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1 | INTRODUCTION

AzollaLam.,also called water fern, mosquito fern, or “azolla,” isa genus
of floating fern which has been cultivated for several thousand years
(particularly across Asia) comprised six described species native to
most tropical and temperate biomes across the world (Small, 2013).
Azolla has received increasing attention in the last few decades
because of its many potential uses as bioremediation, wastewater
treatment, “green” manure, biodiesel production, livestock feed,
mosquito control, and human food (Brouwer et al., 2018; Carlozzi
& Padovani, 2016; Katayama et al., 2008; Miranda et al., 2016; Pouil
etal., 2020; Small, 2013). The incredibly diverse set of uses for Azolla

thousand years as a livestock feed and as “green manure.” The use of Azolla for human
consumption is thought to be limited by its high total polyphenolic content (TPC).
However, the TPC and nutritional content of A.caroliniana has not been thoroughly
studied. We measured TPC and other nutrients before and after cooking methods
designed to lower TPC. We found that TPC was 4.26 g gallic acid equivalent (GAE) kg™
DW in raw A. caroliniana. All cooking methods significantly lowered TPC. Protein con-
tent was 19% DW, and the apparent protein digestibility was 78.45%. Our yield was
173g FWm2day ™ and 5.53g DWm™2day . Azolla caroliniana is a high-yielding plant
with great potential for cultivation and domestication.

boiling, natural fermentation, pressure cooking, protein digestibility, total phenolic content,

prompts further attention and research. The high-protein content
and fast-growing capability of Azolla makes it a great option for quick
food production. Azolla grows and reproduces very quickly, allowing
some species (Azolla filiculoides and A. pinnata) to produce as much
as 100mg DW ha™ per year in natural habitats (Miranda et al., 2016).
Even the use of Azolla as “green manure” is not new to human history
as it has been used to fertilize grain crops for hundreds of years and
is currently produced in large tarp-bottomed ponds and used to sup-
plement diets for pigs, ducks, rabbits, fish, cattle, and chickens with
positive effects on their nutrition (Wagner, 1997).

Although similar in appearance, physical properties, and op-

portunities for use to the more commonly known flowering plant,
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duckweed (members of the subfamily Lemnoideae), Azolla is a
true fern (Polypodiopsida) and has several distinct characteristics
that set it apart from duckweed. First, Azolla has an obligate mu-
tualism with nitrogen fixing cyanobacteria giving it the ability to
grow in more nutrient deficient areas than duckweed and even to
replenish nutrient loads of agricultural systems (Yao et al., 2018).
Importantly, Azolla can fix nitrogen twice as fast as Rhizobia spp.
in soybeans (Pouil et al., 2020). Its ability to efficiently fix nitrogen
is itself enough of a reason to justify Azolla's study. Additionally,
studies suggest Azolla may be more cool and shade tolerant than
duckweed (Muradov et al., 2014). Azolla has also been shown to
have a higher relative growth rate to some species of duckweed
(Hamdan & Houri, 2022). These differences between duckweed
and Azolla justify further investigation of Azolla separately and in
tandem with duckweed.

Like other wild edible plants native to the United States, char-
acteristics of Azolla species make them good candidates as a nu-
trition security resource and for food resilience options (Winstead
etal., 2023). Some research has already been done on Azolla's poten-
tial use in the space program because of its unique attributes and low
space requirements (Katayama et al., 2008). However, given Azolla's
fast growth rate, nutritional profile, and its ability to be grown in
both indoor and outdoor settings suggest that it is a good candi-
date for use during times of food insecurity more broadly. Whether
it be for a “quick fix” solution in catastrophe scenarios or long-term
resilience plan, Azolla has the potential to provide large amounts of
protein and calories for people and livestock. If systems for Azolla
cultivation and preparation can be made more efficient, its indoor
or outdoor cultivation after natural disasters could provide climate
resilient supplemental nutrient production.

Unfortunately, the use of Azolla as feedstock and human food
is thought to be limited by its high polyphenolic content (Brouwer
et al., 2018; Everette et al., 2010). Polyphenols at lower concentra-
tions are beneficial because of their antioxidant activity, however,
high concentrations of polyphenols can limit nutrient absorption
in the body and act as antinutritional factors (Hassan et al., 2020;
Mennen et al., 2005). More specifically, polyphenols bind and pre-
cipitate proteins and carbohydrates, making them biologically inac-
cessible (Bravo, 1998). The measured total phenolic content (TPC)
of Azolla species of 23.8-78.7g GAEkg™ DW is 5-10 times the
amount in most other fruits and vegetables (Bravo, 1998; Brouwer
et al., 2018). Although antioxidant activity can come from several
metabolites, evidence suggests that antioxidant activity in Azolla
species is mostly dependent on phenolic compounds allowing TPC
to be a good proxy for antioxidant activity (Hassan et al., 2020).

There are several cooking methods that have been shown to de-
crease polyphenol content including, but not limited to, boiling, pres-
sure cooking, fermenting, and sautéing (Samtiya et al., 2020). These
cooking methods also increase the digestibility of the polyphenols
themselves in addition to allowing for the continued bioavailabil-
ity of other macronutrients (Bravo, 1998). It is unknown how these
cooking methods affect the nutrition of Azolla species and whether
they would reduce polyphenol content to a level that would reduce

its ingestion limitations. These methods are simple and low cost, and
could be a simple solution for enabling the use of Azolla as a food
source in many situations.

However, net losses in the nutritional quality of raw vegetables
usually occur after cooking processes are used to convert nutrients
from being inaccessible to digestible. Multiple studies have pointed
out that traditional cooking methods, such as boiling, and micro-
waving can affect the phenolic content and antioxidant capacity of
popular vegetables such as kale, broccoli, and cabbage (Abushita
et al., 2000; Sahlin et al., 2004; Stewart et al., 2000; van Het Hof
et al., 2000; Zhang & Hamauzu, 2004). However, research conclu-
sions about whether these cooking methods increase or decrease
the phytochemical properties of the vegetables are not consistent.
The effects of cooking methods on the content and bioavailability of
nutrients in vegetables are variable and depend not only on the type
of vegetable, but also on the complexity of the food matrix and the
cooking method involved (Boari et al., 2013; Turkmen et al., 2005;
Ur-Rehman et al., 2003). Depending on the characteristics of the
cooking methods, these can cause several changes in the physical
and chemical properties of the foods (Turkmen et al., 2005; Ur-
Rehman et al., 2003).

The solubility of polyphenol groups in water is determined by
their polar properties (Haminiuk et al., 2014). If food matrices con-
taining water-soluble compounds are subjected to water-based
cooking methods, their phenolic content is more likely to decrease,
due to a leaching effect (Price et al., 1997). Cooking methods such as
boiling, frying, and pressure cooking involve temperatures that can
go up to 190°C. At these high temperatures key nutrients may be re-
duced; however, their cooking time is often shorter, which is better
for the retention of nutrients compared to slower methods. Some
studies have also found that during heat treatments the formation of
antioxidant phenolic compounds may occur (Giovanelli et al., 2002;
Polat et al., 2022).

Two commonly studied species, A. filiculoides Lam. and A. pinnata
R.Br., are invasive and considered noxious weeds in their non-native
habitats (Small, 2013). Between these two species, A. filiculoides has
a significantly lower concentration of polyphenols than A. pinnata
(Brouwer et al., 2018). Since the literature suggests that there may
be a significant difference in phenolic content between species, it
would be worthwhile to investigate other species in the Azolla genus
to determine their phenolic content. Additionally, most Azolla nutri-
tional research focuses on A. pinnata and A. filiculoides, leaving more
to be discovered about other Azolla species such as the native spe-
cies of Azolla to the eastern United States, A. caroliniana Willd. (com-
monly known as Carolina azolla). Although A. caroliniana has been
argued to be conspecific with Azolla cristata Kaulf. (Evrard & Van
Hove, 2004), lack of definitive evidence and the predominant use of
the name A. caroliniana in recent literature warrants our continued
use of the name A. caroliniana until further investigation (Bunch &
Hayden, 2020).

To investigate this lesser known Azolla species and to decrease the
risk of spreading non-native plants in the Pennsylvania study area, we
used A. caroliniana for this study. We tested three cooking methods
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(boiling, pressure cooking, and natural fermentation) that have been
shown to decrease polyphenolic content in foods by multiple studies,
with the aim of reducing antinutritional factors potentially restricting
consumption of Azolla by both humans and livestock (McLachlan &
Landman, 2013; Samtiya et al., 2020, 2021). These treatments were
chosen because of their simple, low-cost nature and their potential for
decreasing the TPC of Azolla and increasing its nutritional value. Other
nutritional values were also measured and analyzed after postharvest

treatments and compared using nonparametric statistical tests.

2 | METHODOLOGY
2.1 | Plant material and growing conditions

Azolla caroliniana was obtained from PondPlantsOnline.com and
was rinsed with tap water and inspected for stray duckweed and
other contaminants upon delivery. The A. caroliniana was then ac-
climated for 4days in the greenhouse without supplemental light-
ing. The growth conditions for this experiment as well as the harvest
technique and nutrient solution were augmented from the Brouwer
et al. (2018) study protocol using A. filiculoides and A. pinnata. The
A. caroliniana was grown under controlled environmental conditions
in a greenhouse located at Penn State's University Park Campus in
State College, Pennsylvania. Supplemental lighting was provided by
VYPR 3p Broad Indoor LED lights (Fluence, Austin, TX) dimmed to
30% capacity. This increased photosynthetic photon flux density
(PPFD) by ZSOpmoIm’zs’1 when hung 115cm from water surface.
Supplemental lights were turned on daily for 16 h starting at 6a.m.
The daytime temperature range was set between 23 and 27°C and
night temperature range between 20 and 24°C.

The A. caroliniana was grown within four aerated 60-L opaque
plastic containers, each with a net surface area of 4505 cm? and depth
of 14cm filled with nutrient solution specified below. Plastic foam-
covered wire was used to decrease surface agitation of the water
around the aeration system. The A. caroliniana was grown for 14 days
until the complete surface area of the water was covered by Azolla. The
slightly augmented nutrient solution from Brouwer et al. (2018) was
created with deionized (DI) water and macronutrients: 0.7mM KNO,,
0.1mM Ca(NO,),.4H,0, 0.13mM KH,PO,, and 0.1mM MgSO,,.7H,0;
and micronutrients: 4.7uM FeNa-EDTA, 2.2uM MnSO,.H,0, 0.1uM
Na,Mo,.2H,0, 8.1uM H,BO,, 0.06uM CuSO,.5H,0, and 3.1uM
ZnSO,.H,0. The complete 60L of solution in each container was re-
placed after the first harvest on July 14, 2022. Nutrient solution levels
were replenished daily in each container from water loss due to evapo-

ration with DI water to maintain water level and depth.
2.2 | Harvest and postharvest
processing treatments

The A. caroliniana was harvested four times over a span of 16days
from each of the four 60-L basins. For each harvest day, four 100g

samples were harvested using a mesh strainer from each basin and
were treated with one of the four treatments. Treatments are fully
described in Table 1. The four basins served as biological replicates
and each harvest served as a repeated experiment. This resulted in
a total sample size of n=64, with 16 samples for each treatment.

2.3 | Freeze-drying and storage

Treated samples were prepared for nutrient analysis by freezing to
-80°C, then freeze-drying. Dry samples were weighed and then
ground in a bladed, spice grinder until homogenized (about 6s on
the highest setting). Ground samples were labeled and placed into

resealable mylar bags and stored in a —=20°C freezer until analyzed.

2.4 | Nutrient analysis

The crude protein content (CP) of freeze-dried and ground Azolla
samples was calculated by multiplying the total nitrogen content
with the conversion factor of 4.9, which has previously been meas-
ured for Azolla species (Brouwer et al., 2018). The moisture levels of
the dried samples were determined by using an infrared moisture
analyzer (Sartorious MA37, Germany).

The TPC of the Azolla was measured using the Folin-Ciocalteu
method with two technical replicates for each sample (Waterman
& Mole, 1994). Crude lipid contents of other species of Azolla are
roughly about 100gkg™ DW (Brouwer et al., 2018). To more accu-
rately measure TPC, lipids were removed from 500mg of freeze-
dried and ground samples by extraction with hexane for 15min
stirred at room temperature. Hexane was then removed by filtering
the samples using a Blichner funnel with no. 1 Whatman paper. This
step was repeated once more. For sample extractions, dried residues
were suspended in 10mL of acetone:water:acetic acid (80:20:0.1,
v/v/v) and stirred for 15min at room temperature. The extraction
step was repeated three times total. All filtrates were combined and
evaporated to near dryness in a centriVap concentrator (Labconco,
USA). Volume of final filtrates were measured and 2mL of ultrapure
water was added to each sample to aid in vortexing samples to col-
lect any possible remaining polyphenols on walls of drying tubes.
Samples were then spun in a centrifuge to pellet particulates and
remaining liquid was filtered twice through 40pum nylon filters. An
aliquot of 40uL was diluted with 1560pL of ultrapure water and
added to 100pL of Folin-Ciocalteu reagent. After 5min in the dark,
300puL (200g L’l) of Na,CO, solution was added. The solution was
mixed and incubated in a water bath for 30min at 37°C. Then, after
mixing and cooling at room temperature, absorbance was measured
at 765nm using a microplate spectrophotometer (Multiskan GO
microplate Spectrophotometer, Thermo Fisher Scientific, Vantaa,
Finland). Gallic acid was used as the calibration standard, and TPC is
expressed in gallic acid equivalence.

The freeze-dried samples were then passed through a size
35 mesh sieve and sent to the Agricultural Analytical Services
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TABLE 1 Postharvest treatments.

Sample FW
Treatment name and abbreviation  mass (g)
Control (C) 100
Boiling (B) 100
Pressure cooking (P) 100
Natural fermentation (F) 100

Treatment description

Rinsed with DI water to remove nutrient solution residue and stored in sealable freezer
bag.

Rinsed with DI water to remove nutrient solution residues. Sample placed in 1L of distilled
water in an Instant Pot brand 6-qt pressure cooker and set to “Sauté” for 20 min to boil
uncovered. Azolla was strained with mesh strainer and water discarded. Boiled material
was cooled for 5min at room temperature and transferred to sealable freezer bag and
remaining water gently squeezed out.

Rinsed with DI water to remove nutrient solution. Place sample and 1L of distilled water
into an Instant Pot brand 6-qt pressure cooker and pressure cooked on “high” for
1min. Steam released using “Quick Release” method. Azolla was strained with mesh
strainer and water discarded. Pressure cooked material was cooled for 5min at room
temperature and transfer to sealable freezer bag and excess liquid gently squeezed out.

Rinsed with DI water to remove nutrient solution. Room temperature distilled water and
each 100g Azolla sample were added to a small blender to equal 400 ml total (enough
to cover the Azolla). The water and sample are then blended for 3sec with a blender on
high and placed into 1L glass jars. Plastic bags filled with distilled water were added on

top of the Azolla in the jars to ensure that the blended Azolla stayed submerged. The
jars were then sealed and placed in room temperature for 48h to naturally ferment.
After 48h, the Azolla was strained with cheese cloth, excess liquid gently squeezed out,
and transferred to sealable freezer bag.

Laboratory at University Park, PA, for mineral and nitrogen anal-
yses. Samples were analyzed for total nitrogen using dry combus-
tion with an Elementar Max Cube in CN mode (Elementar Americas
Inc., Ronkonkoma, NY) as described in Vecchia et al. (2020).
Additionally, the macrominerals (P, K, Ca, Mg, S, and Na) and micro-
minerals (Mn, Fe, Cu, B, and Zn) were measured after acid digestion
(Huang & Schulte, 1985) using an ICP-OES (Varian 730-ES, Agilent
Technologies, Santa Clara, CA, USA). Nutrient and mineral profiles
were expressed on a dry weight (g or mgkg™) and fresh weight basis
(g or mg100g™* FW Azolla).

Percent apparent protein digestibility (APD%) was calculated
using the assay created by Hsu et al. (1977). We prepared an en-
zyme solution by dissolving 16 mg of Trypsin (type IX-S) from porcine
pancreas (13,000-20,000 BAEE unitsmg™* protein), 31mg of a-
chymotrypsin type Il from bovine pancreas (24Ounitsmg'1 protein),
and 13mg of pepsin from porcine gastric mucosa (23200 units mg'1
protein) in 5mL distilled water at 37°C for 10 min. The pH was ad-
justed to 8 using 0.1M HCI or 0.1 M NaOH. Then we brought the
final volume of the enzyme solution to 10mL, and pH was adjusted
down to 8 again. We measured out each sample so that it contained
10mg of nitrogen and dissolved them in 7mL of distilled water in
duplicate. Then we adjusted the pH to 8 using the same method
used for the enzyme solution. Samples were then soaked for 60 min
at 37°C in water bath. After the water bath step, 1mL of enzyme
mix was added to samples, vortexed, and incubated for 10min at
37°C. We measured the pH exactly 10min after placing in water
bath. Bovine serum albumin (BSA) was used as a positive control for
APD%. The apparent protein digestibility was then calculated using

the following equation where X=pH after 10 min:

Percent apparent protein digestibility = 210.46 — 18.10 x X.

2.5 | Statistics and data analysis

A Shapiro-Wilk test was run for all dependent variables for each
treatment to test for normality. Many of the groups were nonpara-
metric, so nonparametric tests were used for all tests to decrease
sensitivity and ensure all assumptions were met. Kruskal-Wallis
tests (nonparametric ANOVA) were performed for each of the de-
pendent variables against the four-level treatment independent
variable. If Kruskal-Wallis tests showed a significant difference,
post hoc pairwise Wilcoxon tests (nonparametric T tests) were per-
formed to determine pairwise differences among treatments. All p
values were adjusted using Bonferroni's correction. The alpha level
was set to a=.05.

To measure the sampling adequacy before conducting the prin-
cipal component analysis (PCA), Kaiser-Meyer-Olkin (KMO) and
Bartlett's sphericity test were performed using the “KMQO” and
“BARTLETT” commands in R using the EFAtools package. The KMO
value was 0.709, and the Bartlett's sphericity test was significant
(p<.001; y2=406) suggesting that the dataset met the criteria for
factor analysis and for using PCA as a data reduction technique. The
PCA was performed in R using command “prcomp” to summarize

variance observed within the dataset.

3 | RESULTS

Over the 30-day grow-out period of this experiment, we were able
to achieve an Azolla yield of 173g FW m™day ™ and 5.53g DW
m_Zday’l. If extrapolated to larger surface areas, this is equivalent
to 20.16 Mgha lyear™ DW. Fresh A. caroliniana samples had a mean
water content of 96.8%. A Kruskal-Wallis test on dry weight shows
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that treatment type did have a significant effect on final dry weight.
Post hoc pairwise Wilcoxon tests revealed that all treatment meth-
ods were significantly lower in final dry weight than the control,
where fermentation had a 42.74% decrease in dry weight mass, and
boiling and pressure cooking had a 32.88% decrease in dry weight
mass on average. This loss of material is expected for any treatment,

especially those involving submersion in water.

3.1 | TPC content and yield

TPC of raw A. caroliniana was 4.26g GAEkg™ DW. Kruskal-Wallis
tests revealed a significant difference in TPC between the posthar-
vest treatments (p <.001). Post hoc pairwise Wilcoxon tests showed
that there were significant differences between the control and all
other treatments, and that boiling and pressure cooking both had
significantly lower TPC than natural fermentation. TPC was re-
duced by about 88.3%, 92%, and 62% with boiling, pressure cook-
ing, and natural fermentation, respectively, compared to the control.
Likewise, total dry weight content and yield of polyphenolics signifi-

cantly decreased with all cooking methods (Tables 2 and 3).

3.2 | Protein content and yield

The total nitrogen content of raw Azolla samples was on average
3.88%+0.1%. The average protein content of raw A. caroliniana of
19.0% +0.5% was similar to that of both A. filiculoides and A. pin-
nata, which have been estimated at 19.5% +1.8% and 17.6% + 1.6%,
respectively (Brouwer et al., 2018). The total protein contents for
postharvest treatments were statistically different showing that all
postharvest treatments increased in percent protein on a dry weight
basis. However, when comparing protein yield per 100g of fresh A.
caroliniana, there is a loss of protein from postharvest treatments
by 23.3% on average from all treatments compared to the control.
There was no significant difference in protein content between the
three noncontrol treatments.

The APD% calculated for the positive control (BSA) was
89.24%. Unfortunately, due to an unexpected sample loss, APD%
could only be calculated for raw A. caroliniana and not for other
treatments. The APD% of raw A. caroliniana was 78.45% +1.63%,
n=16. This equates to 14.91g of digestible protein100g™* DW
raw A.caroliniana.

3.3 | Mineral content and yield

Raw Azolla caroliniana contains moderate levels of sodium com-
pared to other common vegetables but is lacking in other minerals
when in relation to raw fresh weight (Rickman et al., 2007). Most
DW mineral levels decreased following postharvest treatments
aside from some having no significant difference (Ca, Mn, Fe, Cu,
Al, Zn). All postharvest treatments showed a significant loss in

TABLE 2 Effect of postharvest treatments on nutrients by dry weight.

% DW

g GAE kg™* DW

Dry weight
(g100g* FW)

Mg

Ca

Protein

TPC

Treatment

0.65+0.014
0.284°+0.006

0.258%+0.003
0.162°+0.003
0.164°+0.003
0.192°+0.006

0.4347+0.021
0.469°+0.027
0.468%+0.027
0.506?+0.024

5.179°+0.075
1.116°+0.029
1.054°+0.023
1.187°+0.04

0.9642+0.031
0.314°+0.007
0.303°+0.005
0.319°+0.012

19°+0.517
22.5322+0.629

4.258+0.211
0.498°+0.122

3.203°+0.076

Control
Boil

22.722%+0.636

2.134°+0.068
2.166°+0.078
1.834°+0.074

0.272°+0.004
0.324°+0.008

23.084°+0.724

0.34°+0.062

Pressure cook

1.62°+0.167

Natural fermentation

mgkg™ DW

Na

Zn

Al

Cu

Fe

Mn

192.894%+24.025
120.103%°+ 6.884

142.502%+28.634
149.742% + 28.05

22.305%°+2.461
19.728°+1.558

22.955%+0.452
16.765° +0.342

16.595°+2.523
14.983%+1.643

189.166%+23.165
220.774% +22.389

109.068%+7.45
98.87°+7.665
92.062%+6.254

Control
Boil

z
C
:
’7

144.418%+26.513

18.026°+1.27

15.948°+0.338

207.889%+21.299

115.502?°+ 6.216

155.669%+29.207

20.879%+1.605

15.138°+0.652

14.676%+2.052
17.752%+2.254

213.85%+23.221

93.373%+6.36

Pressure cook

Natural fermentation

16). Superscript letters are significance letters, used to denote significant differences between treatments.

Note: Values are mean+SE (n
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TABLE 3 Average yield from each 100g sample of fresh Azolla after postharvest treatment (mg).

Treatment TPC (GAE) Protein P K Ca Mg S

Control 13.57°+0.7 60.86°+2.22  3.09°+0.13  16.62°+0.53  1.39°+0.07 0.83°+0.02 2.08°+0.07
Boil 1.13°+0.32 47.87°+1.7 0.67°+0.03 24°+013  1.01°+0.08 0.34°+0.01 0.61°+0.02
Pressure cook 0.73°+0.14 49.42°+257  0.66°+0.03 2.3°+0.11 1.01°+0.06 0.35°+0.01 0.59°+0.02
Natural fermentation 291°+0.26  42.78°+2.65  0.59°+0.04 2.2°4015  0.92°+0.05 0.35°+0.01 0.6°+0.04

Note: Values are mean+SE (n=16). Superscript letters are significance letters, used to denote significant differences between treatments.
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FIGURE 1 PCA biplot (PC1 vs. PC2) showing spatial distribution of all dependent variables and four treatment levels. “w” denotes yield
per 100g fresh weight. All others are dry weight content. DW, dry weight; Prot, protein; TPC, total phenolic content. Ellipses show 95%

confidence for variable of respective color.

mineral yield from the control except for Zn, which showed no
significant change. Boiled and pressure-cooked samples were sta-
tistically identical for all mineral contents and yields. Additionally,
mineral content was not statistically different between the three
cooking methods except for S content, which did not decrease

as much in fermentation as with boiling and pressure cooking.
Likewise, mineral yields from cooking methods were not statisti-
cally different from each other except for B, in which case fermen-
tation reduced yield significantly more than boiling or pressure
cooking.
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Mn Fe Cu B Al Zn Na
350.817+26.62 602.95+71.92 53.39°+8.68 73.7%+2.66 71.18°+7.6 463.63°+102.15  626.99°+86.64
213.74°+19.61 470.92*°+48.88 31.14°+2.99 35.9°+1.59 4212°+3.8 304.13%+46.66 255.74° +16.94
197.63°+13.61 445427 +44.39 32.21%°+4.73 34.53°+1.42 39.07°+3.16 317.11°+57.3 250.21°+17.25
172.28"+14.23 389.42°+42.43 33.87+5.6 27.4c+1.11 39.36°+4.32 307.5°+72.18 195.26°+16.13
34 | Principal component analysis harvest as it is propagated vegetatively. This advantage means that

The PCA was conducted using all data from all treatments and color
coded to better visualize variance between treatments described
previously (Figure 1). PC1 explained 53.5% of the data's variance,
while PC2 accounted for 17.3% of the data's variance. The control
was associated with greater dry weight content and wet weight yield
for TPC, dry weight, and most minerals. The three cooking meth-
ods are largely indistinguishable, but are all associated with higher
dry weight contents of iron, protein, and calcium. Overall, the PCA
shows clear separation of the control from all the treatments tested;
however, little distinction is observed between cooking methods,
suggesting that all three cooking methods had similar effects on the
nutritional value of A. caroliniana.

4 | DISCUSSION
4.1 | Raw Azolla caroliniana nutrition

Our results suggest that the TPC of A. caroliniana was lower com-
pared to other species of the genus Azolla, this increases the usabil-
ity of A. caroliniana for all applications as its raw TPC is comparable
to many other raw fruits and vegetables, meaning the intake of this
plant will likely not be limited by TPC as an antinutritional factor as
for other species of Azolla (Alvarez et al., 2016).

Our results also corroborate with similar studies showing sim-
ilar protein contents of Azolla species (Brouwer et al., 2018; Kaur
et al., 2015). The moderate protein content of A. caroliniana suggests
that it can be used as a source of protein for those with protein poor
diets, and as a protein feed for livestock given its full amino acid pro-
file (Brouwer et al., 2018). Although the water content of A. carolini-
anais quite high (96.8%), it is incredibly fast growth rate still allows its
dry mass yield to be close to, or exceed, dry mass production yields
of most global commercially grown crops, like potatoes, maize, and
soybeans (Ritchie et al., 2022). Concurrently, our estimated growth
rate of 20.16 Mghatyear ! is similar to other studies investigating
dry mass yields of other Azolla species (Debusk & Reddy, 1987,
Miranda et al., 2016; Muradov et al., 2014; Vincenzini et al., 1985).
Our small-scale, pilot experiment shows how easy growing Azolla
species could be for any community/family scale operation.

The protein content of raw Azolla is on average 19%, and though
this is lower than that of microgreens such as peas (46.9%) (Poudel
et al., 2023), A. caroliniana does not require new seed material after

the yield of protein from Azolla may be higher and more accessible,
especially in resource-limited environments or during disasters.
Although its protein content is not much higher than the average
vegetable by dry weight, its production yield per area over time is
high and would require less fertilizer given its nitrogen-fixing ability
(Fujihara et al., 2001).

Apparent protein digestibility revealed that the protein of raw
Azolla is moderately digestible compared to common grain pro-
teins. It is known that the presence of tannins and similar mole-
cules decrease protein digestibility (Brouwer et al., 2018; Mennen
et al., 2005). Therefore, although we were unable to perform the
protein digestibility assay on noncontrol treatments, we presume
that APD% would be higher in cooked samples due to decreased
TPC. Future experiments should prioritize measuring the effect of
cooking treatments on APD%.

The TPC of raw A. caroliniana falls within the range of other
common vegetables and was much lower than in other species of
Azolla, and therefore A. caroliniana is likely much more usable and
less limited by antinutritional factors (Alvarez et al., 2016; Brouwer
et al., 2018). Because of this significantly lower TPC which fall in the
range of many other fruits and vegetables, the TPC of A. caroliniana
could be considered a beneficial and marketable attribute as being
high in antioxidants (Dryden et al., 2006). When looking at mineral
content of raw Azolla on a dry weight basis, it has higher mineral con-
tents than many other vegetables (Table 4) (Marles, 2017). Notably,
it is high in potassium and phosphorus on a dry mass basis.

Raw A. caroliniana contains 14.91 g digestible protein 100g™* DW.
Our measurement suggests that 335 g of dried, raw Azolla is enough
to provide an adult person's daily protein requirement of 50g a day
(Liu et al., 2017). Given a yield of 5.53g DW m™2day ™%, and consider-
ing the recommended protein daily intake, 1 ha of Azolla can provide
enough digestible protein to fulfill the daily protein requirement for
165 people every year.

4.2 | Effect of treatments

Our findings show that all three low-cost treatment methods can
improve the nutritional quality and accessibility of Azolla species
by lowering TPC. Boiling, pressure cooking, and natural fermenta-
tion are all viable treatment methods that can lower TPC of high-
TPC Azolla species. However, boiling and pressure cooking were
more effective at lowering TPC than natural fermentation. Energy
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TABLE 4 Mineral content comparison to other common vegetables by dry weight.

Vegetable Ca K Mg
Azolla caroliniana 4.3 51.8 2.6
Wheat 0.8 7.3 2.2
Rice, brown 0.6 3.2 1.7
Maize, sweet 0.7 15.6 2.8
Barley 0.7 5.9 1.5
Common bean 4.3 24.9 3.3
Soybean 3.2 23.2 3.1
Sweet potato, raw 1.5 14.5 0.9
Broccoli 51 NA 3.7
Tomato, ripe raw 1.8 48.3 2.1
Papaya, ripe 29 23.1 2.3

P Cu Fe Mn Zn

9.6 0.017 0.19 0.11 0.14
9.1 0.014 0.16 0.09 0.10
5.0 0.007 0.06 0.04 0.03
6.3 0.003 0.03 NA 0.06
42.0 NA NA NA NA

8.4 0.014 0.12 0.03 0.06
9.4 0.020 0.20 0.06 0.07
1.8 0.007 0.06 0.03 0.01
NA NA NA NA NA

5 0.001 0.08 0.02 0.03
1.5 0.008 0.15 0.00 0.03

Note: Values expressed in gkg™ DW. Shadow is to highlight Azolla, the study organism, apart from the other foods.

requirements for boiling and pressure cooking are high and may not
be suitable in low resource conditions, in which case natural forma-
tion may be the best low-cost, low-energy solution to decreasing
TPC in Azolla species. As we have shown, there is a large decrease in
TPC from all treatments in relation to the control, and though there
was a significant decrease in total protein for all treatments, total
protein yield only dropped an average of 23.28% on a fresh weight
basis for all treatments compared to fresh A. caroliniana.

Because of the lower TPC of A. caroliniana, the results of the
treatments are not as directly relevant as once thought. However,
these cooking methods and data may be used to inform others on
the processing of the other more polyphenol-rich species such as A.
filiculoides and A. pinnata.

As indicated by the PCA and statistical tests, our results show
that there are very few differences between mineral contents and
yields between these cooking methods. Additionally, there does
seem to be a consistent loss of nutrients using water submersion-
based cooking methods, however this is expected as the goal of this
experiment was in reducing TPC while retaining most of the protein.
Previous studies show how fermenting Azolla breaks down fiber
and antinutritional factors while retaining levels of zinc, copper, and
chromium; increasing its usability through lactic acid fermentation
(Cruzetal., 2011). Our study corroborates this finding. Fermentation
also retains protein and amino acids, and when fed to chickens re-
sulted in a significant increase in the perceived palatability of the
chicken meat (Nuraini et al., 2022). Fermented Azolla livestock feeds
have also been shown to improve growth rate of tilapia fed with feed
mixes with 20% fermented A. caroliniana (Hundare et al., 2018).

The taste profile of raw and cooked Azolla for human consump-
tion has been described by chefs in the past as being “crisp and juicy,
without much flavor but tasting somewhat of earth, metal, minerals,
mushrooms, moss, and grass,” and dried Azolla as being “reminiscent
of green tea, buttercup, and kelp” (Sjédin, 2012). Although this study
did not take into consideration the sensorial properties of the A.
caroliniana, we noted aromas like that of moss, earth, and seaweed
during harvesting and cooking of A. caroliniana. More notably, after

the natural fermentation treatment, we noticed the A. caroliniana
had a sweet and aromatic scent which remained even after freeze-
drying and was considered appetizing to some. This cooking method
has not been mentioned in previous studies and shows potential for
developing desirable food products in the future.

This increases the potential of using A. filiculoides and A. pinnata
as a high calorie food to provide macronutrients to both livestock
and human populations on a larger scale. Already lower TPC of A.
caroliniana means that it is less limited in use than its congeners. As
predicted, the TPC significantly decreased for all treatments from
the control. However, given the relatively low TPC, cooking A. car-
oliniana in water may not be necessary and should be avoided to
reduce the loss of nutrients associated with these cooking methods.

Boiling and pressure cooking reduced TPC the most and were
not statistically different from one another. Both treatments re-
duced dry weight TPC by approximately 10-fold. Natural fermen-
tation was still effective in reducing dry weight TPC by about 2.5
times. Although protein content did increase on a dry weight bases
from all postharvest treatments, there was protein yield loss from all
postharvest treatments when looking at yield from 100g of fresh A.
caroliniana. In future experiments it is worth looking at differences
in treatments and APD%, as this may make the protein loss due to
such treatments negligible when compared by amount of digestible
protein.

Expectedly, postharvest treatments either significantly de-
creased mineral content or had no effect. This suggests that if the
goal of using Azolla is for providing micronutrients along with macro-
nutrients, then it is not suggested that these postharvest treatments
be performed as they all decreased mineral yield from A. caroliniana.

Future studies should focus more on nutritional value in other
cooking methods that do not involve submersion in water to re-
tain more nutrients, such as sautéing, steaming, or microwav-
ing which may still reduce TPC while preserving other nutrients
(Boari et al., 2013; Lozano-Castellon et al., 2020; Ramirez-Anaya
et al.,, 2015). Future research should also focus on more in-depth
nutritional and genetic analyses to determine potentially useful
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cultivars and to develop large-scale growth/harvest procedures.
Additionally, improvements to the flavor of Azolla using different
preparation and cooking methods are needed to further provide in-

centives for development and full domestication.

5 | CONCLUSION

Azolla caroliniana holds excellent potential for use as a fast-growing,
short season crop that requires minimal inputs, upkeep, and process-
ing. Our study highlights the nutritional value and moderate protein
content of A. caroliniana and that low-cost treatment methods easily
and significantly reduce TPC. The TPC of raw A. caroliniana (4.26g
GAEkg™ DW) is much lower than other species of Azolla (23.8-
78.7g GAE kg’1 DW), which means its use as an edible plant should
not be limited by high TPC. Azolla's moderate protein and high min-
eral yields make this species desirable for cultivation. The easy, fast-
growing nature of Azolla cultivation makes it an ideal resource during
disasters, catastrophes, as well as regular use by smallholder farms
and low-income areas. Our study corroborates with others showing
that members of the Azolla genus have high potential for economic,
agricultural, nutritional, and resiliency benefits. Azolla caroliniana is
a multipurpose valuable wild edible plant that shows great potential
and needs further development.
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