulted in it being ranked in 18th place. The 17th place was given to T. suecica,
having valuable amounts of Mg, Ca, Se and I. The nutritional profile of M. salina in the
stationary phase was defined by the highest content of SFAs but also valuable amounts of
EPA and I2 as well as a low n6/n3 score, leading to its ranking in 16th place. The biomass
of C. novae-angliae in the growth phase was rich in proteins with large amounts of SEA
and EAA as well as fiber and Mg, yet the high n6/n3 ratio caused a ranking in 15th place.
The 14th place was given to S. minor in the stationary phase with high contents of EAA,
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protein, fiber and I2 but also a slightly increased n6/n3 ratio. N. limnetica was ranked in 13th
place. Regardless of its high amounts of EPA and trace elements, the nutritional value was
reduced by the SFA concentrations. In 12th place is T. obliquus in the stationary phase, with
valuable amounts of fiber and Ca and a low n6/n3 ratio but also increased concentrations
of Hg. The highest ALA content and lowest n6/ratio followed by high amounts of EPA and
fiber was determined in B. braunii. Nevertheless, its high SFA d concentration decreased
its nutritional value, which led to a ranking in 11th place. Valuable amounts of various
nutrients such as protein, Mg, Mn, Fe, Cu, Zn, Ni and Mo were determined in N. palea.
Therefore, N. palea was ranked in 10th place among all microalgae. Stichococcus sp., in ninth
place, was the third highest in EPA content and had valuable amounts of Mg, Se, Mo and I2
but also a slightly increased n6/n3 ratio. The second highest ALA and carotenoid content
as well as high amounts of SEA, EAA, protein and Mg led to A. lusatica being ranked in
eighth place. Eustigmatos sp. had a low n6/n3 ratio, was rich in EPA and fiber and was
fourth for carotenoid content. The nutritional value was slightly decreased by its SFA
amounts, which caused a ranking in seventh place. S. minor in the growth phase had the
third highest fiber and protein content as well as a low n6/n3 ratio, ranking it the sixth
most nutritional valuable microalgae. The second highest SEA, fourth highest fiber, third
highest ALA concentrations and the third lowest n6/n3 ratio was determined in T. obliquus
in the growth phase, ranking it the fifth most nutritional valuable among all the analyzed
microalgae. M. bisecta was ranked in fourth place and defined by valuable amounts of
protein and Zn as well as the highest concentrations of Mg, Mn, Fe, Cu, Ni and Mo, but also
a high n6/n3 ratio among all the microalgae. With the highest amounts of carotenoids, the
second highest EPA concentration, causing a low n6/n3 ratio, and valuable amounts of Mg,
Ca, Cu and I2 but slightly increased SFA concentrations, P. tricornutum was ranked in third
place. M. salina in the growth phase was the richest in protein and EPA and had the lowest
n6/n3 ratio. Furthermore, it was rich in SEA, EAA, Mg, Ca, Cu and I. Therefore, it was
ranked in second place. C. carterae was ranked as the most valuable microalgae for human
nutrition. It was defined by the highest amounts of fiber, DHA, Zn, and I2 among all the
microalgae. Furthermore, C. carterae was rich in EAA, carotenoids, Ca, Mg, Mn, Fe, Zn, Se,
Ni and Mo and had a low n6/n3 ratio. It appears that due to their amounts of nutrients,
C. carterae and M. salina might be more nutritionally valuable for human nutrition than
microalgae such as Arthrospira platensis, Dunaliella salina, Tetraselmis chuii and some Chlorella
species, which are already authorized for human nutrition by the European Commission [1].

Table 5. Nutritional ranking of all analyzed microalgae.

Ranking Name Kingdom CP Positive
Characteristics

Negative
Characteristics

1. Chrysotila carterae Cr SP

↑EAA, ↑↑↑Fiber, ↑↑Carotenoids,
↑↑↑DHA, ↓↓n6/n3, ↑↑Mg, ↑↑↑Ca,
↑Mn, ↑↑Fe, ↑↑↑Zn, ↑Se, ↑↑Ni,
↑↑Mo, ↑↑↑I2

(↑↑As)

2. Microchloropsis
salina Cr GP

↑↑SEA, ↑↑↑EAA, ↑↑↑ Protein,
↑↑↑EPA, ↓↓↓n6/n3, ↑Mg, ↑Ca,
↑↑Zn, ↑I2

(↑Hg), (↑↑↑As)

3. Phaeodactylum
tricornutum Cr SP

↑↑↑EPA, ↓↓n6/n3,
↑↑↑Carotenoids, ↑Mg, ↑↑Ca,
↑↑Cu, ↑I2

↑SFA, (↑↑As)

4. Myrmecia bisecta Pl SP ↑↑Protein, ↑↑↑Mg, ↑↑↑Mn, ↑↑↑Fe,
↑↑↑Cu, ↑Zn, ↑↑↑Ni, ↑↑↑Mo

↑↑n6/n3,(↑↑Pb, ↑↑Hg)
(↑↑As)

5. Tetradesmus
obliquus Pl GP ↑↑↑SEA, ↑↑Fiber, ↑↑ALA,

↓↓n6/n3

6. Spongiochloris
minor Pl GP ↑↑Protein, ↑↑↑Fiber, ↓n6/n3
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Table 5. Cont.

Ranking Name Kingdom CP Positive
Characteristics

Negative
Characteristics

7. Eustigmatos sp. Cr SP ↑↑Fiber, ↑EPA, ↓n6/n3,
↑↑Carotenoids ↑SFA

8. Autumnella lusatica Pl SP ↑SEA, ↑EAA, ↑↑Protein, ↑↑ALA,
↑↑↑Carotenoids, ↑Mg (↑↑Pb)

9. Stichococcus sp. Pl SP ↑↑EPA, ↑Mg, ↑Se, ↑Mo, ↑I2 ↑n6/n3,

10. Nitzschia palea Cr SP ↑↑Protein,↑Mg, ↑Mn, ↑↑Fe, ↑↑Cu,
↑↑Zn, ↑Ni, ↑↑Mo, (↑↑↑Hg)

11. Botryococcus braunii Pl SP ↑↑Fiber, ↑↑↑ALA, ↑EPA,
↑↑↑n6/n3 ↑↑SFA, (↑↑Cd)

12. Tetradesmus
obliquus Pl SP ↑↑Fiber, ↓n6/n3, ↑↑Ca (↑↑Hg)

13. Nannochloropsis
limnetica Cr SP ↑↑EPA, ↑↑↑Mn, ↑↑Fe, ↑↑↑Se, ↑Ni,

↑Mo
↑↑SFA,
(↑↑↑Cd, ↑↑↑Pb)

14. Spongiochloris
minor Pl SP ↑↑EAA, ↑↑Protein, ↑↑↑Fiber, ↑I2 ↑n6/n3, (↑Hg)

15. Chlorococcum
novae-angliae Pl GP ↑↑SEA, ↑↑↑EAA, ↑↑↑Protein,

↑↑Fiber, ↑Mg
↑↑n6/n3, (↑↑Hg),
(↑↑ Pb)

16. Microchloropsis
salina Cr SP ↑↑EPA, ↓n6/n3, ↑I2 ↑↑↑SFA, (↑↑↑As)

17. Tetraselmis suecica Pl SP ↑↑Mg, ↑↑↑Ca, ↑Se, ↑↑I2 (↑↑Cd, ↑↑↑Pb)

18. Klebsormidium sp. Pl SP ↑↑EAA, ↑↑Protein, ↑Se ↑↑↑n6/n3, (↑↑Cd)

19. Chlorococcum
novae-angliae Pl SP ↑I2 ↑↑n6/n3,(↑↑Hg, ↑↑Pb)

ALA, alpha-linolenic acid; CP, cultivation phase; Cr, chromista; EAA, essential amino acids; EPA, eicosapentaenoic
acid; DHA, docosahexaenoic acid; GP, growth phase; Pl, plantae; SEA, semi-essential amino acids; SFA, saturated
fatty acids; SP, stationary phase.

4. Materials and Methods
4.1. Microalgae Biomass

Fifteen microalgae (7 to 12 g dry weight) from different kingdoms and harvest points
were cultivated and provided by the Competence Center Algal Biotechnology of Anhalt
University of Applied Sciences in Köthen, Germany, for the analysis of various nutrients
(Table 6). The stationary phase was collected when the nitrogen source was drained,
which was reached after about 21 days of growing. The growth phase was collected after
about 7 days when nitrogen was still available from the cultivation medium. The biomass
was washed, centrifuged, ground with a ball mill, freeze-dried and stored at −80 ◦C
until nutrient analysis. Information regarding the cultivation of the microalgae such as
natural habitat, culture medium, photobioreactor and point of harvest, as well as further
classification, are listed in Table 6. Contamination of the provided microalgae biomass with
microorganisms and other species was kept to a minimum and the samples were examined
constantly via microscopy.
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Table 6. Classification and cultivation information of 15 microalgae species.

Microalgae
(Strain Number) Kingdom Phylum Class Habitat Culture

Medium PBR Point of
Harvest

Chrysotila carterae
(SAG 944-1) Cr Haptophyta Coccolithophyceae Marine SWES CF SP

Eustigmatos sp.
(KASC I-005) Cr Ochrophyta Eustigmatophyceae Aeroterrestrial BBM BC SP

Microchloropsis salina
(SAG 40.85) Cr Ochrophyta Eustigmatophyceae Marine f/2 BC GP, SP

Nannochloropsis
limnetica

(SAG 18.99)
Cr Ochrophyta Eustigmatophyceae Fresh water OHM BC SP

Nitzschia palea
(KASC I-007) Cr Bacillariophyta Bacillariophyceae Fresh water BBM

+Na2SiO3
CF SP

Phaeodactylum
tricornutum

(SAG 1090-1b)
Cr Bacillariophyta Bacillariophyta

classis incertae sedis Marine 1/2 SWES CF SP

Autumnella lusatica
(Hindak 2012/2) Pl Chlorophyta Trebouxiophyceae Fresh water KUHL BC SP

Botryococcus braunii
(University of Tokyo

S. Okada)
Pl Chlorophyta Trebouxiophyceae Fresh water BG11 BC SP

Chlorococcum
novae-angliae
(SAG 5.85)

Pl Chlorophyta Chlorophyceae Fresh water ES CF GP, SP

Klebsormidium sp.
(KASC I-008) Pl Charophyta Klebsormidiophyceae Aeroterrestrial BBM/Šetlik

(1:1)
BC SP

Myrmecia bisecta
(SAG 2043) Pl Chlorophyta Trebouxiophyceae Terrestrial BBM BC SP

Spongiochloris minor
(KASC 29.01) Pl Chlorophyta Chlorophyceae Terrestrial BBM CF GP, SP

Stichococcus sp.
(KASC I-30-01) Pl Chlorophyta Trebouxiophyceae Aeroterrestrial BBM/Šetlik

(2:1)
BC SP

Tetradesmus obliquus
(SAG 276-1) Pl Chlorophyta Chlorophyceae Fresh water BBM CF GP, SP

Tetraselmis suecica
(CCAP 66/38) Pl Chlorophyta Chlorodendrophyceae Marine SWES BC SP

BC, bubble column; Cr, chromista; CF, cultivation flask; Pl, plantae; PBR, photobioreactor; GP, growth phase; SP,
stationary phase.

4.2. Amino Acid and Ammonium Quantification

Amino acids were obtained through the hydrolysis of lyophilized microalgae biomass
and quantified using ion exchange chromatography with post column ninhydrin derivati-
zation. A total of 20 mg dry algae biomass was subjected to acidic hydrolysis (5 mL 6 N
HCl, 48 h, 110 ◦C, nitrogen as protective gas). Similarly, another aliquot of 20 mg dry algae
biomass was subjected to alkaline hydrolysis (5 mL 4 M NaOH, 24 h, 110 ◦C, nitrogen as
protective gas) for the determination of tryptophan, which is unstable otherwise. The alka-
line hydrolysate was acidified with HCl to pH < 2. Both acidic and acidified hydrolysate
were evaporated, and the residues were equilibrated in 5 mL sodium citrate buffer pH 2.2.
Amino acid analysis was carried out on a Biochrom30+ analyzer (Biochrom, Cambridge,
UK) via separation on a cation exchange resin, post column ninhydrin derivatization and
detection at 440 and 570 nm, according to the manufacturer’s instructions. Norleucine was
added as an internal standard. Buffers and standards were purchased from Laborservice
Onken (Laborservice Onken, Gruendau, Germany). Based upon duplicate analyses, the
accuracy of the obtained individual amino acid and ammonium contents was, on average,
±15% (RSD) including low abundant amino acids.

4.3. N-Factor Calculation

The calculation of the N-factor was performed with the concentration of amino
acids, nitrogen-containing molecules and the total organic N content as described by
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Sandgruber et al. [1]. Amino acids with concentrations under 0.001 g/100 g were set to
0.001 g/100 g for the calculation of the N-factor.

4.4. Macronutrients

The total nitrogen and protein nitrogen content was analyzed with the Kjeldahl method
according to DIN EN ISO 14891 2002-07 and Matissek et al. [110]. Pure (total nitrogen)
and crude protein content (protein nitrogen) were calculated by multiplying the nitrogen
content with a general constant (6.25) or a specific N-factor for microalgae found in the
literature (4.97) or determined as mentioned above [1,36]. With the Total Dietary Fiber Kit
BIOQUANT® (Merck, Darmstadt, Germany), the content of total fiber was enzymatically
determined [111]. Total fat content was analyzed with a combination of Weibull–Stoldt
hydrolysis and Soxhlet extraction according to ASU L 06.00-6. The microalgae were hy-
drolyzed with HCl following the extraction of fat with petroleum ether.

4.5. Fatty Acid Analysis

For the analysis of the fatty acid profile, the lipids were extracted with a modified
Folch/Bligh and Dyer method [112]. The lipids were saponified and methylated with
sodium methoxide and boron trifluoride. Afterwards, the resulting FAMEs were iso-
lated and analyzed via gas chromatography (GC; GC-17 V3, Shimadzu, Duisburg, Ger-
many) equipped with an AOC-5000 auto-sampler and flame ionization detector. H2 was
used as the carrier gas and the column was a fused-silica capillary DB-225ms column
(30 m × 0.25 mm, i.d. with 0.1 µm film thickness; J and W Scientific, Folsom, CA, USA).
The quantification of FAMEs was performed with GC solution software (LabSolution
LC/GC release 5.92, Shimadzu, Kyoto, Japan).

4.6. Total Carotenoids and Chlorophylls

Pigments were extracted from lyophilized biomass and quantified spectrophotometri-
cally. A total of 10 mg dry algae biomass was dispersed in 0.25 mL ice-cold aqueous acetone
(90%) and disintegrated with 0.5 mL glass grinding beads (ø 0.75-1 mm) in a vibrating mill
(MM 400, Retsch, Haan, Germany) at 30 Hz for 20 min. Another 0.75 mL ice-cold aque-
ous acetone (90%) was added after bead beating, and the extract was separated through
centrifugation and collected. The extraction step was repeated until the biomass pellet
was decolorized. The extracts were combined and made up to 10 mL in volumetric flasks.
The absorbance of the appropriately diluted extracts was measured at 450, 630, 647, 664
and 750 nm (Specord 50 Plus, Analytik Jena, Jena, Germany) in quartz cuvettes with a
10 mm pathlength. Equations of Jeffrey and Humphrey were used to calculate chlorophyll
a, chlorophyll b and chlorophyll c1 + c2 [113]. Total carotenoid content was calculated
according to the method of Jaspers [114], although it must be noted that this equation is
not suited for fucoxanthin-containing species from the bacillariophyta and haptophyta due
to the low specific absorption coefficient of fucoxanthin at 450 nm, as compared with other
carotenoids, and due to chlorophyll c interference [115].

4.7. Element Analysis (CHS)

Simultaneous CHS analysis was carried out on a vario MICRO cube analyzer (Elemen-
tar Analysensysteme, Hanau, Germany). A total of 2–4 mg dry algae biomass was wrapped
in tin foil and subjected to high-temperature combustion (1150 ◦C) in an oxygen-rich atmo-
sphere. After purification and reduction (850 ◦C), the gas mixture (CO2, H2O, N2, SO2) was
separated on adsorption columns and then detected by means of a thermal conductivity
detector. Sulfanilamide served as the reference substance. Based upon triplicate analyses,
the accuracy was, on average, ±2% (RSD) for C and H and ±8% (RSD) for S.

4.8. Minerals, Trace Elements and Heavy Metals

The microalgae were digested in a microwave pressure digestion system and a 10%
HNO3 solution with 1 µg/L Rh. For the multi-element detection, inductively coupled
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plasma mass spectrometry with tandem spectrometry (Agilent ICP-QQQ-MS 8800, Ag-
ilent Technologies, Waldbronn, Germany) was performed. In mass-shift mode, a reac-
tion/collision gas mixture of oxygen and hydrogen was used. To avoid interference, helium
was used as the collision gas in on-mass mode. Furthermore, a 10 µg/L solution with
77Se, a 10 µg/L solution with naturally occurring Se and a mixture by halves of 77Se and
natural Se were used for the Se isotope dilution analysis. Daily tuning of the nebulizer
gas flow, parameters of lenses, Q1, collision cell and Q2 was performed to guarantee
the maximum sensitivity of the analysis (oxide ratio < 1.0 % (140Ce16O+/140Ce+), doubly
charged ratio < 1.5 % (140Ce2+/140Ce+), background counts < 0.1 cps). Every 25 samples,
the calibration blanks and recalibration checkpoints were newly analyzed.

4.9. Statistical Analysis

The measured parameters are expressed as means with standard deviation. Statistical
analysis was performed with SPSS Statistics version 27 Premium. Normal distribution
was detected with the Shapiro–Wilk test. Statistical significance between the different
kingdoms of the analyzed microalgae was detected at normal distribution via the unpaired
t-test in combination with the Levene test for identifying the homogeneity of variances. In
cases without normal distribution, the Mann–Whitney test was performed. To calculate
statistically significant differences between both cultivation phases, the paired t-test was
performed with normal distribution; otherwise, the Wilcoxon test was used. When con-
centrations showed values below the LOQ, the LOQ was used for calculating statistical
significance. If more than 50% of the data of one parameter were under the LOQ, no
statistical analysis was performed. p-values < 0.05 were defined as statistically significant.

5. Conclusions

Overall, the nutrient profile of all the analyzed microalgae showed great diversity. The
species of the microalgae, its cultivation phase and various factors during its cultivation
influence the nutritional profile and value for human nutrition. The amino acid profile
and content of nitrogen compounds from both kingdoms was not significantly different.
Furthermore, the total carotenoid and chlorophyll content between different kingdoms
and cultivation phases was similar. Comparing the kingdoms, higher contents of total fat,
C14:0, C16:1n7, C20:4n6, C20:5n3 and As were detected in chromista, while higher contents
of C20:0, C20:1n9, C18:3n3, Ca and Pb emerged in plantae. During the stationary phase, the
accumulation of Ni, Mo and I2 was higher compared to the growth phase. The contents of
arginine, histidine, ornithine, pure and crude protein, Mg, Mn, Fe, Zn and As were higher
in microalgae in the growth phase. Further differences between cultivation phases might
have failed to be indicated due the small number of analyzed microalgae. With high levels
of I2 and moderate levels of EAA, SEA, protein, fiber, n3-PUFA, carotenoids, minerals and
trace elements but a high n6/n3 ratio, C. novae-angliae in the stationary phase had the least
nutritional value. The highest value for human nutrition was determined for C. carterae.
C. carterae was rich in fibers, carotenoids, C20:6n3, Mg, Ca, Mn, Fe, Zn, Se, Ni, Mo and I2
and had a low n6/n3 ratio. Furthermore, the concentrations of heavy metals and SFAs
was low compared to the other analyzed microalgae. The consideration of heavy metals
in the evaluation of the nutritional value of some microalgae such as M. salina, N. palea or
M. bisecta might decrease their value slightly. The amount of microalgae to be consumed
to cover the RDI of various nutrients is often too large. Thus, specific microalgae will
not serve as exclusive macro- and micronutrient sources but as a complement. However,
microalgae can make an important contribution to meeting the need for various nutrients
for human nutrition.
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