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Abstract

The growing global demand for vegetable oils for food and for replacing fossil fuels leads to increased oilseeds production. Almost 122 of the current 187 million tons of vegetable oils produced in the world correspond to palm and soybean oils. The oil palm is cultivated in the tropical zone, in areas formerly occupied by forests, and soybean oil is a by-product of protein meal production. The diversification of raw materials for the vegetable oil market is thus strategic for both food and non-food sectors. Sources for vegetable oil should be economically competitive and provide sustainability indexes higher than that provided by oil palm and soybean. In this context, we describe the potential of Acrocomia aculeata, popularly known as macauba. Macauba is an American palm from the tropical zones which presents oil productivity and quality similar to that of the oil palm. It grows spontaneously in a wide range of environments and it is not very water demanding. Macauba palm has a high potential for oil production and for diversification of co-products with some potential of value aggregation. Such a perennial and sustainable species will probably fulfill the requirements to become an important new commercial oilseed crop.

Résumé

La demande mondiale croissante d'huiles végétales pour l'alimentation et pour remplacer les combustibles fossiles entraîne une production accrue d'oléagineux. Près de 122 des 187 millions de tonnes d'huiles végétales actuellement produites dans le monde sont issues de palme ou de soja. Le palmier à huile est cultivé en zone tropicale, sur des surfaces anciennement occupées par des forêts ; l'huile de soja est un sous-produit de la production de protéines. La diversification des matières premières pour ce marché est donc stratégique pour les secteurs alimentaire et non alimentaire. Les sources d'huiles végétales devraient être économiquement compétitives et afficher des indices de durabilité plus élevés que le palmier à huile et le soja. Dans ce contexte, nous décrivons le potentiel d'Acrocomia aculeata, connu sous le nom de macauba. Ce palmier américain provenant des zones tropicales présente une productivité et une qualité d'huile similaires à celles du palmier à huile. Il se développe spontanément dans un large éventail d'environnements et n'est pas très exigeant en eau. Le palmier macauba possède un potentiel de rendement élevé en huile et de diversification des coproduits à forte ajoutée. Une telle espèce pérenne et durable répondra probablement aux exigences pour devenir une nouvelle variété commerciale importante.
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1 Introduction
Global production of vegetable oil is growing and it is estimated as187 million tons for 2016/2017, according to USDA-FSA (USDA, 2017), with a forecast of 195 million due to rising food consumption in emerging countries and in biofuels application. Of these, 37.6% (70.3 million tons) are provided by palm and palm kernel and 30% (55 million tons) by soybean. The remaining 32.5% are supplied by canola, sunflower, peanut and cottonseed oils (Fig. 1).
Palm oil represents almost 40% of the world's vegetable oil production, with 70.3 million tons of oil produced in Indonesia and Malaysia with account for 86.5% of that total (USDA, 2014). The share of the American continent in the world vegetable oil production is around 25%, soybean being the main source, with 58% of this value, followed by canola (8%) and palm oil (5%) according to Torres (2013).
The species Elaeis guineensis is of tropical origin and cultivated on a large scale only in tropical countries providing adequate sunshine and water balance, with an annual rainfall above 1500 mm, a monthly distribution between 120 and 150 mm in the absence of any long dry season (Bastos et al., 2001). Brazil contributes to only 0.54% of global palm oil produced worldwide, the Northern region of the country concentrating 80% of the national production, which is 340 000 tons per year. The average Brazilian productivity is 2000 kilos of oil per hectare against the 4000 produced in Indonesia and Malaysia, considering the production and occupied area (USDA, 2014).
The USDA forecast (2017) is that world vegetable oil consumption is expected to grow, reflecting both population growth and GDP growth in emerging economies. It will also be impacted by the biodiesel production which, according to Byerlee et al. (2016), represents almost half of the increase in vegetable oil consumption. Considering the total of palm oil produced in the world, 80% is used by the food sector, 10% in oleochemistry and 10% in bioenergy and biofuels (Andrade, 2015). In the case of biodiesel, United States, Argentina, China, Brazil, Germany and France are important examples of countries that have adopted the inclusion of biofuel in their energy supply (Mattei, 2017; Souza et al., 2016). In the specific case of Brazil, biodiesel policy was implemented in 2004 under Law 11,097, and the last resolution establishes the proportion of 8% biodiesel to diesel oil sold to the consumer. This measure has increased interest in the diversification of alternative sources of raw materials for oil production, especially from plant species, and species such as jatropha, castor bean and crambe have been studied for the viability or dynamization of their respective production chains in order to meet the growing demand for renewable biofuel in the country.
Soybean oil accounted for 78% of all biodiesel manufactured in Brazil, followed by animal fat (18%), cotton oil (1%) and used frying oil (1%) on average between January and May of 2017. Approximately 1.5 million tons of soybean oil was used for the production of biodiesel, according to Abiove (2017). Data provided by the National Agency of Petroleum, Natural Gas and Biofuels (ANP), showed that in 2016, the nominal capacity for biodiesel production (B100) in Brazil was around 7.3 million m3, approximately 609 thousand m3/month. However, domestic production was close to 3.4 million m3, which corresponded to 44.89% of total capacity, as reported by the Ministry of Mines and Energy of the Federal Government (MME, 2017).
Whether for food or industrial use, many factors should motivate the choice of raw material, such as local availability, economic viability, storage conditions, physico-chemical properties of the oil and its performance as biofuel. Oil crop production also varies according to the region due to soil and climate characteristics, among others (Hass and Foglia, 2006). For soybean oil, homogeneity and productivity are linked to the degree of agricultural technology involved in the production. However, soybean has low oil yield (400 kg per hectare) and does not favor regional development, since it is concentrated in the southern and center-western regions of Brazil and presents low social insertion (IPEA, 2012; Sauer, 2006).
The economic feasibility of production of jatropha, sunflower, crambe, canola, babassu, among other oilseeds, also depends on research and technological advances. Palm oil has been one of the largest bets, but its planting should be restricted to the Northern region of Brazil, due to its dependence on the water regime. The oil palm cultivation throughout the region is also limited by the large impact of Bud Rot in Latin America (De Franqueville, 2003).
Given this background, we present in this article a new tropical species for the production of vegetable oil. Indeed the Acrocomia aculeate palm (also generally called macauba palm) has generated increasing interest from scientists and agronomists in Brazil.
	[image: thumbnail]	Fig. 1
Global vegetable oil production and consumption (Source: USDA, 2017).



2 Botanical characteristics
The macauba palm (Acrocomia aculeata, Arecacea) is a perennial, heliophilous palm of 4–15 m in height, with a glabrous, fusiform cylindrical stipe which is densely acular and ringed. It shows 20 to 40 leaves agglomerated at the apex of the stipe, pinnate composites, 4 to 5 m in length, petiolate; alternate leaflets unevenly distributed along the rachis, may contain numerous spines. Interfoliar and branched inflorescences, have a long rachis with several branches of equal size, multiflorous. Pistilated flowers are always forming triads and flowers staminated in great number in the apex. The species is monoic, protogenic and with annual seasonal flowering. In Brazil it flowers from September to February, with a peak flowering season in November and December (Berton, 2013; Lorenzi, 2006; Scariot et al., 1995). Fruiting occurs throughout the year and fruits are ripe at 12 to 13 months after fertilization (Montoya et al., 2015; Scariot et al., 1995). In the Veracruz region in Mexico, flowering occurs from March to September (Quero, 1994) and in Cuba, fruits mature between March and May (Pérez et al., 2015).
The fruit is an edible drupe of 3.0–5.0 cm diameter, globose, with a mucilaginous fibrous mesocarp of various coloration and sweet taste. The endocarp strongly adheres to the mesocarp and the seed shows a large endosperm, with up to four seeds per fruit (Berton, 2013; Henderson et al., 1995; Lorenzi et al., 2010) (Fig. 2). When mature, the fruit emits a characteristic aroma and the hull easily detaches from the pulp (Almeida et al., 1998; Lorenzi, 2006). The fruits consist of approximately 20% of hull, 40% of pulp, 33% of endocarp and 7% of kernel (Berton, 2013; Ciconini et al., 2013).
	[image: thumbnail]	Fig. 2
A- Adult plant of Acrocomia aculeate palm; B- Bunch of fruits; C- Detail of the fruit; D- Open inflorescence; E- Detail of the inflorescence, with female flowers located in the basal region and male flowers in the apical region.



3 Domestication, occurrence and popular use
Acrocomia aculeata grows in the dry areas of the New World, from Mexico and the Caribbean Islands to northern Argentina (Morcote-Rios and Bernal, 2001). The species occurs at higher densities in open areas, associated with pasture areas, and also in semi-deciduous forests and in locations with rocky outcrops, it can be found throughout tropical and subtropical America between latitudes 22°N (Mexico) to 28°S (Argentina). According to Kahn and Moussa (1997), Acrocomia aculeata is a peri-Amazonian species which was introduced into the Amazon. This palm grows in the Atlantic coast of Colombia, Venezuela, Guyana and the Brazilian states of Amapá and Pará, and on the southern outskirts of the central basin of Brazil, Bolivia and Paraguay. It is not found in primary forests but extends in deforested areas of the tropical forest (Henderson et al., 1995). Hernández et al. (2013) reported that the species tolerates extreme temperatures and droughts, not suffering from diseases, as compared to other crops, according to observations made in the municipality of San Blas, Nayarit, on the Pacific coast of Mexico.
Archaeological data suggest that the distribution and abundance of such a productive and generalist palm tree may have resulted from human use (Morcote-Rios and Bernal, 2001). The authors cite the presence of remains of macauba palm in 29 archaeological sites, from Mexico to Brazil. The oldest sites for the macauba palms were found in Santarém, Northern Brazil (11 200 BP), Colombia (9530 BP), Panama (8040 BP) and Mexico (6750 BP). Lentz (1990), evaluating Mesoamerican archaeological sites, reported remains of macauba fruits in Belize: Cerros (200 BC), Colha (900 AD); Honduras: Cerro Palenque (600 AD), Copán Valley (400 AD), Cajón (200 BC); Mexico: Tehuacan Valley (4800 BC); and Panama: Aguadulce (5000 BC) and Chiriqui (4600 BC). The dispersion of macauba from South America to Central America seems more likely, because the genus itself is probably of South American origin, as suggested by the fact that there is another known species, Acrocomia hassleri, restricted to the cerrado areas of Brazil (Henderson et al., 1995).
Macauba palm has been incipiently domesticated by Mesoamerican peoples for millennia and the beginning of its domestication might be associated with the use of the plant by the pre-Columbian peoples of tropical America (Lévi-Strauss, 1952). First, the fruits of A. aculeata, unlike other oil palm trees, have an abundant mesocarp that can be consumed directly, and the abundant oil can be easily extracted. Secondly, the thin thickness of the brittle epicarp provides good protection for the mesocarp and can be easily removed when necessary. Thirdly, the fruits do not ferment rapidly, thus allowing their consumption over a period of several weeks, suggesting a good source of energetic food during the migration of people. They would have fresh fruits to eat first the fleshy and oily mesocarp during the trip and then the seed or discarding it intact, since the breaking of the endocarp was not an easy option.
There are many examples of the popular use of macauba palm, such as food use by the Mayans (Mcneil et al., 2010) and feeding and use of oil for illumination by the Mbayá-guaicurus people of the Paraguay river basin during the second half of the XVIIth century (Carvalho, 2006). Kernel fat is used nowadays in the French West Indies as a softener in joint diseases, and seed drink is used against internal inflammation (Roig Mesa, 1945). Pulp oil is used to treat headaches and nevralgias (Corrêa, 1984) and as laxative (Berg, 1984); fruit pulp is used to treat catarrhal conditions, being purgative if taken during fasting (Almeida et al., 1998). It is also used in the feeding of different animals in various regions (Cavalcante, 1991; Cruz et al., 1984). The oil extracted from the pulp is exploited by the soap industry, just as the natives of Amazonas anoint their body in order to protect themselves against mosquitos (Pio-Corrêa, 1931). Macauba pulp is also used in cooking, for soft drinks, sweets and jellies (Cavalcante, 1991; Silva et al., 2001) and for the manufacturing of ice creams (Conceição and Paula, 1986).
4 Fruit properties
The main products of macauba palm are the oils extracted from fruit pulp and kernel. The pulp harbors up to 75% of total lipid content and the kernel can contain up to 65%, both on dry basis (Berton, 2013; Ciconini et al., 2013). The oil of the pulp presents minor compounds in its composition, such as tocopherols, phytosterols, β-carotene, flavonoids and vitamin C (Coimbra and Jorge, 2012; Rocha et al., 2013; Trentini et al., 2016). Among the most important fatty acids are oleic acid, with 70% content (Navarro-Díaz et al., 2014), followed by palmitic and linoleic acid (Berton, 2013; Hiane et al., 2005; Lescano et al., 2015) (Tab. 1).
Mesocarp oil is rich in oleic acid, which is sought after by the food industry due to its greater oxidative stability and operability at low temperatures (Berton, 2013; Silva et al., 1986). Several studies have pointed out that the development of acidity in macauba pulp oil is much slower than in palm oil. Macauba fruits harvested directly from the bunch or naturally fallen, but without contact with the soil, can be stored under environmental conditions for longer periods, up to 16 days without exceeding 5% acidity (Evaristo et al., 2016a, b; Souza, 2013) or up to 180 days if in hygienic or thermal treatment (Cavalcanti-Oliveira et al., 2015).
The oil extracted from the endosperm is rich in saturated fatty acids of short chain, constituting a valuable source for pharmaceutical and cosmetic use (Beltrão and Oliveira, 2007). It shows mainly lauric acid in its composition (Berton, 2013; Bora and Rocha, 2004; Coimbra and Jorge, 2012), about 50% of the fatty acids present in the lipid fraction of the seed (Belén-Camacho et al., 2005).
Pulp oil is light yellow to dark orange due to the presence of carotenoids. From the nutritional point of view, the β-carotene content found by Ramos et al. (2008) in humid pulp was 49.0 mg.g−1, corresponding to about 80% of the total carotenoids found in the pulp. Chromatograms of the carotenoid extract of the pulp show peaks of 1-zeaxanthin, 4-transcyclopen, 5-α-cryptoxanthin or zeinoxanthin, 6-cis-lycopene, 7 and 8-γ-carotene, 9-trans b-carotene and 10-13-cis-b-carotene.
The fruit pulp contains 4 to 8% of protein and 10 to 57% of fiber. The kernel has 22 to 50% of protein content and 34 to 64% of fibers (Fig. 3). In addition, considerable amounts of minerals were found in both parts of the fruit, such as calcium and magnesium macronutrients, and micronutrients such as copper, manganese, iron and zinc (Bora and Rocha, 2004; Hernández et al., 2013; Trentini et al., 2016). Ramos et al. (2008) carried out comparative analyses of the mineral content of macauba fruits are compared to other tropical fruits (avocado, pineapple, banana, papaya, passion fruit, melon and tangerine). According to their report, calcium and potassium contents were high in macauba pulp, the potassium content was twice that found by Franco (2004) in banana (333.4 mg.100 g−1) and in passion fruit (380.0 mg.100 g−1). The mineral composition of the fruit pulp shows high concentrations (mg.100 g−1) of K (1725 ± 80), Ca (680 ± 69), Mn (20.0 ± 2.0), Fe (101.0 ± 14.0), Cu (3.0), Zn (15.0 ± 2.0) and Br (8.0 ± 1.0), according to Oliveira et al. (2006). Bora and Rocha (2004) studied 7 essential amino acids and 10 non-essential amino acids in the mesocarp and endosperm of macauba fruits. According to Cruz et al. (1984), the macauba endosperm residue showed high levels of aspartic and glutamic acid, as well as an excellent threonine/serine balance.
From each kilogram of fruit subjected to cold oil extraction (hydraulic) 500 g of residual biomass is generated which includes fibers, lipids and proteins that can be used for alternative feeding of animals. Costa Junior et al. (2015) have used macauba presscakes for ruminant and non-ruminant feeding, and other authors fed pigs (Santos et al., 2017) sheep, (Rufino et al., 2011) for goats, and cows (Azevedo et al., 2013).
When exploring the production of charcoal from waste resulting from oil extraction, Vilas-Boas et al. (2010) showed that the carbon from the endocarp has an apparent density of 1.29 (g/cm2) and a calorific value of 8045.56 (kcal/kg) due to the high concentration of lignin in the endocarp. According to Silva et al. (1986), the production of charcoal from the endocarp at the final temperature of 550 °C, generated a product which was found superior to the eucalyptus charcoal. This can be used in steelmaking, metallurgical operations and handicrafts, or for the production of charcoal with low ash, without sulfur and high density (Silva and Caño Andrade, 2013) or activated charcoal (Silva et al., 1986).
According to Berton (2013) and Evaristo et al. (2016a, b) (Fig. 4) considering the average proportions of fractions of the macauba fruit (22.6% hull; 42.6% pulp; 28.4% endocarp and 6.4% kernel), the estimation of productivity in Brazil under a conservative scenario and a density of 400 trees per ha.year−1 would be of 2.5 ton oil.ha.year−1. However, following an optimistic scenario the production would be of 5 ton oil.ha.year−1of pulp oil. Such values illustrate the great potential of macauba palm, which seems higher than that of palm oil without plant breeding i.e. only through the planting of unselected seeds harvested from wild plants.
Table 1

Macauba pulp and kernel compounds content.
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Fractions and products of macauba fruit. Source: 1) Beltrão and Oliveira, 2007; Berton, 2013; Bora and Rocha, 2004;  Hernández et al., 2013; Ramos et al., 2008;   Trentini et al., 2016. 2) Silva and Caño Andrade, 2013; Silva et al., 1986; Vilas-Boas et al., 2010.
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Productivity of macauba in Brazil compared to other oilseeds in a conservative and optimistic scenario (400 plants.Ha−1).



5 State of the art and commercial plantations
Currently, in Brazil there are three important commercial plantation initiatives for the macauba palm that should attract the attention of other farmers. Entaban Brazil (Entaban, 2017) is starting macauba fruit production in an area of 600 ha and Solea Brazil has planted 1000 ha in 2016 and 2017 and the company is expected to reach an area of 5000 ha in the next five years. Another important initiative is being conducted by the German company Inocas (2017) which is currently planting 2000 ha of macauba in the region of Patos de Minas, Minas Gerais, through a project financed by the Inter-American Development Bank. The volume of oil to be produced by these plantations should have a guaranteed market for biodiesel production.
Brazil is the second largest producer and consumer of biodiesel in the world (MME, 2017), and through the years has built a network of 35 Biodiesel production plants, concentrated in the center-south region of Brazil, with capacity to produce 7.30 billion liters per year. In 2016, Brazilian consumption was 3.8 billion liters, according to the Bulletin of Biofuels of the Ministry of Mines and Energy of Brazil (MME, 2017), revealing the idleness of the mills and the need to increase the production of raw material.
6 Major directions for research
Although some basic knowledge required for macauba planting and cultivation is already acquired (Motoike et al., 2013), the priority research lines that should be adopted for the consolidation of the macauba production chain in Brazil were recently discussed (CTBE, 2017).
The main lines of research are aiming at the organization of germplasm banks and the generation of elite commercial cultivars, the improvement of cultural practices, studies on pollination ecology, cloning, production of seedlings, valorization of potential co-products, climatic zoning and mechanization of fruit production and processing, as well as the creation of an association of researchers and producers. Climatic zoning and the availability of private financing were also considered important issues for the commercial success of the macauba palm culture in Brazil.
7 Conclusions
The world production and consumption of vegetable oil has been increasing every year with a 20% increase during the last five years only. The African oil palm is the species that contributes most to the current 187 million tons of oil production, with almost 38% of this total. This is the most productive species, reaching productivity of 6–8 ton oil per hectare under best conditions. However, the expansion of its production area is limited by both the availability of suitable land and the ecological limits of the plant, particularly in relation to its water and sunshine requirements, in terms of both volume and distribution.
A consequence of the growing demand for vegetable oils is the search for some diversification towards more sustainable sources enabling better social insertion, since both the oil palm and soybean, the second global source of vegetable oil, still have a low level of environmental sustainability.
In this context, the diversification of sources of vegetable oils command the search for oleaginous plants that can provide both profitable and sustainable cultivation. Such reasons have led Brazilian scientists to develop research on biological and technological aspects of the cultivation of the macauba palm.
The results obtained so far are quite encouraging. Indeed studies on the production capacity revealed by the commercial plantations indicate a productivity of 5 ton of pulp oil and 1.5 ton of kernel oil per hectare per year. Both oils are very similar to their counterparts extracted from the African oil palm in terms of composition. Thus they provide a spectrum of industrial application which is quite diversified, from food to cosmetics and of energy uses. The oil extraction residues of both fractions of the fruit, mesocarp and endosperm, do not present anti-nutritional or toxicity factors, such as castor bean or jatropha cakes, and the results of feed testing for both ruminant and non-ruminants animals are equally encouraging.
There is no evidence of the presence of pests or diseases in the natural populations until now, nor in the commercial plantations already in production phase, mainly in the central region of Brazil, which reinforces the idea that this crop should face less phytosanitary problems than the jatropha or other oil crops grown in the region.
Similarly, seed germination, which initially appeared to be an obstacle to the production of seedlings due to seed dormancy, is now technically feasible.
Another important credential for the emergence of a large-scale production of macauba oil is its wide occurrence in the American continent, including subtropical areas with precipitation levels below 1000 mm per year and with seasonal water deficits. Acrocomia aculeata is considered the most occurring palm tree in Brazil, being reported in practically all the Brazilian States, except in the northeastern and southern coasts of the country. It is occurring in greater abundance in cerrado regions, typically characterized by seasonal climate, with a dry season of 3–5 months. The wide distribution and thus the climatic robustness of macauba palm can be verified also by its occurrence in diverse areas such as margins of highways and streams, in degraded areas, in association with annual crops and in open areas with pastures.
The association of macauba palm with pasture is now considered in Brazil as an important alternative for increasing the income of small and medium-sized ranchers. Besides the economic question, tropical and subtropical Brazilian soils with pastures present high rates of degradation. It is estimated that 80% of the 50–60 million hectares of pasture grown in central Brazil are in some state of degradation and unable to sustain the levels of production and quality demanded by the animals. One of the management options for the remediation of such soils would be the intercropping with perennial species, which would improve carbon storage in plant and soil, enrich the ecosystem, capture CO2 and decrease water flows erosion from the fertile layer. In addition to all these advantages, the macauba palm would also contribute to sustainable cultivation through its various co-products.
We believe that we are now facing the emergence of a new crop that should generate a significantly positive economic and environmental impact in Brazil, a country that adopted it for cultivation. In the case of Brazil, a country with a long tradition of agriculture, mainly of commodities, with a large arable area and a high-performance agricultural technology, macauba palm must find all the necessary conditions for its sustainable emergence as a new oilseed crop for the tropics.
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    Table 1 

Macauba pulp and kernel compounds content.



	 
	Compond
	Content
	References





	Pulp
	Lipid contenta
	75.00
	Berton, 2013, Ciconini et al., 2013



	Tocopherolsb
	212.95 ± 0.64
	Coimbra and Jorge, 2012



	β-carotenec
	348.30 ± 0.31
	Trentini et al., 2016



	Flavonoidsc
	25.34 ± 0.28
	Trentini et al., 2016; Rocha et al., 2013



	Vitamin Cc
	185.1 ± 14.8
	Rocha et al., 2013



	Phytosterolsd
	104.15 ± 0.73
	Trentini et al., 2016



	Oleic acide
	∼70.00
	Berton, 2013; Navarro-Díaz et al., 2014; Trentini et al., 2016



	Palmitic acide
	∼26.00
	Hiane et al., 2005; Berton, 2013; Lescano et al., 2015



	Linoleic acide
	∼8.00
	Hiane et al., 2005; Berton, 2013; Lescano et al., 2015



	Kernel
	Lipid contenta
	65.00
	Berton, 2013, Ciconini et al., 2013



	Tocopherolsb
	23.10 ± 0.01
	Coimbra and Jorge, 2012



	Lauric acide
	∼42.59
	Berton, 2013



	Oleic acide
	∼26.42
	Berton, 2013



	Miristic acide
	∼8.94
	Berton, 2013






a  (% on dry basis).


b  (mg.kg−1).


c  (mg.100g−1).


d  (mg of PT 100g−1 of oil).


e  (%).
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