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Abstract: Sacha Inchi (Plukenetia volubilis Linneo, Euphorbiaceae) is known as a Peruvian seed
containing a high level of unsaturated fatty acids, such as «-linolenic acid (Omega-3), linoleic acid
(Omega-6), and oleic acid (Omega-9). These essential fatty acids are important functional foods due
to their benefits for human health. Considering its benefits, it is necessary to find the right cultivation
conditions to develop Sacha Inchi in Indonesia, where it has not been widely cultivated. This study
aimed to determine the adaptability of Sacha Inchi to different cultivation conditions and the effects
of these conditions on seed production and oil quality. Sacha Inchi plants were cultivated under
three different cultivation conditions (open area, mixed cultures, and agroforestry) and the seeds
were harvested monthly to determine the seed production and oil quality. The results showed that
seed production in the open area was higher than in other conditions. The highest oil yield from
monthly harvesting was found in mixed cultures. Interestingly, the level of Omega-3 content in the
agroforestry condition was higher compared to other conditions. The level of Omega-6 and Omega-9
content in the open area was higher than in mixed cultures and agroforestry. However, the content of
unsaturated fatty acids in the three different cultivation conditions was not significantly different,
being 91.88% in the open area, 92.53% in mixed cultures, and 92.97% for agroforestry. In conclusion,
the cultivation of Sacha Inchi under open areas is recommended due to its seed productivity which
will affect the total oil production.

Keywords: Sacha Inchi; seed production; cultivation conditions; Omega-3; Omega-6; Omega-9;
essential fatty acids

1. Introduction

Dietary lipids are required by the human body since they are an important component
of all living cells. Humans can synthesize all lipids except those that are long-chain
fatty acids (FAs), which are grouped into three omega-families: Omega-3, Omega-6, and
Omega-9 [1]. Omega-3 and Omega-6 are polyunsaturated fatty acids (PUFAs), whereas the
majority of the Omega-9 FAs are monounsaturated fatty acids (MUFAs) [2]. Alpha-linolenic
acid (ALA) and linoleic acid (LA) are members of the Omega-3 and Omega-6 families,
respectively, and are essential FAs as they cannot be produced by mammalian cells and
must be obtained from the food in sufficient proportions [3]. Oleic acid (OA) is a member
of the Omega-9 family and a non-essential FA which can be produced naturally by the
body in the presence of enough Omega-3 and Omega-6 [4].
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PUFAs have been found to have an effect in preventing cardiovascular, autoimmune,
and inflammatory illness by decreasing blood triglycerides and cardiac arrhythmias, as well
as enhancing thrombocyte function and regulating cytokine production [3]. The Omega-3
PUFAs are commonly found in fish oil tablets, which are employed as an immune nutrition
supplement [3]. MUFAs have benefits in reducing cardiovascular disease, the occurrence of
Parkinson’s and Alzheimer’s disease, and cancer [5]. MUFAs have previously been shown
to be a beneficial factor in the development of dietary programs for obesity, cardiovascular
disease, type 2 diabetes, and sepsis [6-9]. A recent study showed that the ratio of PUFA to
MUFA (PUFA /MUFA) intake is related to the level of visceral adiposity index (VAI) and
cardiometabolic index (CMI) of postmenopausal women [10]. The PUFAs and MUFA may
be found in a variety of seed foods, as well as from fish oil, including from vegetable oils
that can be obtained from Sacha Inchi oil [11,12]. The advantage of PUFAs and MUFA from
vegetables, including Sacha Inchi plants, is that they have a less unfavorable odor than fish
oil, are easier to develop in terms of production system and technology, and are low cost.

The Sacha Inchi plant (Plukenetia volubilis L.) is a member of the Euphorbiaceae family
which originated from South America, a native to the Amazon region including part of
Peru and northwestern Brazil [13]. It has been cultivated in the lowlands of the Peruvian
Amazon and, for generations, the indigenous people have utilized it in traditional cui-
sine; it has been a staple in the diets of various local populations in the region [14-16].
Sacha Inchi is also known as the mountain peanut, Inca nut, or Inca Inchi and bears a
star-shaped fruit capsule [13,17]. Sacha Inchi seeds contain nutritional elements such
as edible oil (45% of dry weight), protein (27%), tocopherols (137 mg/100 g), and phy-
tosterols (75 mg/100 g) [16,18]. Sacha Inchi oils have a large amount of PUFAs (about
77.5-84.4%), MUFAs (about 8.4-13.2%), and a small proportion of saturated fatty acids
(about 7.9-9.1%) [12-14,16,19]. The ratio of Omega-6/Omega-3 in Sacha Inchi oil ranges
from 0.81 to 1.09, which is considered to be an ideal ratio of functional food for human
health [20-22]. The Omega-6/Omega-3 fatty acid ratio in edible oils is crucial in the for-
mulation of functional foods to treat or prevent cardiometabolic illness, heart disease,
hypertension, and diabetes [23-25]. A recent study concluded that low levels of PUFA
and Omega-3 in the diet may cause changes in biochemical parameters and metabolic
syndrome-related indicators [10].

The essential fatty acids alpha-linolenic acid (C18:3 n-3, Omega-3, ALA) and linoleic
acid (C18:2 n-6, Omega-6, LA) are abundant in Sacha Inchi oils. ALA serves as a precursor
to synthesis of eicosapentaenoic acid (EPA; 20:5 Omega-3) and docosahexaenoic acid (DHA;
22:6 Omega-3) in the human body, which are important to prevent cardiovascular disease,
have a protective effect in mood disorders, and support cognitive function in children [26].
Intake of ALA and LA is necessary for children’s healthy growth and development. In
Indonesia, the majority of children have PUFA consumption levels that are below than
the Food and Agriculture Organization (FAO) and World Health Organization (WHO)
recommended dietary limits, particularly for ALA. Indonesian children consume only
40% of the recommended intake level of ALA and 67% of the total essential fatty acids
that are recommended by FAO/WHO [27]. The nutrient deficiencies of ALA (Omega-3)
and LA (Omega-6) may cause stunting and obesity [28-31]. The nutrient deficiencies in
ALA (Omega-3) and LA (Omega-6) might be tackled by developing Sacha Inchi plants in
Indonesia to fulfill the requirements for essential fatty acids of Indonesian children. Sacha
Inchi oil has excellent nutritional properties and a high potential for industrialization in
producing functional food [32].

Sacha Inchi plants normally grow under high-light conditions with an altitude ranging
from 200-1500 masl and its seeds typically germinate at the optimal temperature between
25 to 35 °C [33,34]. Considering the need for Omega-3 and Omega-6 and agroclimatic
conditions, therefore, it is necessary to establish an experimental plot for cultivating Sacha
Inchi plants in Indonesia. As a first step, an experimental plot was established in the
experimental garden of the Natural Product Laboratory, SEAMEO BIOTROP, Bogor, West
Java, Indonesia, as a species trial for evaluating the adaptability of Sacha Inchi in different
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cultivation conditions. Bogor is located at an altitude of 300 masl, has an average monthly
temperature of 26 °C, and annual precipitation of 3000 mm. Indonesian farmers practice
the cultivation conditions of an open area, mixed cultures, or agroforestry, which may
affect the productivity and quality of their agricultural products. To date, the Sacha Inchi
plant is not a well-known species to the Indonesian farmers, nor are its uses and derivative
products. This study aims to determine the adaptability of Sacha Inchi to Indonesia’s agro-
climatic conditions by evaluating the effect of cultivation conditions on seed production
and oil quality.

2. Materials and Methods
2.1. Plant Materials

The Sacha Inchi (Plukenetia volubilis 1..) seeds were obtained from the farmers in
Sukabumi, West Java, Indonesia, which were originally imported from Peru by a Korean
expert. The seeds were stratified by soaking in warm water for 1 h and, subsequently, in
cold water for 24 h to break the seed coat dormancy. The seeds were then germinated
on the germination media, which contained 100% cocopeat, and were covered with black
plastic (under dark conditions). The seedlings were transplanted into polybags containing
a mixed growing medium of cocopeat, husk charcoal, and compost (1:1:1, volume/volume
(v/v)). One-month-old seedlings which had three pairs of leaves were selected and planted
in the field.

2.2. Site Selection, Land Preparation, and Planting Method

Site selection was done by considering the flatness of the land, type of vegetation
coverage (open area or no vegetation, mixed cultures, agroforestry), and accessibility,
to facilitate maintenance and data recording. The land preparation was done manually.
Herbicide was applied to eliminate the weeds. The planting distance was 2 m x 4 m. The
seedlings were planted in planting pits with the size of 60 cm in depth, length, and width
(60 cm x 60 cm x 60 cm). The planting pits were filled with growth medium that contained
husk charcoal, compost, and topsoil (1:3:3, v/v). After planting, two-meter stakes were
installed in the field with a distance of 4 m between each stake along the planting area, and
each stake was connected with ropes to direct the vines of the Sacha Inchi plants.

The area of 0.16 ha was divided into three different cultivation conditions: agroforestry
area, mixed cultures area, and open area. The agroforestry cultivation was performed
under stands of teak (Tectona grandis) and jabon (Burflower-tree, Neolamarckia cadamba) aged
13 years, with a canopy density of 70%; it covered an area of 758 m? which had 91 Sacha
Inchi plants. The mixed cultures cultivation was performed by planting Sacha Inchi
seedlings in between papaya (Carica papaya) and cassava (Manihot esculenta) plants aged
6 months, with a canopy density of 30%; it covered an area of 432 m? which had 54 Sacha
Inchi plants. The open area 448 m? had 56 Sacha Inchi plants and no additional plants.

The soil properties of the experimental site were medium C-organic (2.3%), low total
N (0.185%), medium C/N ratio (12.5), high available P,Os (41.31 ppm), high available K,O
(90.90 ppm), low cation exchange capacity (CEC) (9.25 cmol/kg), low soil pH H,O (4.3),
sand (14.6%), loam (20.9%), and clay (63.4%). Soil properties improvement was done by
adding a soil amendment made of charcoal, compost, and topsoil.

Watering was applied in the first week after planting due to the dry season. The weeds
were removed manually. Fertilizer was applied in the first week of planting containing
50 g NPK fertilizer (15:15:15) per plant. The vines were routinely directed to avoid the
overgrowth of branches. Pruning was performed to remove the dried/dead branches.

2.3. Experimental Design and Analysis of Variance

The experiment was performed in the experimental garden of the Natural Product
Laboratory, SEAMEO BIOTROP, Bogor, which has an altitude of 300 masl and high pre-
cipitation with an annual average precipitation of 3000 mm. The soil type is alluvial. A
completely randomized design was used in this experiment. The three different cultivation
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conditions were considered as the treatments. Twenty-five plants were selected randomly
for each cultivation condition as the samples for data recording. Analysis of variance
(ANOVA) was done by using SAS 9.1 version followed by the least significant difference
(LSD) test.

2.4. Seed Production

Data collection was focused on productivity under different cultivation conditions.
Observations were made on first flowering, fruit maturity, pests and diseases, and polli-
nators. Data on the number of fruits per plant for each harvesting time, the fresh weight
of fruit per plant, the dry weight of fruit per plant, and the weight of seeds per plant
were recorded. The mature fruits which had a dark brown color were harvested monthly.
Monthly harvesting was performed in the middle of the month, from August to November
2021. The fruits were air-dried for 2—4 weeks and then seeds were extracted from the fruit
pod by cracking the seed pods or seed capsules gently using a small hammer. The seeds
were collected separately according to each treatment to obtain the seed production of each
cultivation condition.

2.5. Oil Quality

To obtain the oil, Sacha Inchi seeds from the September, October, and November 2021
harvesting were pooled and grouped according to the cultivation conditions to achieve a
sufficient quantity for oil quality analysis. The seed kernels were separated gently from their
shells (seedcoat) manually by using a small hammer. The kernels (endosperm as food store)
were collected and air-dried to decrease moisture content to 9-12%. The kernels then were
pressed by using the cold press method to obtain Sacha Inchi oil. Prior to laboratory analysis
for oil quality, the Sacha Inchi oil was filtered by using Monyl No. 500/197T-42 08M (PT.
Indesso, Indonesia) to minimize the water content and debris. The 200 milliliters (mL) of
Sacha Inchi oil from each cultivation condition were subjected to analysis of the oil quality
using standardized methods developed by PT. Saraswanti Indo Genetech (SIG) Laboratory,
Bogor, Indonesia. The parameters and methods of the oil content analysis are listed in
Table 1.

Table 1. The parameters, unit, and method for oil quality analysis.

No. Parameter Unit Method
1 Omega-3 % 18-6-1/MU /SMM-SIG (GC)
2 Omega-6 Y% 18-6-1/MU/SMM-SIG (GC)
3 Omega-9 % 18-6-1/MU/SMM-SIG (GC)
4 Unsaturated fat Y% 18-6-1/MU/SMM-SIG (GC)
5 Saturated fat % 18-6-1/MU/SMM-SIG (GC)
6 Total fat % 18-8-19/MU/SMM-SIG
7 Energy from fat Kcal/100 gr Calculation
8 Total energy Kcal/100 gr Calculation
9 Ash content Y% SNI 01-2891-1992 point 6.1
10 Protein content Y% 18-8-31/MU/SMM-SIG (KjelTech)
11 Carbohydrate Y% FAO 2003 point 2.3
12 Moisture content (Karl Fischer) % 18-11-44 /MU /SMM-SIG

3. Results and Discussion
3.1. The Adaptability of Sacha Inchi
Sacha Inchi seedlings were planted under three different cultivation conditions (open

area, mixed cultures, and agroforestry). Sacha Inchi plants grew well under those three
different cultivation conditions, in terms of leaf color and size (green or dark green, normal
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size), and were able to flower and produce seeds (Figure 1). The ability of Sacha Inchi
plants to produce viable seeds was an indicator of successful adaptation to three different
cultivation conditions and Bogor climate, although seed production is different. It is
necessary to mention that we did not find any significant pests or diseases, or indeed
pollinators, during the cultivation of Sacha Inchi.

()

Figure 1. Sacha Inchi plants in experimental garden of Natural Product Laboratory, SEAMEO

BIOTROP, Bogor. Growth performance of Sacha Inchi plants at the first month after planting (a—c) and
six months after planting (d—f). Sacha Inchi plants in the open area (a,d), mixed culture (b,e), and
agroforestry (c,f).

A recent study in Central Java, Indonesia, discovered 75 arthropod phylum families
on Sacha Inchi plants, most of which were located on the leaf. Just 8% of them were
pests, 10% were natural enemies, and 85% were pollinators and decomposers [35]. The
lack of pests and diseases, which was found in this study, could be advantageous for
developing Sacha Inchi in Bogor, West Java, Indonesia, but also a disadvantage for the
lack of pollination agents of Sacha Inchi. Sacha Inchi is an allogamous species that
exhibited a minor level of selfing (4.3%) in a crossbreeding experiment [36]. Sacha Inchi
is a monoecious plant that has one or two female flowers and about 60 male flowers
(Figure 2a—c) [37]. Elsewhere, Sacha Inchi flowers about 3-5 months after planting,
while fruiting takes place approximately 8-9 months after planting [38]. Under our
experimental plot conditions, Sacha Inchi plants flower about three months after planting
and seeds mature about four months after planting (Figure 2d). This result suggests that
the cultivation of Sacha Inchi in Bogor has the potential to produce Sacha Inchi seeds in
a shorter time. It is also possibly due to the high content of phosphorous and potassium
in the experimental site.
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Figure 2. Sacha Inchi flowers and fruits. (a) Sacha Inchi flower development. (b) Pistillate female
(white arrow) and staminate male flower (white head arrow). (c) Sacha Inchi plants were fruiting at
3—4 months after planting. (d) Young and mature fruit pod stars.

3.2. Seed Production of Sacha Inchi

Prior to evaluating the monthly harvesting, the first harvesting was done to collect
seed production and to synchronize the fruit production for each cultivation condition.
The mature fruits from the first harvesting out of 25 plants for each cultivation condition
were harvested by cutting with scissors and grouped according to the conditions. It was
found that Sacha Inchi plants that were grown under open areas produced a significantly
higher number of fruit pods, fresh weight of fruit, air-dried weight of fruit, and air-dried
seed weight than for mixed cultures and agroforestry (Table 2). Overall, seed production in
the open area, mixed cultures, and agroforestry was 123.02 gr/plant, 55.04 gr/plant, and
40.07 gr/plant, respectively. It means the Sacha Inchi plant is more productive in the open
areas than in the other conditions.

Table 2. Sacha Inchi first harvesting data.

Conditions

Number of Fruit Pods (n)

Fresh Weight of Fruit Air-Dried Weight of Air-Dried Seeds
Pods (gr/plant) Fruit Pods (gr/plant) (gr/plant)

Open Area

45.60 = 20.26 a 229.57 £113.86 a 197.35 £ 103.13 a 123.02 £59.49 a

Mixed cultures

25.08 +£11.83b 94.01 £55.51b 92.69 £53.52b 55.04 £ 32.46b

Agroforestry

19.28 +£9.59b 64.96 + 47.36 b 63.92 +£46.19b 40.07 +£30.32b

Data are presented as mean + SD, mean values followed by the same small letters in the same column indicate
significant difference among the treatments at p < 0.05.
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To maintain the continuity of seed production of Sacha Inchi, the interval between
harvesting needs to be considered. Therefore, monthly harvesting was performed to
evaluate the consistency of seed production. Monthly harvesting was performed a
month after the first harvesting, which was then called the first month of harvesting.
Table 3 shows that under the open area condition, the number of fruits was higher
than mixed cultures and agroforestry in the first monthly harvesting. However, the
number of fruits then gradually decreased in the next monthly harvestings; a fluc-
tuating number of fruits was exhibited in mixed cultures and agroforestry. These
fluctuated results were also shown in the weight of air-dried seeds. The air-dried seed
weight was higher in open areas than in mixed cultures and agroforestry, at about
178.95-273.95 gr/plant, 67.05-188.81 gr/plant, and 35.73-55.61 gr/plant, respectively.
Seed production decreased in the third month of harvesting but, in total, the seed
production in the open area was still higher than in mixed cultures and agroforestry, at
643.94 gr/plant, 357.43 gr/plant, and 146.49 gr/plant, respectively. These differences
are also consistently shown for the number of fruit pods, fresh weight of fruit pods, and
air-dried weight of fruit pods parameters.

These results suggest that monthly harvesting could provide good results for seed
production. By considering the results from all the parameters, the open area exhibited
the highest results, then followed by mixed cultures and agroforestry, whether in
the first harvesting or monthly harvesting. The decrease of seed production in the
agroforestry condition is due to light reduction and nutrient competition. Sacha Inchi
requires full sunshine to grow and flower [33]. Shade delayed the initial flowering
which decreased the number of fruits [33]. The high production of seed in the open area
showed that the monoculture system improves the seed production of Sacha Inchi. A
previous study also showed that monoculture using dry-season irrigation significantly
increased the fruit and total biomass of Sacha Inchi [39].

3.3. Oil Yield and Oil Quality of Sacha Inchi

Research on the oil yield and oil quality of the Sacha Inchi plant (Plukenetia volubilis L.)
in Indonesia has never been done. Most research on Sacha Inchi has been performed in
Peru, Ecuador, Venezuela, Suriname, Colombia, Brazil, and Bolivia. The Sacha Inchi plant
is a little-known oilseed crop endemic to the Amazon basin, where it has been used by
people since the Incan era.

The quantity of Sacha Inchi oils can be reflected in its o0il yield after cold pressing.
The factors affecting oil yield could be oil content, seed water content, and pressing
technology [40-42]. Oilseed content in general is affected by the interaction between
genetic and environmental factors [43,44]. The existence of seed water content affects
the oil quality (clearness of the oil yield) [42], while the pressing technology could
affect the oil yield due to differences in the pressure strength [41]. In this study,
the seed water content has been decreased to 9-12% but it was pressed manually
using human strength which may have affected the oil yield (Figure 3c,d). The oil
yield in the open area, mixed cultures, and agroforestry area were 22%, 26.3%, and
17.2%, respectively (Table 4). The oil yield in the agroforestry area was the lowest
compared to the other conditions. The canopy of the trees in the agroforestry area
might reduce the light intensity and light quality for Sacha Inchi plants which may
affect the photosynthetic activity and kernel size as food storage, and in turn, will
affect the oil content [33,45].
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Table 3. Sacha Inchi monthly harvesting.

Number of Fruit Pods (1)

Fresh Weight of Fruit Pods (gr/plant)

Conditions September 2021 October 2021 November 2021 Total September 2021 October 2021 November 2021 Total
Open Area 64 £147.74 a 55+2219a 38+£19.82a 157 £159.14 a 426.71 £ 247.47 a 751.76 4 299.62 a 427.59 £252.45a 1606.06 & 530.23 a
Mixed cultures 14 +£ 837D 37 +£17.86b 24 +£15.77b 75+21.04Db 153.02 +102.43b  449.45 +204.26 b 283.64 £ 200.00 b 886.1 £263.75b
Agroforestry 716D 15 +£21.77 c 11 £6.80c 34.96 £ 23.69 c 81.71 £ 64.54b 124.68 + 125.88 ¢ 95.62 £ 75.94 c 302.02 £217.49 ¢
. Air-Dried Weight of Fruit Pods (gr/plant) Air-Dried Seeds (gr/plant)
Conditions September 2021 October 2021 November 2021 Total September 2021 October 2021 November 2021 Total
Open Area 319.97 £18842a 46749 +£190.57a 31293 +16422a 110039 £375.51a 17895+10829a  273.95+109.26 a 191.04 +129.13 a 643.94 +229.87 a
Mixed cultures 113.37 +74.03b  316.95+150.87b  191.16 £129.13b  621.48 £ 181.37b 67.05+42.7b 188.81 +89.15b 101.57 +74.03 b 35743 +£111.84b

Agroforestry

55.38 £40.19b 872 £82.28c¢ 82.86 £53.49 ¢ 225.44 +£136.79 c

35.73 £26.43b

55.12 £50.28 ¢ 55.61 £35.04 c

146.49 £ 85.74 c

Data are presented as mean + SD, mean values followed by the same small letters in the same column indicate significant difference among the treatments at p < 0.05.
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Figure 3. Sacha Inchi oil extraction. (a) Sacha Inchi seeds with shell and (b) kernel or seeds without
the shell. (c) Sacha Inchi oil extraction by using a cold-press machine. (d) Sacha Inchi oil before
filtering and (e) after filtering, for oil quality analysis. (d,e) O: Open area; OS: Mixed cultures;
S: Agroforestry.
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Table 4. Sacha Inchi oil yield.

0il Yield (%)

Conditions Based on Seed Weight with Shell Based on Seed Weight without Shell
Open Area 13 22

Mixed cultures 17.7 26.3

Agroforestry 11.3 17.2

The quality of Sacha Inchi oil was analyzed using standardized procedures. The oil
contains 91.88-92.97% unsaturated fatty acid, of which approximately 42.67-46.34% is
Omega-3 (alpha-linolenic acid) and approximately 37.37-39.18 % is Omega-6 (linoleic acid),
while approximately 9.03-9.82 % is Omega-9 (C18:1 -9, Oleic acid) (Table 5). The Omega-3
content in agroforestry was higher than in mixed planting and in open areas but the total
oil production in the open area was higher than in mixed planting and in the agroforestry
area due to its seed production. The organoleptic test showed low total energy from fat
(899.3 Kcal /100 g), very low ash content (<0.02%), very low protein content (<0.04%), zero
carbohydrates, and very low moisture content (0.08%). Technically the use of Monyl filter
No. 500/197T-42 08M (PT. Indesso, Indonesia) minimized the water content and debris,
thereby increasing the Sacha Inchi oil quality.

Table 5. Sacha Inchi oil content analyzed with the standard method.

No. Parameter Unit Content
(o) (O1] S
1 Omega-3 (alpha-linolenic acid) Y% 42.67 43.95 46.34
2 Omega-6 (linoleic acid) Y% 39.18 38.9 37.37
3 Omega-9 (oleic acid) % 9.82 9.44 9.03
4 Unsaturated fat Y% 91.88 92.53 92.97
5 Saturated fat Y% 8.04 74 6.95
6 Total fat Yo 99.92 99.93 99.92
7 Energy from fat Kca; 100 4993 899.4 899.3
8 Total energy Kca; 100 5993 899.4 899.3
9 Ash content Y% <0.02 <0.02 <0.02
10 Protein content Y% <0.04 <0.04 0.04
11 Carbohydrate Y% 0 0 0
12 Moisture content (Karl Fischer) Y% 0.08 0.07 0.08

Note: O: Open area; OS: Mixed cultures; S: Agroforestry.

The lipid content of the large seeds is around 45-50%, with Omega-3 (alpha-linolenic
acid) accounting for roughly 35.2-50.8% and Omega-6 (linoleic acid) accounting for around
33.4-41.0%; these PUFAs are needed by the human body as essential fatty acids [16,46,47].
The seeds also have antioxidant effects and contain 22-30% protein. Sacha Inchi has gar-
nered increased interest in recent years due to its outstanding nutritional content and strong
agronomic features, and cultivation is expanding. When it comes to today’s global concerns,
reforming our food systems is critical to providing food security, mitigation of climate
change, and malnutrition alleviation [46]. Furthermore, the content of polyunsaturated
fatty acids in Sacha Inchi oil is higher than with the known fish oil, which normally contains
11-35% Omega-3 and 0.9-12% Omega-6 [48]. The production and processing of fish oil
are also costly, with removal of color pigments, contaminants (dioxins, furans, and/or
polyaromatic hydrocarbons), and volatile components responsible for the oil’s odor and
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flavor [12]. When compared to fish oils, the cultivation of Sacha Inchi and the use of its oil
as a plant-based Omega-3 fatty acids’ source might provide a sustainable, renewable, and
affordable source of Omega-3 [12].

The chemical content of the unsaturated fatty acids Omega-3, Omega-6, and Omega-9
in Sacha Inchi seeds planted in Bogor was higher than for those planted in Peru [49]. Sacha
Inchi (Plukenetia volubilis L.) is a highly promising crop, primarily due to the nutritional
composition of the seeds as a superfood. With regard to the seed production, oil yield,
and oil quality, it is suggested to plant the Sacha Inchi plants in open areas and in other
geographic positions in Indonesia to provide functional food from oilseeds for alleviation
of malnutrition of Indonesian children.

4. Conclusions

Sacha Inchi (Plukenetia volubilis L.) is a promising plant for producing functional food
due to its Omega-3 (42.67-46.34%) and Omega-6 (37.37-39.18%) which are essential fatty
acids, and Omega-9 (9.03-9.82%), with the total unsaturated fatty acids amounting to
91.88-92.97%. Sacha Inchi adapted successfully to the Bogor environment. Seed and oil
production in open areas was better than in mixed cultures and agroforestry.

Author Contributions: Conceptualization, S.S.; Data curation, R.A. and B.A.; Formal analysis, R.A.
and B.A.; Funding acquisition, Z.I.; Investigation, B.A., A.P. and FK.; Methodology, S.S.; Project admin-
istration, S.S.; Supervision, S.S. and Z.L; Validation, R.A.; Writing-original draft, R A.; Writing-review
and editing, S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by DIPA 2021 grant of the Ministry of Education, Culture, Re-
search and Technology through SMARTS BE Program Grant No. 045.1/PSRP/SC/SPK-PNLT/III/2021.

Data Availability Statement: The data presented in this study are available upon the reasonable
request from the corresponding author.

Acknowledgments: We would like to thank the Ministry of Education, Culture, Research, and
Technology for the grant through SMARTS BE Program-DIPA 2021. We would like also to express
our sincere thanks to Margaretha and Ari Sutikno for providing the seeds and guidance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gurr, M.L; Harwood, J.L. Lipid Biochemistry; Springer: Boston, MA, USA, 1991; Volume 1, ISBN 978-0-412-26620-1.

2. Alexander, J. Immunonutrition: The role of w-3 fatty acids. Nutrition 1998, 14, 627-633. [CrossRef]

3. Alhusseiny, S.M.; El-Beshbishi, S.N. Omega polyunsaturated fatty acids and parasitic infections: An overview. Acta Trop. 2020,
207, 105466. [CrossRef]

4.  Elbossaty, W.E. Clinical Influence of Triple Omega Fatty Acids (Omega-3, 6, 9). Biomed. ]. Sci. Tech. Res. 2018, 6, 5332-5334.
[CrossRef]

5. Sofi, F; Cesari, F.; Abbate, R.; Gensini, G.F.; Casini, A. Adherence to Mediterranean diet and health status: Meta-analysis. BM]
2008, 337, al344. [CrossRef] [PubMed]

6. Ravaut, G.; Légiot, A.; Bergeron, K.-F.; Mounier, C. Monounsaturated Fatty Acids in Obesity-Related Inflammation. Int. J. Mol.
Sci. 2020, 22, 330. [CrossRef] [PubMed]

7. Gongalves-De-Albuquerque, C.F.; Medeiros-De-Moraes, .M.; Oliveira, EM.D.].; Burth, P.; Bozza, P; Faria, M.V.C ; Silva, A.R,;
De Castro-Faria-Neto, H.C. Omega-9 Oleic Acid Induces Fatty Acid Oxidation and Decreases Organ Dysfunction and Mortality
in Experimental Sepsis. PLoS ONE 2016, 11, e0153607. [CrossRef] [PubMed]

8. Schwingshackl, L.; Strasser, B.; Hoffmann, G. Effects of Monounsaturated Fatty Acids on Glycaemic Control in Patients with
Abnormal Glucose Metabolism: A Systematic Review and Meta-Analysis. Ann. Nutr. Metab. 2011, 58, 290-296. [CrossRef]

9.  Schwingshackl, L.; Strasser, B.; Hoffmann, G. Effects of Monounsaturated Fatty Acids on Cardiovascular Risk Factors: A
Systematic Review and Meta-Analysis. Ann. Nutr. Metab. 2011, 59, 176-186. [CrossRef]

10. Muzsik, A,; Jelen, H.H.; Chmurzynska, A. Metabolic syndrome in postmenopausal women is associated with lower erythrocyte
PUFA /MUFA and n-3/n-6 ratio: A case-control study. Prostaglandins Leukot. Essent. Fat. Acids 2020, 159, 102155. [CrossRef]

11. Wang, S.; Zhu, F; Kakuda, Y. Sacha inchi (Plukenetia volubilis L.): Nutritional composition, biological activity, and uses. Food Chem.

2018, 265, 316-328. [CrossRef]


http://doi.org/10.1016/S0899-9007(98)00004-5
http://doi.org/10.1016/j.actatropica.2020.105466
http://doi.org/10.26717/bjstr.2018.06.001383
http://doi.org/10.1136/bmj.a1344
http://www.ncbi.nlm.nih.gov/pubmed/18786971
http://doi.org/10.3390/ijms22010330
http://www.ncbi.nlm.nih.gov/pubmed/33396940
http://doi.org/10.1371/journal.pone.0153607
http://www.ncbi.nlm.nih.gov/pubmed/27078880
http://doi.org/10.1159/000331214
http://doi.org/10.1159/000334071
http://doi.org/10.1016/j.plefa.2020.102155
http://doi.org/10.1016/j.foodchem.2018.05.055

Agronomy 2022,12, 636 12 of 13

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Maurer, N.E.; Hatta-Sakoda, B.; Pascual-Chagman, G.; Rodriguez-Saona, L.E. Characterization and authentication of a novel
vegetable source of omega-3 fatty acids, sacha inchi (Plukenetia volubilis L.) oil. Food Chem. 2012, 134, 1173-1180. [CrossRef]
[PubMed]

Hamaker, B.R.; Valles, C.; Gilman, R.; Hardmeier, R.M.; Clark, D.; Garcia, H.H.; Gonzales, E.; Kohlstad, I.; Castro, M.; Et, A.
Amino acid and fatty acid profiles of the Inca peanut (Plukenetia volubilis). Cereal Chem. 1992, 69, 461-463.

Gutiérrez, L.-E; Rosada, L.M.; Jiménez, A. Chemical composition of Sacha Inchi (Plukenetia volubilis L.) seeds and characteristics
of their lipid fraction. Grasas Y Aceites 2011, 62, 76-83. [CrossRef]

Yang, T.; Wang, X.; Dong, T.; Xu, W.; Liu, A. Isolation and functional analyses of PvFAD2 and PvFAD3 involved in the biosynthesis
of polyunsaturated fatty acids from Sacha Inchi (Plukenetia volubilis). Peer] 2020, 8, €9169. [CrossRef] [PubMed]

Chirinos, R.; Zuloeta, G.; Pedreschi, R.; Mignolet, E.; Larondelle, Y.; Campos, D. Sacha inchi (Plukenetia volubilis): A seed source
of polyunsaturated fatty acids, tocopherols, phytosterols, phenolic compounds and antioxidant capacity. Food Chem. 2013, 141,
1732-1739. [CrossRef]

Gillespie, L.J. A Revision of Paleotropical Plukenetia (Euphorbiaceae) Including Two New Species from Madagascar. Syst. Bot.
2007, 32, 780-802. [CrossRef]

Chirinos, R.; Pedreschi, R.; Dominguez, G.; Campos, D. Comparison of the physico-chemical and phytochemical characteristics of
the oil of two Plukenetia species. Food Chem. 2015, 173, 1203-1206. [CrossRef]

Follegatti-Romero, L.A.; Piantino, C.R.; Grimaldji, R.; Cabral, F.A. Supercritical CO2 extraction of omega-3 rich oil from Sacha
inchi (Plukenetia volubilis L.) seeds. J. Supercrit. Fluids 2009, 49, 323-329. [CrossRef]

Simopoulos, A.P. The Importance of the Omega-6/Omega-3 Fatty Acid Ratio in Cardiovascular Disease and Other Chronic
Diseases. Exp. Biol. Med. 2008, 233, 674—688. [CrossRef]

Simopoulos, A.P. Evolutionary Aspects of Diet: The Omega-6/Omega-3 Ratio and the Brain. Mol. Neurobiol. 2011, 44, 203-215.
[CrossRef]

Simopoulos, A.P. The importance of the ratio of omega-6/omega-3 essential fatty acids. Biomed. Pharmacother. 2002, 56, 365-379.
[CrossRef]

Patterson, E.; Wall, R.; Fitzgerald, G.F; Ross, R.; Stanton, C. Health Implications of High Dietary Omega-6 Polyunsaturated Fatty
Acids. . Nutr. Metab. 2012, 2012, 539426. [CrossRef] [PubMed]

Wijendran, V.; Hayes, K.C. Dietary n-6 and n-3 fatty acid balance and cardiovascular health. Annu. Rev. Nutr. 2004, 24, 597-615.
[CrossRef] [PubMed]

Lee, ]. H.; O’Keefe, ].H.; Lavie, C.]J.; Harris, W.S. Omega-3 fatty acids: Cardiovascular benefits, sources and sustainability. Nat. Rev.
Cardiol. 2009, 6, 753-758. [CrossRef] [PubMed]

Shahidi, F.; Ambigaipalan, P. Omega-3 Polyunsaturated Fatty Acids and Their Health Benefits. Annu. Rev. Food Sci. Technol. 2018,
9, 345-381. [CrossRef]

Neufingerl, N.; Djuwita, R.; Otten-Hofman, A.; Nurdiani, R.; Garczarek, U.; Sulaeman, A.; Zock, P.L.; Eilander, A. Intake of
essential fatty acids in Indonesian children: Secondary analysis of data from a nationally representative survey. Br. J. Nutr. 2016,
115, 687-693. [CrossRef]

Simopoulos, A.P. An Increase in the Omega-6/Omega-3 Fatty Acid Ratio Increases the Risk for Obesity. Nutrients 2016, 8, 128.
[CrossRef]

Rahmawaty, S.; Meyer, B.J. Stunting is a recognized problem: Evidence for the potential benefits of w-3 long-chain polyunsaturated
fatty acids. Nutrition 2019, 73, 110564. [CrossRef]

Juarez-Lopez, C.; Kliinder-Kliinder, M.; Madrigal-Azcarate, A.; Flores-Huerta, S. Omega-3 polyunsaturated fatty acids reduce
insulin resistance and triglycerides in obese children and adolescents. Pediatric Diabetes 2013, 14, 377-383. [CrossRef]

Burrows, T.; Collins, C.E.; Garg, M.L. Omega-3 index, obesity and insulin resistance in children. Pediatric Obes. 2011, 6, €532-e539.
[CrossRef]

Gutiérrez, L.; Reinoso, Z.S.; Quifiones-Segura, Y. Effects of Dehulling Sacha Inchi (Plukenetia volubilis L.) Seeds on the Physic-
ochemical and Sensory Properties of Oils Extracted by Means of Cold Pressing. |. Am. Oil Chem. Soc. 2019, 96, 1187-1195.
[CrossRef]

Cai, Z. Shade delayed flowering and decreased photosynthesis, growth and yield of Sacha Inchi (Plukenetia volubilis) plants. Ind.
Crop. Prod. 2011, 34, 1235-1237. [CrossRef]

Da Silva, G.Z.; Vieira, V.A.C.; Boneti, ].E.B.; Melo, L.E,; Martins, C.C. Temperature and substrate on Plukenetia volubilis L. Seed
Germination 2016, 20, 1031-1035. [CrossRef]

Nisa, K.; Wijayanti, R.; Muliawati, E.S. KERAGAMAN ARTHROPODA PADA SACHA INCHI DI LAHAN KERING. Caraka Tani
J. Sustain. Agric. 2018, 32, 132-141. [CrossRef]

Valente, M.S.F.,; Chaves, FEC.M.; Lopes, M.T.G.; Oka, ].M.; Rodrigues, R.A.F. Crop yield, genetic parameter estimation and selection
of sacha inchi in central Amazonl. Pesqui. Agropecudria Trop. 2017, 47, 226-236. [CrossRef]

Fu, Q.; Niu, L.; Zhang, Q.; Pan, B.-Z.; He, H.; Xu, Z.-F. Benzyladenine treatment promotes floral feminization and fruiting in a
promising oilseed crop Plukenetia volubilis. Ind. Crop. Prod. 2014, 59, 295-298. [CrossRef]

Kodahl, N. Sacha inchi (Plukenetia volubilis L.)—From lost crop of the Incas to part of the solution to global challenges? Planta
2020, 251, 80. [CrossRef]


http://doi.org/10.1016/j.foodchem.2012.02.143
http://www.ncbi.nlm.nih.gov/pubmed/23107745
http://doi.org/10.3989/gya044510
http://doi.org/10.7717/peerj.9169
http://www.ncbi.nlm.nih.gov/pubmed/32607277
http://doi.org/10.1016/j.foodchem.2013.04.078
http://doi.org/10.1600/036364407783390782
http://doi.org/10.1016/j.foodchem.2014.10.120
http://doi.org/10.1016/j.supflu.2009.03.010
http://doi.org/10.3181/0711-MR-311
http://doi.org/10.1007/s12035-010-8162-0
http://doi.org/10.1016/S0753-3322(02)00253-6
http://doi.org/10.1155/2012/539426
http://www.ncbi.nlm.nih.gov/pubmed/22570770
http://doi.org/10.1146/annurev.nutr.24.012003.132106
http://www.ncbi.nlm.nih.gov/pubmed/15189133
http://doi.org/10.1038/nrcardio.2009.188
http://www.ncbi.nlm.nih.gov/pubmed/19859067
http://doi.org/10.1146/annurev-food-111317-095850
http://doi.org/10.1017/S0007114515004845
http://doi.org/10.3390/nu8030128
http://doi.org/10.1016/j.nut.2019.110564
http://doi.org/10.1111/pedi.12024
http://doi.org/10.3109/17477166.2010.549489
http://doi.org/10.1002/aocs.12270
http://doi.org/10.1016/j.indcrop.2011.03.021
http://doi.org/10.1590/1807-1929/agriambi.v20n11p1031-1035
http://doi.org/10.20961/carakatani.v32i2.16330
http://doi.org/10.1590/1983-40632016v4745758
http://doi.org/10.1016/j.indcrop.2014.05.028
http://doi.org/10.1007/s00425-020-03377-3

Agronomy 2022, 12, 636 13 0f 13

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Jiao, D.Y,; Xiang, M.H,; Li, W.; Cai, Z.Q. Dry-season irrigation and fertilisation affect the growth, reproduction, and seed traits of
Plukenetia volubilis L. plants in a tropical region. |. Hortic. Sci. Biotechnol. 2012, 87, 311-316. [CrossRef]

Andasuryani; Ifmalinda; Derosya, V.; Syukri, D. The Effect of Moisture on the Yield of Sweet Passion Fruit (Passiflora lingularis Juss
cv. Gumanti) Seed Oil from Indonesia by Mechanical Extraction. IOP Conf. Ser. Earth Environ. Sci. 2020, 515, 012021. [CrossRef]
Aviara, N.A.; Musa, W.B.; Owolarafe, O.K.; Ogunsina, B.S.; Oluwole, F.A. Effect of processing conditions on oil point pressure of
moringa oleifera seed. J. Food Sci. Technol. 2014, 52, 4499-4506. [CrossRef]

Orhevba, B.A.; Chukwu, O.; Oguagwu, V.; Osunde, Z.D. Effect of Moisture Content on some Quality Parameters of Me-chanically
Expressed Neem Seed Kernel Oil. Int. J. Eng. Sci. 2013, 2, 1-7.

Liersch, A.; Bocianowski, J.; Nowosad, K.; Mikotajczyk, K.; Spasibionek, S.; Wielebski, F.; Matuszczak, M.; Szata, L.;
Cegielska-Taras, T.; Sosnowska, K.; et al. Effect of Genotype x Environment Interaction for Seed Traits in Winter Oilseed Rape
(Brassica napus L.). Agriculture 2020, 10, 607. [CrossRef]

Brock, J.R.; Scott, T.; Lee, A.Y.; Mosyakin, S.L.; Olsen, K.M. Interactions between genetics and environment shape Camelina seed
oil composition. BMC Plant Biol. 2020, 20, 423. [CrossRef] [PubMed]

Cai, Z2.Q.; Jiao, D.Y,; Tang, S.X.; Dao, X.S.; Lei, Y.B.; Cai, C.T. Leaf Photosynthesis, Growth, and Seed Chemicals of Sacha Inchi
Plants Cultivated Along an Altitude Gradient. Crop Sci. 2012, 52, 1859-1867. [CrossRef]

Kodahl, N.; Serensen, M. Sacha Inchi (Plukenetia volubilis L.) Is an Underutilized Crop with a Great Potential. Agronomy 2021,
11, 1066. [CrossRef]

Cisneros, EH.; Paredes, D.; Arana, A.; Cisneros-Zevallos, L. Chemical Composition, Oxidative Stability and Antioxidant Capacity
of Oil Extracted from Roasted Seeds of Sacha-Inchi (Plukenetia volubilis L.). J. Agric. Food Chem. 2014, 62, 5191-5197. [CrossRef]
Rubio-Rodriguez, N.; Beltran, S.; Jaime, I.; De Diego, S.M.; Sanz, M.T.; Carballido, ].R. Production of omega-3 polyunsaturated
fatty acid concentrates: A review. Innov. Food Sci. Emerg. Technol. 2010, 11, 1-12. [CrossRef]

Ramos-Escudero, F; Muifioz, A.M.; Escudero, M.R,; Vifias-Ospino, A.; Morales, M.T.; Asuero, A.G. Characterization of commercial
Sacha inchi oil according to its composition: Tocopherols, fatty acids, sterols, triterpene and aliphatic alcohols. J. Food Sci. Technol.
2019, 56, 4503-4515. [CrossRef]


http://doi.org/10.1080/14620316.2012.11512870
http://doi.org/10.1088/1755-1315/515/1/012021
http://doi.org/10.1007/s13197-014-1498-0
http://doi.org/10.3390/agriculture10120607
http://doi.org/10.1186/s12870-020-02641-8
http://www.ncbi.nlm.nih.gov/pubmed/32928104
http://doi.org/10.2135/cropsci2011.10.0571
http://doi.org/10.3390/agronomy11061066
http://doi.org/10.1021/jf500936j
http://doi.org/10.1016/j.ifset.2009.10.006
http://doi.org/10.1007/s13197-019-03938-9

	Introduction 
	Materials and Methods 
	Plant Materials 
	Site Selection, Land Preparation, and Planting Method 
	Experimental Design and Analysis of Variance 
	Seed Production 
	Oil Quality 

	Results and Discussion 
	The Adaptability of Sacha Inchi 
	Seed Production of Sacha Inchi 
	Oil Yield and Oil Quality of Sacha Inchi 

	Conclusions 
	References

