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Global interest in using duckweed (Lemna minor) as a substitute for fish, livestock, and human diets has spurred research on the
mass culture of the species. There is a scarcity of information on the L. minor fatty acid composition in different aquaculture
settings. A comparative study was carried out to investigate the fatty acid composition of L. minor cultured in indoor plastic tanks
and outdoor earthen ponds for 30 days. During the culture period, culture facilities were fertilized using livestock manure. Fatty
acid characterization was done using gas chromatography method. Fifteen fatty acids: five saturated (SAFAs), five monounsatu-
rated (MUFAS), and five polyunsaturated (PUFAs) were identified. Fatty acid compositions varied between indoor and outdoor
settings. Percentage composition of L. minor PUFAs cultured outdoor (37.13) was higher than that of indoor (21.96) settings.
L. minor SAFAs percentage composition was higher in the indoor culture at 41.63% while that of outdoor was 33.75%. The
composition of L. minor MUFAs in indoor tanks was higher (36.32%) than in outdoor earthen ponds (29.10%). This study
indicated the presence of docosahexaenoic, eicosapentaenoic, linoelaidic, and eicosanoic acids in L. minor seldom reported in
past studies. Paired Students’ t-test indicated that the means of the fatty acid composition were significantly different (p<0:05) in
both settings, with docosahexaenoic showing the highest paired mean difference.

1. Introduction

Fatty acids (FAs) serve essential physiological roles in verte-
brates, including fish and humans and are available in food
webs through trophic interactions [1]. They are classified as
saturated (SAFAs), monounsaturated (MUFAs), and polyun-
saturated (PUFAs) based on the presence or absence and
the number of double bonds between carbon atoms. PUFAs
are classified into short- and long-chain (SC PUFA and LC
PUFAs). SC PUFAs include linolenic and linoleic acids, while
Omega 3 and 6 LC PUFAs include arachidonic (ARA),

eicosapentaenoic (EPA), docosapetaenoic (DPA), and doco-
sahexaenoic (DHA) [2, 3]. Sources of LC PUFAs are plants,
seeds, aquatic algae, and macrophytes.

LC PUFAs are essential nutrients for metabolism in
vertebrate heterotrophs [2, 4, 5]. Marine fish constitute
the major sources of almost all Omega-3 LC PUFAs. Although
most freshwater fish are sources of Omega-3 and -6 LC PUFAs,
they are not able to synthesize them but obtain them from the
diet, such as macrophytes and algae. Presence of linolenic and
linoleic acid precursors in fish diets enables them to biosynthe-
size Omega-3 and -6 LC PUFAs. Freshwater fish can convert
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linolenic and linoleic acid (SC PUFA) to Omega-3 and -6 LC
PUFA due to the presence of desaturation enzymes, unlike
marine fish [3, 6]. Humans obtain Omega-3 LC PUFAS
through consumption of fish [3]. LC PUFA plays a vital
role in regulating cell membrane properties that control the
movement of metabolites in and out of the cell. They also act
as precursors in the biosynthesis of hormones that regulate
the reproductive cycle [6, 7]. Some of the health benefits for
humans include: neural development in infants, improve-
ment of immune and inflammatory responses, prevention
of cancer, mental, cardiovascular, and chronic diseases [2, 4]

In aquaculture, LC PUFAs are essential for fillets’ quality
of harvested fish, feed conversion efficiency, and reproduc-
tion, all of which are important determinants of production
[8, 9]. Most of the LC PUFAs used in aquafeeds are obtained
from fish meal and animal oils [3], which are expensive and
are increasingly under competition. The development of aqua-
culture from subsistence to semi with intensive production
requires alternative feed ingredients to substitute expensive
fish meals and animal oils. There is an urgent need to embrace
cheap sources of PUFA ingredients for fish feed. Research
efforts are directed at identifying cheap sources of FAs to be
used in fish feed, including macrophytes such as duckweed
(L. minor), aquatic fern (Azolla spp.), and water spinach
(Ipomoea Aquatica var. reptans) [8, 10, 11].

L. minor are aquatic floating angiosperms distributed in
tropical and subtropical regions [12]. They exhibit high growth
rates that cover ponds or lakes in a few days under favorable
environmental conditions [11–14]. Despite the documentation
of FAs profiles from wild L. minor populations [9, 14–16],
there is a paucity of information on the quantitative variation
of L. minor FAs composition in indoor and outdoor culture
settings. Thus, the primary objective of this study was to
identify and compare the FAs composition in L. minor cul-
tured in indoor plastic tanks and outdoor fish ponds.

2. Materials and Methods

2.1. Culturing of L. minor. Samples of L. minor inocula were
collected from the wild at the Ahero irrigation scheme canal
in January 2022. They were taken to the Kenya Marine and
Fisheries Research Institute (KMFRI), Kegati Aquaculture
Centre at latitude 00°42″S; 034°47″E and altitude 1,700m
above sea level, for culturing in nine 3m2 circular indoor
plastic tanks in a hatchery and three outdoor earthen ponds
measuring 150m2 with a depth of 0.5m The L. minor culture
in indoor plastic tanks was conducted under hatchery shade
conditions (Figures 1(A) and 1(B)) and under normal 24 hr
day–night cycle light conditions in the outdoor earthen ponds
(Figure 1(C)), culture facilities (Figures 1(A) and 1(C)) were
cleaned and disinfected using 0.1% potassium permanganate
solution and water maintained at 60 cm depth throughout
the culture duration. Dry poultry manure was thoroughly
mixed with water and left to soak for 72 hr to decompose
in 50-l buckets. Fertilization of outdoor earthen ponds and
indoor plastic tanks was done at 1.052 kg/m3, followed by
successive refertilization at 0.263 kg/m3 every week. L. minor
inoculants were cleaned and disinfected for 30min using 5 g

potassium permanganate crystals dissolved in 10 l of water
before culturing.

Physicochemical parameters, namely temperature, dis-
solved oxygen and pH were monitored using the YSI multi-
parameter meter model H19828 (Hanna Instruments Ltd.,
Chicago, USA). Ammonia was monitored using standard
methods mentioned in Alpha 2017. Harvesting using a sieve
in indoor plastic tanks (Figure 1(D)) and a scoop net in out-
door earthen ponds (Figure 1(E)) was done every 12 days and
weights were taken using a Shimadzu digital electronic bal-
ance model TX 4202 L. Harvested L. minor were dried on a
rack under shade (Figures 1(G) and 1(H)) for 1 week. Dry
samples were then milled using a manual grinder into fine
powder and packed in plastic containers (Figure 1(I)).

2.2. Relative Growth Rate (RGR). The relative growth rate of
L. minor (RGR) in gram per day was calculated as follows:

RGR ¼ Ln
Wh

W0

� �
=T; ð1Þ

where:
Ln= natural logarithm,
Wh= fresh weight of L. minor during harvesting (h),
W0= L. minor weight during inoculation, and
T= time in days.

2.3. Extraction of Oil from L. minor Samples. Extraction of oil
from dry matter of L. minor was conducted using the mac-
eration method [17]. One thousand six hundred thirty-six
grams of ground L. minor were soaked and submerged in
95% hexane in a 5-l stoppered conical flask at room temper-
ature for 72 hr. The mixture was stirred every 3 hr using a
mechanical shaker to enhance the extraction speed, after
which the residual plant material was decanted into 1-l bea-
kers. Simple filtration was performed using a Buchner funnel
attached to a side arm flask using a vacuum pump resulting
in a supernatant of L. minor oil floating on hexane. The two
were separated using a vacuum rotary evaporator at 79 revo-
lutions per minute at 40°C to obtain a crude L. minor oil
residue. This was then thoroughly dried in a desiccator over
KOH pellets.

2.4. Characterization of L. minor Oil. Triplicate 2mg L. minor
lipid extracts were methylated and refluxed in flasks containing
2ml 95%methanol-HCl for 1 hr. This was followed by extrac-
tion of 1ml methyl esters in 95% hexane, which were then
washed in 3ml of distilled water. This resulted in the forma-
tion of two layers, with hexane L. minor oil extract on the top.
The hexane layer was dried in a vacuum rotary evaporator,
and the L. minor oil residue redissolved in 6 μl of hexane.
One microliter of the solution was injected into Shimadzu
Gas Chromatograph Model GC14B, with a Supelco Omega
waxTM silica capillary column (CBPI-S25-050) with dimen-
sions 0.50μm× 25m× 0.32mm ID and nitrogen carrier gas.
The respective injection and detection temperatures were for
programed elution of the column at 170° C for 3min and at
230 for 45 total run time under a flame ionization detector.
Identification of FA methyl esters was by comparison of
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FIGURE 1: Photographs showing culture facilities, harvesting, drying, and L. minor powder: (A, B) indoor culture facilities comprising L. minor
grown in plastic tanks in a hatchery; (C) outdoor earthen pond with L. minor; (D, E) harvesting L. minor from an indoor plastic tank and
outdoor earthen pond respectively; (F) harvested L. minor; (G, H) drying of L. minor; and (I) packing of powdered L. minor in a plastic bag.
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retention times and peak areas (Figure S1 and Table S1) with
known commercial FAME standards (Table S3) obtained from
Kobian chemicals. The FAs were expressed as percentages of
total methyl esters (Figure S2 and Table S2).

3. Data Analysis

FAs composition data from each of the two experiments
were considered nested factors and subjected to factorial
analysis of variance (ANOVA). Tukey’s HSD test was used
to identify significant differences between FAs obtained from
L. minor cultured in indoor tanks and outdoor earthen
ponds (p<0:05). Paired Students’ t-test was used to compare
means of FA composition at p<0:05. Correlation analysis
was conducted on the FAs to ascertain the strengths and
magnitudes of association between individual FAs.

4. Results

4.1. L. minor Biomass and Relative Growth Rate. An average
of 106.6 kg of wet L. minor was harvested per one outdoor
earthen fish pond of 150m2 in 30 days. The production per
unit pond surface area was 0.69 kg/m2 wet weight. The growth
rate of the biomass was estimated at 0.08 kg/m2/day. For the
indoor plastic tanks, the average yield per 3m2 plastic tank
was 0.41 kg wet weight in 30 days while production per unit
tank surface area was 0.14 kg/m2 wet weight. The relative growth
rate in the tanks was 0.04 kg/m2/day. Hence, the L. minor
production per unit surface area was higher in the outdoor
earthen pond than in the indoor plastic tanks.

4.2. Water Quality Parameters. Data for four water quality
parameters monitored are presented in Table 1. In outdoor
earthen ponds, temperatures ranged from 24.23 to 26.50°C
with a mean of 24.58Æ 0.68°C while that of indoor plastic
tanks ranged from 26.50 to 27.83°C with a mean of 27.25Æ
0.04°C. pH ranged from 6.01 to 7.23 with an average of 6.44
Æ 0.27 in outdoor plastic tanks and 6.09 to 7.30 in indoor
plastic tanks. Outdoor earthen ponds had dissolved oxygen
levels, ranging from 2.04 to 3.40 (mg/l) with a mean of 3.01
Æ 0.32 (mg/l) while that of indoor plastic tanks varied from
1.32 to 3.84 (mg/l) with a mean of 2.19Æ 0.63 (mg/l). Ammo-
nia levels in outdoor earthen ponds ranged from 5.06 to 8.84
with a mean of 7.19Æ 0.78 (mg/l) while that of indoor tanks
ranged from 5.34 to 9.84 (mg/l) with a mean of 7.43Æ
0.96 (mg/l).

4.3. Characterization of L. minor Oil. A total of 15 FAs were
detected in L. minor cultured in indoor plastic tanks and out-
door earthen ponds. Results of factorial ANOVA analysis
indicated that there were 10 FAs whose percentage
abundance (composition) was significantly higher in
L. minor cultured in outdoor earthen ponds than those of
indoor plastic tanks at p<0:05 (Table 2). On the other hand,
there were five FAs, namely, palmitic, stearic, oleic, elaidic, and
linoleic, whose percentage of composition was significantly
higher in L. minor cultured in indoor plastic tanks than in
outdoor earthen ponds. There were also significant differences
in individual FAs compositions within L. minor cultured in
indoor plastic tanks and outdoor earthen ponds. The
percentage composition of the five major FAs in indoor plastic
tanks varied significantly from each other at p<0:05 (Table 2).
Furthermore, the percentage composition of individual FAs
within L. minor cultured in outdoor earthen ponds indicated
that the composition of oleic acid and DHA, EPA, linoelaidic,
linoleic, and stearic acids were not significantly different
(Table 2). Palmitic acid showed the highest percentage
composition in indoor and outdoor culture facilities. Nervonic
and pentadecanoic acids had the lowest percentage FA
compositions in indoor plastic tanks and outdoor earthen
ponds, respectively (Table 2).

In both experiments, there were three SC PUFAs, namely,
linolenic, linoleic, and linoelaidic acids, and two LC PUFAs,
namely, EPA and DHA. Of the three SC PUFAs in indoor
plastic tanks, linoelaidic acid had the lowest percentage compo-
sition (Table 2). Similarly, linoleic acid had the lowest compo-
sition in L. minor cultured in outdoor earthen ponds. ARA
and DPA FAs, of which linoleic acid is a precursor, were not
detected in L. minor cultured in both set-ups. In contrast, EPA
andDHA, for which linolenic acid is a precursor, were present
in both culture facilities. Among the PUFAs, DHA presented
the highest percentage composition in outdoor earthen ponds
(Table 2). Therefore, this study demonstrates that L. minor
cultured in indoor and outdoor settings has LC PUFAs whose
biosynthesis is mediated by linolenic acid.

Out of the 15 identified FAs, five were SAFAs, namely,
myristic, palmitic, stearic, arachidic, and eicosanoic, while
five were MUFAs: pentadecanoic, palmitoleic, oleic, elaidic,
and nervonic. The five PUFAs comprised of two long chains
(EPA and DHA) and three short chains: linoleic, linoelaidic,
and linolenic acid (Table 2). Four FAs that have not been
found in L. minor from the same geographical region were
detected in the species from both culture facilities. These
included: linoelaidic, eicosanoic, EPA, and DHA (Table 2).
Other researchers who analyzed L. minor from other regions
did not detect the four FAs [15, 16, 18].

Paired t-test for FAs percentage composition of L. minor
cultured in indoor plastic tanks and outdoor earthen ponds
established significant differences in the two set-ups at p≤
0:05 (Table 3). Percentage composition of DHA in L. minor
cultured in the two culture facilities showed the highest
paired mean difference of 10.47Æ 1.25 at t= 14.49, df= 2,
p¼ 0:005 while palmitic acid indicated the least at −8.32Æ
0.37, t =−0 39.44, df= 2, p¼ 0:001. Other FAs with high

TABLE 1: Showing water quality parameters in indoor tanks and
outdoor ponds for culture of L. minor.

Parameter
Indoor plastic

tanks
Outdoor

earthen ponds

Mean SE Mean SE

Temperature (°C) 27.5 0.04 24.58 0.68
Dissolve oxygen (mg/l) 2.19 0.63 3.01 0.32
pH 6.53 0.27 6.44 0.27
Ammonia (mg/l) 7.43 7.19 0.78 —
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mean differences were stearic, oleic, elaidic, and linoelaidic
acids (Table 3).

4.4. Correlations of Fatty Acids Cultured in Indoor Plastic
Tanks and Outdoor Earthen Ponds. Correlation coefficients
of percentage FAs composition cultured in indoor plastic
tanks and outdoor earthen ponds are presented in Figures 2
and 3. These were different, with indoor facilities presenting
both strong and negative coefficients while that of outdoor
only having negative coefficients (Figures 2 and 3). Percent-
age FAs composition of L. minor cultured in indoor plastic
tanks showed strong positive correlations (p≤ 0:05) between
myristic with arachidic, myristic with nervonic, pentadecanoic

with linolenic, eicosanoic with palmitic, palmitoleic with DHA,
stearic with EPA, and nervonic with arachidic (Figure 2).
Strong negative correlations (p≤ 0:05) were established
between myristic with DHA, linolenic with palmitic, eicosa-
noic with linoleic, arachidic, and DHA. The percentage
composition of palmitoleic acid showed strong positive cor-
relations with arachidic, myristic, stearic, EPA, and nervonic
acids (Figure 2).

Correlation between the FA composition of L. minor cul-
tured in outdoor earthen ponds only showed two strong
negative correlations between linoelaidic with DHA and
linolenic with EPA, (Figure 3) implying inverse proportion-
ality between the FAs.

TABLE 3: Paired t-test examining mean differences (95% confidence interval) in FAs compositions of L. minor cultured in indoor plastic tanks
and outdoor earthen ponds.

Number Fatty acids
Paired differences

t df p-Value
(%) Meana Lower Upper

Pair 1 Myristic 1.81Æ 0.23 1.23 2.38 13.560 2 0.005
Pair 2 Pentadecanoic 0.72Æ 0.09 0.49 0.95 13.311 2 0.006
Pair 3 Palmitic −8.32Æ 0.37 −9.22 −7.41 −39.444 2 0.001
Pair 4 Palmitoleic 0.90+ 0.13 0.57 1.22 11.795 2 0.007
Pair 5 Stearic −5.03Æ 0.15 −5.39 −4.66 −59.501 2 0.000
Pair 6 Oleic −7.77Æ 0.28 −8.47 −7.08 −47.914 2 0.000
Pair 7 Elaidic −3.74Æ 0.05 −3.87 −3.61 −123.594 2 0.000
Pair 8 Linoleic −5.12Æ 0.70 −6.85 −3.39 −12.749 2 0.006
Pair 9 Linoelaidic 3.58Æ 0.08 3.38 3.78 76.583 2 0.000
Pair 10 Linolenic 3.55Æ 0.28 2.86 4.24 22.227 2 0.002
Pair 11 Arachidic 2.01Æ 0.21 1.50 2.52 16.940 2 0.003
Pair 12 Eicosanoic 1.66Æ 0.13 1.33 1.98 21.990 2 0.002
Pair 13 EPA 2.71Æ 0.21 2.17 3.24 21.812 2 0.002
Pair 14 DHA 10.47Æ 1.25 7.36 13.58 14.488 2 0.005
Pair 15 Nervonic 2.69Æ 0.17 2.27 3.11 27.456 2 0.001

(%) Meana=meanÆ std. dev. and are significantly different at the level of p≤ 0:05.
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FIGURE 2: Correlation analyses between the FAs of L. minor oil cultured in indoor plastic tanks. Means are significantly different at thep≤ 0:05
level and are boxed.
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5. Discussion

5.1. L. minor Biomass Production. There were slight differences
in the L. minor biomass production between the indoor plastic
tanks and outdoor earthen ponds. This was presumed to be
due to the differences in dissolved oxygen concentrations
and pH which were slightly acidic in indoor plastic tanks at
2.19mg/l and 6.53 as opposed to 3.01mg/l in outdoor earthen
ponds and 6.44, respectively. The low dissolved oxygen con-
centrations and acidic pH were attributed to the use of organic
manure from livestock droppings which during decomposition
could have caused a decrease in dissolved oxygen and made
the pH somewhat acidic in both the two culture settings.
The difference in biomass production could also be due
to temperature differences. For instance [14] compared
L. minor production under different temperature regimes
in ponds and found that there were differences in L. minor
biomass production which was higher at higher tempera-
tures than lower ones. This study confirms the observations
whereby production in ponds was high at higher temperatures.

5.2. Fatty Acids Composition of L. minor Cultured in Indoor
Plastic Tanks and Outdoor Earthen Ponds.Understanding the
FAs composition of L. minor is indispensable for its possible
use for human and fish nutrition. Sources of FAs constitute
plants and animals, however, those derived from the latter are
expensive. Their biosynthesis in plants occurs in photosyn-
thetic cells and thylakoid membranes where the carbohydrate
carbon skeleton is converted into FAs through enzymatic reac-
tions [19]. Current efforts are aimed at finding cheap sources
of FAs that can be used in the formulation of fish and animal
feed. Plant sources of FAs are considered cheaper than the
animal ones. One such FA source under investigation is
L. minor.

In macrophytes, biosynthesis yields straight-chain varie-
ties of SAFAs, with 16–18 carbons [20], whose structural

modifications and enzymatic actions produce all other FAs
and are therefore regarded as percussors [19]. In the present
study, it may be argued that L. minor MUFAs and PUFAs
were biosynthesized from five SAFAs: myristic, palmitic,
stearic, arachidic, and eicosanoic. The observation that pal-
mitic acid had the highest percentage composition in this
study is in tandem with the findings by Tang et al. [16] and
Yan et al. [18]. In living organisms, palmitic acid is required
for numerous enzymatic reactions, such as maintenance of
phospholipid balance and physical properties of the cell mem-
brane [21].

The correlation results showed that some FAs in both
set-ups were positively and negatively correlated. These could
be indicators of some FAs serving as raw materials for the
production of the respective counterparts. For instance, the
concentrations of two PUFAs: linolenic with DHA and lino-
leic with linoelaidic, in indoor and outdoor settings, respec-
tively, had strong negative correlation coefficients indicating
inverse proportionality. It is interesting to note that linolenic
acid is a precursor for the biosynthesis of DHA. LC PUFAs
DHA and EPA are the products of Δ5 and Δ6 desaturation
enzymes, respectively [22]. Although the latter enzymes are
found in freshwater fish, the presence of these FAs in L. minor
signals that the plant has metabolic ability for their produc-
tion and can be a good source of fish feed preparation. DHA is
vitally important in human nutrition since it is already a
desaturated PUFA [23, 24]. These observations are in line
with the reported presence of the Δ5 and Δ6 desaturase genes
in Lemna species for the conversion of stearic acid into stear-
idonic acid [25].

The findings of this study concurred with those of a
survey on the bioaccumulation of L. minor FAs by Oreochro-
mis niloticus [9] which indicated that a higher amount of
linolenic acid ingested produced an almost similar amount
of DHA in fish muscles as that observed in the L. minor
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FIGURE 3: Correlation analyses between FAs of L. minor cultured in outdoor earthen ponds. Means are significantly different at the p≤ 0:05
level and p≤ 0:05 boxed.
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analyzed in this study (Table 2). However, the survey utilized
L. minor from the wild as opposed to the one analyzed in this
study cultured using chicken manure in plastic tanks and
outdoor earthen ponds. Could it be that the L. minor ana-
lyzed by Opiyo et al. [9] had not grown to a state, which it
could convert linolenic to DHA? In our study, contrary to
the survey findings [9], L. minor was found to contain mod-
erate amounts of DHA and linolenic acid (Table 2). Other
than humans, obtaining DHA from O. niloticus fed on feed
containing L. minor, there appears to be a possibility of them
obtaining it directly from the latter as a prepared supple-
ment. Such nutrient supplements have been prepared from
algal monocultures such as those of Spirulina [26–28].

SC PUFAs, linolenic and linoleic acid extracted from
L. minor used in the current study had lower percentage
composition compared to that analyzed by Opiyo et al. [9],
Yosef et al. [15], and Yan et al. [18]. The lower levels in the
present study could have probably resulted from physiolog-
ical bioconversion of linolenic acid by Δ6 desaturation
enzymes, which could be present in L. minor plant and
therefore made it possible for synthesis EPA and DHA
observed in the study. The difference in composition of
linolenic and linoleic acids between the current and those
of previous studies could also be due to the growth of
L. minor in different biogeographical areas, the method of
extraction or harvesting and storage conditions of oil. Fur-
thermore, FAs are capable of undergoing oxidative rancidity,
which might have affected the original FAs amount [29].

Differences in the number of FAs observed in this study
with those presented by Opiyo et al. [9] in the same region,
could be due to the direct analysis of L. minor from the wild
by the latter compared to those analyzed which were
obtained from samples that were cultured in indoor plastic
tanks and outdoor earthen ponds. The absence of DHA, EPA,
eicosanoic, and linoelaidic acids in the experiments of Yosef et
al. [15], Tang et al. [16], and Yan et al. [18] could be due to
differences in climatic and biogeographical areas from where
they picked L. minor for analysis.

6. Conclusions

Similar L. minor oil FAs types were identified in both indoor
plastic tanks and outdoor earthen pond setups with palmitic,
oleic, stearic, and linoleic acids being among the major FAs
and pentadecanoic, myristic and eicosanoic as minor FAs.
However, L. minor cultured in outdoor earthen ponds, pro-
duced significantly higher percentage composition for most
FAs compared to that cultured in indoor plastic tanks.

The study demonstrates that in both settings, out of the
15 identified FAs, there are five SAFAs (myristic, palmitic,
stearic, arachidic, and eicosanoic), five MUFAs (pentadeca-
noic, palmitoleic, oleic, elaidic, and nervonic), and five PUFAs
comprising two LC PUFAs: EPA and DHA and three SC
PUFAs: linoleic, linoelaidic, and linolenic acid. Four FAs
(linoelaidic, eicosanoic, EPA, and DHA) were in L. minor,
seldom found in other studies for the same species within
the region, a possible indicator of the existence of Δ5 and
Δ6 as a desaturation enzyme in L. minor for their biosynthesis.

Under normal circumstances, DHÀ (an important Omega-
3 FA) is availed to humans through the consumption of fish
since they have desaturation enzymes to convert linolenic acid
into DHA. The presence of DHA in L. minor plants cultured
in indoor plastic tanks and outdoor earthen ponds is an excit-
ing rare finding which needs further investigations. LC,
PUFAs, ARA, and DPA, of which linoleic acid is a precursor,
were not detected in L. minor cultured in the current study.

The quantitative variation in FAs percentage composition
in the two culture set-ups, especially DHA, forms a strong basis
for considering L. minor as an alternative source of DHA for
direct human consumption.
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to support the findings of this study are available from the
corresponding author upon request.

Conflicts of Interest

The authors declare that they do not have any competing
financial interests or personal relationships that could have
affected the reported work.

Acknowledgments

Special thanks to Dr. Kevin Mbogo and David Rasugu of
Jomo Kenyatta University of Science and Technology
(JKUAT), Bonface Muemi of Kisii University (KSU), Dr.
Elijah Kembenya, Peter Miruka, and Robert Ondiba of
Kenya Marine and Fisheries Research Institute for spearhead-
ing technical work involving, culturing, extraction, and charac-
terization of L. minor oil during the experiment. The research
project was partially sponsored by the Kenyan Higher Educa-
tion Loans Board with grant number (HELB/PS/2022/30).

Supplementary Materials

Supplementary materials for this paper include the standard
and representative sample chromatogram along with the
qualitative data on the retention times and peak areas (Sup-
plementary files, Figures S1 and S2 and Tables S1 and S2) of
the fatty acids present. Details of the fatty acids methyl esters
(FAME) standards have also been provided (Supplementary
files, Table S3). (Supplementary Materials)

References

[1] I. Growns, L. Frost, D. Ryder, P. McInerney, N. Bond, and
R. Lester, “The use of fatty acid lipids in freshwater ecological
research,” 2020.

[2] D. R. Tocher and S. Fk, “Omega-3 long-chain polyunsaturated
fatty acids and aquaculture in,” pp. 1–60, 2015.

[3] S. Tveterås and R. Tveterås, “The global competition for wild
fish resources between livestock and aquaculture,” Journal of
Agricultural Economics, vol. 61, no. 2, pp. 381–397, 2010.

8 Aquaculture Research

 are, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2024/5563513 by E

B
M

G
 A

C
C

E
SS - K

E
N

Y
A

, W
iley O

nline L
ibrary on [03/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://downloads.hindawi.com/journals/are/2024/5563513.f1.pdf


[4] M. Gammone, G. Riccioni, G. Parrinello, and N. D’Orazio,
“Omega-3 polyunsaturated fatty acids: benefits and endpoints
in sport,” Nutrients, vol. 11, no. 1, pp. 1–16, 2019.

[5] N. Kawarazuka and C. Béné, “Linking small-scale fisheries and
aquaculture to household nutritional security: an overview,”
Food Security, vol. 2, no. 4, pp. 343–357, 2010.

[6] S. Craig and L. Helfrich, “Understanding fish nutrition, feeds,
and feeding,” Fisheries, vol. 0517, no. 420-256/FST-269P,
pp. 1–6, 2009.

[7] D. R. Tocher, “Fatty acid requirements in ontogeny of marine
and freshwater fish,” Aquaculture Research, vol. 41, no. 5,
pp. 717–732, 2010.

[8] M. Chepkirui, P. Orina, M. Opiyo, P. Muendo, K. Mbogo, and
R. Omondi, “Growth performance of Nile tilapia (Oreochromis
niloticus) fingerlings fed with water spinach (Ipomoea aquatica)
diets,” Annals of Marine Science, vol. 6, no. 1, pp. 1–6, 2022.

[9] M. A. Opiyo, P. Muendo, K. Mbogo et al., “Inclusion of
duckweed (Lemna minor) in the diet improves flesh omega-3
long-chain polyunsaturated fatty acid profiles but not the
growth of farmed Nile tilapia (Oreochromis niloticus),” Animal
Feed Science and Technology, vol. 292, Article ID 115442,
2022.

[10] M. Z. H. Talukdar, M. Shahjahan, and M. S. Rahman,
“Suitability of duckweed (Lemna minor) as feed for fish in
polyculture system,” International Journal of Agricultural
Research, Innovation and Technology, vol. 2, no. 1, pp. 42–46,
2013.

[11] P. Ziegler, K. Adelmann, S. Zimmer, C. Schmidt,
K.-J. Appenroth, and J. Keurentjes, “Relative in vitro growth
rates of duckweeds (Lemnaceae)—the most rapidly growing
higher plants,” Plant Biology, vol. 17, no. s1, pp. 33–41, 2015.

[12] M. Bog, K. S. Sree, J. Fuchs et al., “A taxonomic revision of
Lemna sect. Uninerves (Lemnaceae),” TAXON, vol. 69, no. 1,
pp. 56–66, 2020.

[13] K. J. Appenroth, K. S. Sree, V. Böhm et al., “Nutritional value
of duckweeds (Lemnaceae) as human food,” Food Chemistry,
vol. 217, pp. 266–273, 2017.

[14] R. Chakrabarti, W. D. Clark, J. G. Sharma, R. K. Goswami,
A. K. Shrivastav, and D. R. Tocher, “Mass production of
Lemna minor and its amino acid and fatty acid profiles,”
Frontiers in Chemistry, vol. 6, pp. 1–16, 2018.

[15] A. F. Yosef, L. Ghazaryan, L. Klamann et al., “Diversity and
differentiation of duckweed species from Israel,” Plants,
vol. 11, no. 23, Article ID 3326, 2022.

[16] J. Tang, Y. Li, J. Ma, J. J. Cheng, and K. Appenroth, “Survey of
duckweed diversity in Lake Chao and total fatty acid,
triacylglycerol, profiles of representative strains,” Plant Biology,
vol. 17, no. 5, pp. 1066–1072, 2015.

[17] V. Seidel, “Initial and bulk extraction,” in Natural Products
Isolation, pp. 27–46, 2008.

[18] Y. Yan, J. Candreva, H. Shi et al., “Survey of the total fatty acid
and triacylglycerol composition and content of 30 duckweed
species and cloning of a Δ6-desaturase responsible for the
production of γ-linolenic and stearidonic acids in Lemna
gibba,” BMC Plant Biology, vol. 13, no. 1, 2013.

[19] H. Wada and N. Murata, Lipids in Photosynthesis. Essential
and Regulatory Functions, vol. 30, pp. viii–ixno. 2, , Springer,
2009.

[20] P. Hele, “Biosynthesis of fatty acids,” British Medical Bulletin,
vol. 14, no. 3, pp. 201–206, 1958.

[21] A. V. Zhukov, “Palmitic acid and its role in the structure and
functions of plant cell membranes,” Russian Journal of Plant
Physiology, vol. 62, no. 5, pp. 706–713, 2015.

[22] R. K. Saini, P. Prasad, R. V. Sreedhar, K. A. Naidu, X. Shang,
and Y.-S. Keum, “Omega-3 polyunsaturated fatty acids
(PUFAs): emerging plant and microbial sources, oxidative
stability, bioavailability, and health benefits—a review,”
Antioxidants, vol. 10, no. 10, Article ID 1627, 2021.

[23] K. Kuhnt, S. Weiß, M. Kiehntopf, and G. Jahreis, “Consump-
tion of echium oil increases EPA and DPA in blood fractions
more efficiently compared to linseed oil in humans,” Lipids in
Health and Disease, vol. 15, no. 1, pp. 1–11, 2016.

[24] M. Dittrich, G. Jahreis, K. Bothor et al., “Benefits of foods
supplemented with vegetable oils rich in α-linolenic, stearidonic
or docosahexaenoic acid in hypertriglyceridemic subjects: a
double-blind, randomized, controlled trail,” European Journal of
Nutrition, vol. 54, no. 6, pp. 881–893, 2015.

[25] K.-J. Appenroth, K. S. Sree, M. Bog et al., “Nutritional value of
the duckweed species of the Genus Wolffia (Lemnaceae) as
human food,” Frontiers in Chemistry, vol. 6, pp. 1–13, 2018.

[26] J. Masten Rutar, M. Jagodic Hudobivnik, M. Nečemer,
K. Vogel Mikuš, I. Arčon, and N. Ogrinc, “Nutritional quality
and safety of the spirulina dietary supplements sold on the
slovenian market,” Foods, vol. 11, no. 6, Article ID 849, 2022.

[27] B. Praveena, M. Yashas, B. Harish, R. Harshavardhana, and
M.Yamuna, “Reviewon spirulina platensis as an immunity booster
for the present situation,” European Journal of Pharmaceutical and
Medical Research, vol. 7, no. 7, pp. 353–356, 2020.

[28] S. Hosseini, S. Shahbazizadeh, K. Khosravi-Darani, and
M. Mozafari, “Spirulina paltensis: food and function,” Current
Nutrition & Food Science, vol. 9, no. 3, pp. 189–193, 2013.

[29] E. Choe and D. B. Min, “Mechanisms and factors for edible oil
oxidation,” Comprehensive Reviews in Food Science and Food
Safety, vol. 5, no. 4, pp. 169–186, 2006.

Aquaculture Research 9

 are, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2024/5563513 by E

B
M

G
 A

C
C

E
SS - K

E
N

Y
A

, W
iley O

nline L
ibrary on [03/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense




