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duckweeds: potential applications
in the human diet†
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Eric Lam, c Marcelo José Pena Ferreira b and Marcos Silveira Buckeridge *a

Duckweeds are the smallest free-floating flowering aquatic plants. Their biotechnological applications

include their use as food, bioenergy, and environmental sustainability, as they can help clean polluted

water. The high growth capacity and their chemical properties make them suitable for human health

applications. Here we evaluated the ethanolic extracts from five species of duckweeds by HPLC-DAD/

MS-MS for chemical characterization. Sixteen compounds were identified and quantified, in which three

were chlorogenic acid derivatives and eleven apigenin and luteolin derivatives. We describe for the first

time the presence in duckweeds of 5-O-(E)-caffeoylquinic acid (1), 3-O-(E)-coumaroylquinic acid (2),

luteolin-7-O-glucoside-C-glucoside (3), 4-O-(E)-coumaroylquinic acid (4), luteolin-6-C-glucoside-8-C-

rhamnoside (5), and luteolin-8-C-glucoside-6-C-rhamnoside (6). The flavonoids diversity showed

a significant content of luteolin and its derivatives, except for Landoltia punctata that had significant

apigenin content. Flavones identified in duckweeds were mostly C-glycosides, which can benefit human

diets, and its abundance seems to be related to the higher antioxidant and anticancer capacities of

Wolffiella caudata, Wolffia borealis, and Landoltia punctata. Our findings reinforce the idea that

duckweeds could be valuable additives to the human diet, and their potential should be further explored.
Introduction

Duckweed is the given name for the smallest owering aquatic
plants that belong to Lemnaceae, which comprises 36 species
grouped in ve genera: Landoltia, Lemna, Spirodela,Wolffia, and
Wolffiella.1,2 Furthermore, these plants are subdivided into the
subfamilies Lemnoideae and Wolffioideae, which contain
respectively the species of Landoltia, Lemna and Spirodela, and
the rootless species of Wolffia and Wolffiella.3 These plants are
capable of duplicating their biomass in 96 hours, conferring
enormous applicability in biotechnology as water remediators,
for environmental monitoring, food, biofuels, and cosmetic
production as well as pharmaceutical intakes.4–10 The evolution
trend in Lemnaceae has a relationship with secondary metab-
olites and cell wall composition despite its diversity.11,12

In plants, the secondary metabolites consist of a broad group
of compounds produced to benet the organism for different
purposes: those related to the internal functioning of the plant
and others selected by their applications for human health.13,14
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Among the secondary metabolites, the avonoids are a group of
compounds synthesized from cinnamic acid derivatives
coupled with three acetate units that display several biological
roles.15 These polyphenol compounds are characterized by the
C15 skeleton arranged in two phenyl rings and a heterocyclic
ring (C6–C3–C6). The substitution pattern of the central ring
along with the degree of unsaturation and the oxidation of the
avonoid structure resolve this group of compounds into six
main classes: avonol, avone, avanonol, avanone, antho-
cyanin, and isoavonoid.14,16,17 Despite their grossly similar
chemical properties, the avonoids in plants are involved in
diverse processes such as growth, photosynthesis, and protective
biological systems such as seed development, pollination, light
screening, defence against pathogens, protection against UV-
damage, temperature acclimation, and drought resistance. Also,
some avonoids can act as signaling molecules for allelopathic
interactions, such as phytoalexins and detoxifying agents.13,14

Besides the natural bioactive properties in plants, avonoids
are phytochemicals with several medically-relevant biological
activities such as antiviral, antifungal, antibacterial anti-
hepatotoxic, anti-osteoporotic, antiulcer, anti-prolifera-
tive.16,18–21 Flavonoids display several other properties such as
immunomodulation, apoptotic effects, and consolidation of
applications on carcinogenesis, inammation, atherosclerosis,
and thrombosis.16,18,19 Flavonoids are also considered func-
tional foods that benet human health.16,18,19 Considering the
applications for human food, the antioxidant capacity of
RSC Adv., 2020, 10, 44981–44988 | 44981
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avonoids has an essential action in preventing the formation
of reactive oxygen and nitrogen species, causing damage in
DNA, proteins, lipids, and other biomolecules.22,23 Remarkable
knowledge is found in the literature about the wine and tea
phenolic compounds, which are responsible for their activity in the
prevention of heart diseases and cancer.24–27 Thus, the intake of
polyphenols present in plants is desirable for human health.
Recently, avonoids such as quercetin and rutin have been shown
to interfere with the entrance of the SARS-Cov-2 in cells, high-
lighting their potential to treat the COVID-19 disease.28

Duckweeds can have high levels of avonoids and together
with its nutritional value of amino acids and proteins make it
suitable for human consumption with health benets.29–34

Duckweeds have been sources of human food in several Asian
countries.35 Moreover, one duckweed species (Spirodela polyrhiza)
is being used to treat urticaria, acute nephritis, inuenza, and
inammation in Japan, Korea, and China.36,37 Several studies
identied avonoids mainly quercetin, apigenin, and luteolin
derivatives as compounds in Spirodela polyrhiza extracts18,31,38 and
these components are probably related to the pharmacological
applications of this duckweed in traditional medicine.

Based on the importance of the duckweed family for phar-
macology and nutrition, this paper aimed at investigating the
phenolic composition of ethanolic extracts and antioxidant
activity from ve species of duckweeds in order to characterize
further the range of natural variations in the varieties of avo-
noids produced by this plant family.

Experimental
Duckweed strains, cultivation method, and sample
preparation

Five-species of duckweeds were investigated in this study. Three
Lemnoideae species (Landoltia punctata, Lemna gibba, and Spi-
rodela polyrhiza) and two Wolffioideae species (Wolffia borealis
and Wolffiella caudata) were obtained from the Rutgers Duck-
weed Stock Cooperative (RDSC) collection. Landoltia punctata
(7624), Lemna gibba (DWC128), Spirodela polyrhiza (9509),
Wolffia borealis (9144) and Wolffiella caudata (9139) were culti-
vated on Schenk–Hildebrandt medium (1.6 g L�1) supple-
mented with 0.5% of sucrose, pH 6.5 at 25 �C with
a photoperiod of 16 h of light in the intensity of 20 mmol m�2

s�1. Aer 21 days of cultivation, the plants were frozen in liquid
nitrogen, freeze-dried and pulverized by Geno/Grinder®2010
SPEX SamplePrep.

Crude sample extraction

Twenty mg of each pulverized sample was extracted twelve
times with 1.5 mL of 80% ethanol at 80 �C for 20 min. The
extracted compounds were recovered, vacuum concentrated
% Free radical ¼
�
absorbance of the sa

absorbance

44982 | RSC Adv., 2020, 10, 44981–44988
(ThermoScientic® Savant SC 250 EXP), and resuspended in
2 mg mL�1 in a hydroethanolic solution of 80% ethanol.
HPLC-DAD-ESI-MS/MS analysis of phenolic compounds in
duckweeds

Samples diluted in ethanol 80% were ltered through a 0.45 mm
Nylon syringe, and reversed-phase HPLC-DAD analyzed the
extracts of duckweeds on an Agilent 1260. The phenolic
compounds were separated using a Zorbax Eclipse Plus C18
column (4.6 � 150 mm, 3.5 mm) maintained at 45 �C. The
injection volume of the sample was 5 mL. The solvents used in
the mobile phase were 0.1% acetic acid in Milli-Q water (A) and
acetonitrile (B), with the following concentration gradient of B:
0–3 min, 0%, 3–8 min, 0–10%, 8–8.1 min, 10–11%, 8.1–15 min,
11%, 15–15.1 min, 11–12%, 15.1–20min, 12%, 20–20.1 min, 12–
13%, 20.1–25 min, 13%, 25–30 min, 13–23%, 30–38 min, 23–
30%, 38–43 min, 30–50%, 43–65 min, 50–100 min, 65–70 min.
The phenolic acids and avonoids were detected at 325 nm and
352 nm, respectively. Identication of compounds from duck-
weeds was carried out through HPLC-DAD-MS/MS (Agilent 1260
coupled to an Esquire 3000 Plus mass spectrometer) using the
same chromatographic conditions and a negative ionization
mode. Quantication of each phenolic compound was carried out
by comparing the peak areas obtained from HPLC analysis with
calibration curves of standards at the range of 1.5–150 mg mL�1,
according to the phenolic class. Chlorogenic acid, vitexin, and
orientin were used to quantify phenolic acids, apigenin, and
luteolin derivatives.
Antioxidant activity

The antioxidant activity was evaluated by the 1,1-diphenyl-2-
picryl-hydrazyl (DPPH) (Sigma-Aldrich®) method that is based
upon the elimination of the free radical by the samples.39 For
the assay, a 0.2 mM DPPHc solution in methanol was freshly
prepared, and 200 mL of DPPHc solution was reacted with 20 mL
of the plants' extracts (2 mgmL�1) diluted in 10, 20, 50, 100, and
200 mgmL�1. The reaction was incubated in the dark for 20min,
and the absorbance was measured at 515 nm with EPOCH
equipment (Sellex Inc.). All samples were analyzed with three
biological replicates and three technical replicates. The cali-
bration curve was performed with amethanol Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid) (Sigma-Aldrich®)
solution in the concentration range of 5–175 mg mL�1. The 50%
inhibitory capacity (IC50) was obtained from the equation of the
straight line of the concentration graph by the percentage of the
radical activity. The radical activity was determined, as shown in
eqn (1).
mple� absorbance of blank

of negative control

�
� 100% (1)

This journal is © The Royal Society of Chemistry 2020
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Statistical analysis

All data were expressed as means � standard error for three
replicates (n ¼ 3). The interspecic analysis was performed by
ANOVA one-way, followed by Tukey's test (p < 0.05) using the
soware R version 3.4.1. The Principal Component Analysis
(PCA) was performed in Minitab-14.1 soware to evaluate the
phenolic compounds' distribution by the studied species.

Results

In the phenolic prole, we detected sixteen compounds (Fig. 1),
of which 14 were identied by MS/MS through tandem MS
patterns, along with retention time (Rt), and UV-Vis spectra
using reference compounds for characterization (Table 1).
Among the identied compounds, three were chlorogenic acid
derivatives (1, 2, and 4) found only in S. polyrhiza and eleven
were apigenin and luteolin derivatives (3, 5, 6, 7, 9, 11–16) found
in all ve-species (Table 1). The avonoids were identied
mostly as C-glycosides (5, 6, 7, 9, 11, 12, 15, and 16) than O-
glycosides (3, 13, and 14) in the duckweed family (Table 1).

The chlorogenic acid derivatives (1, 2, and 4), found exclu-
sively from S. polyrhiza in this study, accounted for 4.4 mg mg�1

of its dry mass (DM), representing 19.6% of the phenolic
compounds. The other compounds of S. polyrhiza were cate-
gorized as apigenin derivatives (12, 14, and 16), 17.9% (4 mg
mg�1 DM) and luteolin derivatives (9, 13, and 15), correspond-
ing to 62.5% (14 mg mg�1 DM) (Table 1). S. polyrhiza was the
only evaluated species in which feruloyl groups were identied
as bound to the glycosyl unit (Table 1 and Fig. 2). L. punctata was
distinguished from the other evaluated species due to the high
content of apigenin, which corresponded to 81% (22.1 mg mg�1

DM – 3, 5, 6, and 11) of the phenolic content. L. gibba had a low
level of apigenin (12–0.3 mg mg�1 DM) and 88% of luteolin
derivatives (5, 6, and 9–2.2 mg mg�1 DM) (Table 1). The species
within the family Wolffioideae displayed only luteolin deriva-
tives (3, 5, 6, 7, and 9) that amount to 5.95 mg mg�1 DM for W.
caudata, and 7.4 mg mg�1 DM forW. borealis (Table 1 and Fig. 2).

The phenolic compounds identied within the duckweed
species studied in this work were mostly avonoids. We
Fig. 1 Chromatographic profiles of Lemna gibba, Landoltia punctata,
Spirodela polyrhiza, Wolffia borealis, and Wolffiella caudata obtained
from ethanolic extracts. The numbers above peaks (1–16) refer to the
identification of each compound. For the identified substances see 1–16
in Table 1 (n ¼ 3).

This journal is © The Royal Society of Chemistry 2020
investigated the antioxidant capacity for the species with
signicant contents of apigenin and luteolin. The IC50 value was
higher in the species of the Lemnoideae subfamily, excluding L.
punctata, than the Wolffioideae subfamily (Table 2).

As previously mentioned, secondary metabolites are related
to the evolutionary trend of duckweeds. We identied segrega-
tion between S. polyrhiza and L. punctata from L. gibba, W.
borealis, and W. caudata probably due to the abundance
phenolic compounds along with the presence of the 5-O-caf-
feoylquinic acid (1), 3-O-coumaroylquinic acid (2), and 4-O-
coumaroylquinic acid (4) in S. polyrhiza and luteolin-6-C-
glucoside-8-C-rhamnoside (5) and apigenin-8-C-glucoside-6-C-
glucoside (11) in L. punctata (Fig. 1, 3, and Table 1). The more
derived species (W. caudata and W. borealis – Wolffioideae) and
L. gibba grouped in the PCA analysis due to the presence of
compounds identied as luteolin-7-O-glucoside-C-glucoside (3),
luteolin-8-C-glucoside-6-C-rhamnoside (6), and luteolin-8-C-
glucoside (9) (Fig. 3).

Discussion

Phenolic substances are the major bioactive compounds of
some plants, acting on the defense against biotic and abiotic
stresses.13,16,40 These biomolecules' chemical structures and
properties have been reported to be essential for human health,
being considered supplementary food and medicine.41 We
identied chlorogenic acid derivatives and avonoids as the
phenolic compounds of ve duckweed species.

Chlorogenic acids are a class of esters originated between
cinnamic and quinic acids, synthesized through shikimate and
phenylpropanoid pathway via p-coumaroyl CoA (Fig. 2), which
can undertake chemical substitutions of the hydroxyl groups
both axial (carbons 1 and 3) and equatorial (carbons 4 and 5).16 In
the present study, the chlorogenic acid derivatives were identied
only in S. polyrhiza (Table 1 and Fig. 1). The identied compounds
caffeoylquinic acid (1) and coumaroylquinic acid (2 and 4) (Table 1
and Fig. 2) together with feruloylquinic acid that is one of themost
common chlorogenic acids found in land plants.42

The avone class consists of a 2-phenyl-1,4-benzopyrone
structure common to apigenin, luteolin, chrysin, nobiletin,
tangeretin, wogonin, and baicalin.17 The other 11 compounds
(3, 5–16) isolated from duckweed extracts were identied as
luteolin and apigenin-glycosides (Table 1). The MS/MS cleavage
pattern was characterized by the range for mono-
glycosylavonoids, and di-glycosylavonoids glycosyl-C-glyco-
sylavonoids (533–609 Da).43

The glycosylavonoids identied were further characterized
as 8-C- and 7-O-glycosides. The main distinction between the O-
and C-glycosides is related to the glycosyl moiety attached via
the anomeric carbon linked to the avonoid backbone at the
positions C-6 and C-8 of the ring A in the avonoid structure.43

The glycosidic-O-linkages are cleaved with the rearrangement of
H– leading to the loss of the monosaccharide residue with
a mass of 162 Da for hexoses and 146 Da for pentoses.44 The
cleavage pattern found for compounds 13 and 14 denotes a 7-O-
glucoside, being therefore identied as luteolin-7-O-glucoside
and apigenin-7-O-glucoside, respectively (Table 1). On the other
RSC Adv., 2020, 10, 44981–44988 | 44983
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Fig. 2 The metabolic pathway involving the flavonoids and chlorogenic acid derivatives identified in the five species of duckweed. The network
in black represents the building blocks for the biosynthesis of phenolic compounds identified that are represented in orange. The products from
the shikimate pathway are the precursors for the chlorogenic acid and the flavonoids compounds synthesis. Chlorogenic acids are formed
between cinnamic and quinic acids, while flavonoids are products from cinnamoyl-CoA where chalcones (naringenin-chalcone) act as
precursors. The apigenin and luteolin backbones are synthesized from the naringenin-chalcone, which can be C– or O– branched with sugars
and feruloyl radicals.

Table 2 Antiradical capacity of hydroalcoholic extracts of five duck-
weed species expressed as IC50 (mg mg�1)

Species IC50 (mg mg�1)

Spirodela polyrhiza 41.45
Landoltia punctata 16.45
Lemna gibba 28.91
Wolffiella caudata 15.27
Wolffia borealis 11.17
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hand, the avonoids containing C-glycosides are directly linked
to the sugar. Therefore, the fragmentation pattern is related to
saccharide residue cleavages and the loss of a water molecule.44

These are more pronounced as 6-C groups of compounds.45,46
This journal is © The Royal Society of Chemistry 2020
Usually, avones are found in plants linked to sugars as O-
glycosides, but C-glycosides can also occur.16,17,47 As mentioned
above, the evaluated species had a predominance of C-glycosy-
lated avonoids (5, 6, 7, 9, 11, 12, 15, and 16) compared to O-
glycosylated (3, 13, and 14) (Table 1 and Fig. 2). This corrobo-
rates the ndings of Bai et al. (2018),48 Kim et al. (2010),36

McClure & Alston (1966),11 Qiao et al. (2011),18 Wallace & Alston
(1966),49 and Wang et al. (2014).50 The glycosylation occurs aer
the synthesis of the avonoid scaffold.51,52 The carbon–carbon
bond in plant C-glycosylated avonoids promotes protection
from acid and enzymatic hydrolyses, which leads to divergence
in degradation, pharmacokinetics, and bioactivity when
compared with O-glycosides.53,54 The glycosylation is associated
with the compound's hydrophobicity and promotes alterations
in their antioxidant activity.55 As pointed out in Table 2, the
higher accumulation of C-glycosylated avonoids in L. punctata,
RSC Adv., 2020, 10, 44981–44988 | 44985
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Fig. 3 Principal Component Analysis (PC1 and PC2) of five duckweed species. (A) Duckweed species distribution in the plane defined by the first
and second main components. (B) The relationship among variables of secondary metabolites from the plot of the PC1 and PC2 loading vectors
describes the relationship among variables of compounds. Percentage values in parentheses (x and y axes) show the proportion of the variance
explained by each axis. (n ¼ 3). N. I. not identified. The vector values and statistical analyses are in ESI Table 1.†
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W. caudata, andW. borealismay explain their higher antioxidant
activity (Tables 1 and 2). Therefore, the catechol group and the
phenolic hydroxyl groups were maintained free to scavenge
radical species.

The dominant presence of C-glycosylated avonoids in
duckweeds hypothetically protect these aquatic plants from
oxidative stress and predators due to the lack of lignin and high
metabolic ux towards phenylalanine and avonoids.34 Lignin
is a phenolic compound responsible for plant mechanical
support and pathogen protection in plants.56–59 Since duck-
weeds have trace amounts of lignin in all species60–63 with the
absence of vessels, other biomolecules such as avonoids are
produced in higher quantities and possibly helps to protect
duckweed tissues from pathogens.

The C-glycosylated avonoids are thought to be suitable for
human health applications due to their bioactivity.64 Flavonoids
are pointed out as anti-diabetics, anti-inammatory, anxio-
lytics, anti-spasmodic, anti-mutagenic, and hepatoprotection.54

Moreover, C-glycosylated avonoids benet the human diet,
since the small intestine absorbs them more rapidly than the
corresponding O-glycosides because it does not require de-
glycosylation.54 This enrichment in C-glycosylated avonoids
highlights duckweed's potential as an attractive food supple-
ment with health benets.

Members of the Wolffioideae subfamily are being widely
consumed in Asian countries as salad, mixed in soups, curries,
and omelets.29 The presence of amino acids and fatty acid in the
free forms make Wolffioideae more suitable for human
consumption than the Lemnoideae species.29 We now show
a further advantage of the consumption of Wolffioideae species,
which is their antioxidant capacities that were higher forWolffia
borealis (IC50 11.17 mg mL�1) and Wolffiella caudata (IC50

15.27 mg mL�1) (Table 2), with more C-glycosylation compounds
in these species likely conferring a higher antioxidant activity.
Furthermore, the higher proportion of luteolin-8-C-glucoside-6-
C-rhamnoside (6) (7.4 mg mg�1 DM) and apigenin-8-C-
44986 | RSC Adv., 2020, 10, 44981–44988
glucoside-6-C-glucoside (11) (10.4 mg mg�1 DM) in L. punctata
and luteolin-8-C-glucoside-6-C-rhamnoside (6) (5.65 mg mg�1

DM) in W. caudata contributed for their higher antioxidant
levels (Tables 1 and 2). Thus, besides the species from the
Wolffioideae family, L. punctata could also be an interesting
candidate species for the human diet.

Some of the identied compounds have been previously
described for duckweeds, as in S. polyrhiza where the major
secondary metabolites are orientin (9) and vitexin (12).18 In the
present study, orientin and luteolin-8-O-glucoside accounted
for 13.9 mg mg�1, while vitexin was found in relatively low
concentration (2.3 mg mg�1 DM). Also, compounds 13, 14, 15,
and 16 were already identied for Spirodela polyrhiza.18,37

Besides S. polyrhiza, L. punctata and W. globosa have been re-
ported as rich sources of luteolin, and apigenin derivatives.50,65

The compounds 5-O-(E)-caffeoylquinic acid (1), 3-O-(E)-cou-
maroylquinic acid (2), luteolin-7-O-glucoside-C-glucoside (3), 4-
O-(E)-coumaroylquinic acid (4), luteolin-6-C-glucoside-8-C-
rhamnoside (5), and luteolin-8-C-glucoside-6-C-rhamnoside (6)
are described here for the rst time in duckweeds.

The diversity of avonoids in the ve duckweed species
revealed as major constituents luteolin and its derivatives (36.4
mg mg�1 DM), except for L. punctata (Table 1). In L. punctata the
apigenin content constituted 56.4% of the quantied
compounds (Table 1), which positively impacted the antioxi-
dant activity when compared to the other species evaluated
from the Lemnoideae subfamily (Table 2).

The avonoid class distribution does not seem signicant
for the phylogenetic relationship between Lemnaceae and other
plant families. However, inside the duckweed family, is found
a correlation among species, genera, and chemical
compounds.11 During the evolution of the Wolffioideae species
(W. caudata and W. borealis), there seems to have been the loss
of the root system and body reduction accompanied by the
reduction of secondary metabolites diversity.11 The ethanolic
extract of W. caudata led to the identication of only two
This journal is © The Royal Society of Chemistry 2020
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compounds characterized as luteolin-7-O-glucoside-C-glucoside
(3) and luteolin 8-C-glucoside-6-C-rhamnose (6) (Table 1),
common to L. punctata, L. gibba, and W. borealis. Nevertheless,
W. borealis – the more derived species within the duckweeds –

displayed the same compounds found in W. caudata plus three
luteolin derivatives (5, 7, and 9) (Table 1). PCA separates the
duckweed genera regarding its phenolic prole, with a higher
diversity in Lemnoideae (S. polyrhiza, L. punctata, and L. gibba)
than in Wolffioideae (W. caudata and W. borealis) (Fig. 3). PC1
segregated Spirodela polyrhiza due to the chlorogenic derivatives
(1, 2, and 4) and L. punctata regarding luteolin-6-C-glucoside-8-
C-rhamnose (5) and apigenin-8-C-glucoside-6-C-glucoside (11)
exclusivity. PC2 groupedWolffioideae with L. gibba based on the
occurrence of luteolin-7-O-glucoside-C-glucoside (3), luteolin-8-
C-glucoside-6-C-rhamnose (6), and luteolin-8-C-glucoside (9)
(Fig. 3). The proximity of L. gibba can also be explained by the
fact that this species is closer to the Wolffioideae subfamily
than L. punctata and S. polyrhiza through the evolution trend
(Spirodela > Landoltia > Lemna > Wolffiella > Wolffia) described
by Les et al. (2002).3

Among our ndings, Landoltia punctata is an interesting
addition to the human diet due to the presence of a high
concentration of apigenin, which has been widely reported as
a potent anticancer adjuvant.66 Vitexin, whose C-glucosylated
version we found in L. punctata, has recently been proposed as
an agent to treat non-small lung cancer.67

Conclusions

The phenolic prole of the ve species of duckweeds separate
duckweed genera and seems to corroborate what is known
about the evolution of the group. S. polyrhiza was the only
species displaying signicant chlorogenic acid derivatives,
which could enhance the use of the plant extract for human
health applications. The Wolffioideae species studied here may
be attractive candidates as luteolin derivative bioresources,
whereas L. punctata displays higher content for apigenin
derivatives. Duckweeds have higher proportions of C-glycosyl-
avonoids that could benet the human diet due to their
favorable antioxidant and anticancer capacity. Besides that, L.
punctata could be used as supplements of antioxidants prod-
ucts. We conclude that duckweeds could be an economical
source for valuable additives to the human diet, and their
potential should be further explored.
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M. Leiterer and G. Jahreis, Food Chem., 2017, 217, 266–273.

30 K. Bhanthumnavin and M. G. Mcgarry, Nature, 1971, 232,
495.

31 M. F. A. de Beukelaar, G. G. Zeinstra, J. J. Mes and
A. R. H. Fischer, Food Qual. Prefer., 2019, 71, 76–86.

32 L. L. Rusoff, E. W. Blakeney and D. D. Culley, J. Agric. Food
Chem., 1980, 28, 848–850.

33 W. Y. Song and J. H. Choi, J. Life Sci., 2017, 27, 180–186.
34 X. Tao, Y. Fang, M. J. Huang, Y. Xiao, Y. Liu, X. R. Ma and

H. Zhao, BMC Genomics, 2017, 18, 166.
35 K. J. Appenroth, K. Sowjanya Sree, M. Bog, J. Ecker,
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