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Andean roots and tubers as sources of functional foods
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Introduction.

Reassessing neglected and underutilized crops for maintaining food security
and improving human nutrition worldwide might be an excellent opportunity to recover
forgotten crops at risk of extinction (Hernandez Bermejo and Leon, 1994; Jacobsen et
al., 2013; Padulosi et al.,, 2014; Jacobsen et al., 2015). Global initiatives like the
declaration of 2013 as the international year of quinoa (FAO, 2013; Bazile et al., 2016)
boosted public knowledge of an important seed crop already adopted by the
vegetarian, vegan and consumers of organic products in the world. But many other
crops whose valuable diversity is maintained by local producers and consumers lay far
behind with respect to world awareness (Hernandez Bermejo and Leon, 1994;
Gahukar, 2014). In countries of the Andean region several important root and tuber
(ART) crops are produced being part of the traditional diet. Among these are mashua
(Tropaeolum tuberosum Ruiz_& Pav.), arracacha (Arracacia xanthorrhiza Bancr.),
ahipa (Pachyrhizus ahipa (Wedd.) Parodi (Wedd.) Parodi), and yacon (Smallanthus
sonchifolius (Poepp.) H.Rob.), which in spite of their nutritional benefits, seldom reach
food markets. Thus, as only limited and discontinuous amounts are offered and with
the adoption of other food energy sources in continuous supply by city dwellers, e.g.
from wheat-derived pasta to potatoes, producers are discouraged of commercialization
and mostly produce only for self-consumption. Furthermore, there are several other
Andean roots and tuber species, like the papalisa (Ullucus tuberosus Caldas), oca
(Oxalis tuberosa Molina), maca (Lepidium meyenii Walp.), mauka (Mirabilis expansa
(Ruiz & Pav.) Standl.), and achira (Canna indica L.), with outstanding nutritional
properties. These roots and tuber crops contain mostly sources of energy in the forms
of starch and sugars, with little protein content, but additionally they may supply
minerals, vitamins, dietary fibers and antioxidants, all food compounds with associated
health benefits. However, scientific research regarding their benefits, from
agrobiodiversity conservation to food security, is scarce because of attention and
research funds have been driven to the most popular sources for energy and proteins
like rice, maize, wheat, potatoes and soybean (Jacobsen et al., 2013; Padulosi et al.,
2014). Moreover, all the knowledge regarding the neglected and underutilized species
is at present dispersed and very restricted locally as part of a rich traditional heritage
(FAO, 2012). Local initiatives for gathering information about ART cultivation, have
been remarkable in some countries (Barrera et al., 2004; Aruquipa et al., 2016ab;

Bosque et al.,, 2016). Some international approaches led the way to improve
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conservation, management and innovative uses, such as implemented in the Latincrop

project (www.Latincrop.org).

The concept of functional foods refers to the food products that apart from being
a source of nutritional compounds, provide other health benefits to consumers (Aluko,
2012). The content of bioactive compounds in the ARTs and their nutraceutical
properties have not been fully tested yet, and the study of the physiological and
molecular mechanisms behind their benefits is greatly needed. However, these foods
have lately attracted the attention of consumers in several countries. In this sense, food
crops that hold distinctive health-improving properties, have an added value for both

consumers and producers.

The EU funded Latincrop project (2014-2017) was an important initiative for
gathering information on the biodiversity and utilization practices of several grain and
root crops originating from the Andean region. Some of the most relevant outputs of the
Latincrop project include mapping and characterizations of these species and a
collection of both traditional and novel recipes (Melting Pot Bolivia, 2017) which adds
more interest in the culinary uses of these crops, together with similar national or
international initiatives (Villacrés and Ruiz, 2002; FAO, 2013).

In this article we aim to present a review of the current knowledge about the
potential functional foods from arracacha, yacon, ahipa and mashua (see
Supplementary Table 1 for vernacular names). The ARTSs that will be described are an
example of some of the least developed species, but with a significant potential for
increased production, consumption and market sale. Hence we present a review
including locally published information and studies compiled by the Latincrop project

and other independent local scientists and institutions.

Arracacha (Arracacia xanthorrhiza)

The arracacha is a tuberous root (Fig. 1) grown in the Andean region used for
the preparation of soups, stews and purees, and for making bread, cakes and drinks
(Hermann, 1997; Garcia and Pacheco-Delahaye, 2010; Albano et al., 2014). It is
popular in several South American countries (Bolivia, Brazil, Colombia, Peru, Ecuador,
and Venezuela) for feeding babies and elderly people. The plant belongs to the
Apiaceae (syn. Umbelliferae) family, and it makes several storage roots which may

weigh from 0.3 kg to more than 1 kg per plant (Hermann, 1997). It is cultivated at an
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altitude of between 1500 to 3200 m from the North of Chile to Venezuela, but also in
the Southeast of Brazil (Hermann, 1997; Tapia and Fries, 2007). Yield may reach up to
20 t ha™ (Hermann, 1997). More recent yield estimates for Venezuelan cultivars were
2.7-22 t ha™ (Jaimez et al., 2008), and 7-8 t ha™ for arracacha both intercropped and
monocultured in Brazil (Heredia-Zarate et al., 2008).

Among the main nutritional properties of arracacha is the high starch content
(25%) (Table 1) and vitamins A, B and C (Hermann, 1997; Reyes-Garcia et al., 2009).
There is also a reported high content of Ca, P and Fe in arracacha roots (Herman,
1997; Espin et al., 2004; Monge, 2008), but in a recent study on mineral composition
made with samples collected in Bolivia and Peru, the content was not higher in this
species in comparison with mashua and yacon (Table 1). By cooking, arracacha roots
lose antioxidant compounds like phenolics and carotenoids. A short-time boiling
conserves these functional components better than cooking in electrical, gas or
microwave oven (Pedreschi et al., 2011). Arracacha may be used for starch extraction,
and arracacha starch properties provide particular uses in the food industry (Garcia
and Pacheco-Delahaye, 2010; Albano et al., 2014). In fact, the potential industrial use
of arracacha starch has led to a complete characterization of its physico-chemical and
rheological properties (Santacruz et al., 2002, 2003; Albano et al., 2014). The
arracacha starch has 17-21 % of amylose (depending on variety), which is lower than
the contents found in potato and mashua (Espin et al., 2004). It makes arracacha
starch highly digestible and thus a recommended energy supply for babies and elderly
people.

There is a significant variability in root dry matter and carotenoid contents in
arracacha (Hermann, 1997). The variation in carotenoid concentration shows that its
roots might be a potential dietary source of pro-vitamin A. The protein concentration in
the roots of arracacha is low, around 4-5% on dry matter basis (Hermann, 1997; Espin
et al.,, 2004). Although arracacha protein is easily digested, it presents a lack in some
essential amino acids like tryptophan, which reduces its biological quality (Espin et al.,
2004).

Crop History

It is believed that arracacha is the oldest plant cultivated in America. In Ecuador, it has
been cultivated since 500 BC (Estrella, 1988), and other references track its cultivation
back to pre-colonial times (Hodge, 1954) where it was found throughout the Inca
empire. The discovery of arracacha pollen in coprolites on the archeological site of
Guarmey in Peru set the crop at a time between 3,200-2,200 BC (Weir and Bonavia,
1985).

Traditional production and consumption
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Arracacha is cultivated by micro-producers (whose properties range from 0.5 ha
to 1.5 ha) both in Bolivia and Ecuador. Hermann et al. (1997) estimated from 1200 to
2400 ha, based on annual per capita consumption, while for Ecuador there were 340
ha of production at national level in 1995 (Barrera, et al., 2004). In Ecuador there are
white, yellow and purple varieties (Tapia et al., 2004). The crop of arracacha is
distributed in the inter-Andean region, with a greater diversity of ecotypes in the
southern provinces of Cafiar, Azuay and Loja (Mazo6n et al., 1996). The largest
commercial production occurs in Northern Ecuador in the provinces of Pichincha and
Tungurahua (Mazon et al.,, 1996; Espinosa et al.,, 1996). In Bolivia, arracacha is
produced in the inter-Andean valleys and tropical regions of La Paz and Cochabamba
between 1500-2500 m a.s.l. The greatest diversity however, can be found in the
Yungas region of La Paz, in the communities of Coroico (near the Amazon basin). Up
to ten different varieties have been reported such as yellow, white, green-yellow,
purple-yellow, white yellow, creamy among others (LATINCROP, 2017).

The vyield of the Ecuadorian arracacha collection (109 accessions) averages 8.4
t ha® (Mazon, 1993). In Intag (North Ecuador), arracacha is associated with legumes
such as peas (Espinosa et al.,, 1996). In San José de Minas, a white ecotype is
commercially sown in monoculture but when it is destined for self-consumption it is
associated with sambo, cabbage, cassava, peas, beans, corn, etc. (Espinosa et al.,
1996). Tapia et al. (1996) also found associations with cassava, sugarcane and tomato
tree for collections located between 1200 and 1300 meters above sea level. The crop
is also rotated with potato, maize, leguminous, etc. or interplanted (Hodge, 1954).

In Bolivia the cultivation of arracacha is associated with potato in furrows. It is
sown at the same time as potato, near the rainy season. Potato is harvested before
arracacha due to its shorter cycle (8 months). In the inter-Andean valleys, yacon and
mashua are also sown but cultivated mostly for self-consumption. Only when there is
surplus, it is sold or exchanged at local fairs. In lrupana and Coroico (Bolivian Yungas),
arracacha in monoculture occupies small plots and most of the production is intended
for commercialization at La Paz or Cochabamba city markets (LATINCROP, 2017).

In Ecuador, the urban consumption of arracacha roots is restricted to the main
cities such as Quito, Guayaquil and Cuenca (Mazén et al., 1996).

In Colombia, arracacha leaves are consumed in soups (Hodge, 1954). Several
recipes have been compiled to encourage consumption (Villacrés et al., 2002). The
trunks are consumed by pigs and leaves by cattle (Espinosa et al., 1996).

In Bolivia the consumption is traditionally greater near the end of the year where
it is used to accompany different New Year dishes with pork or fish. In Coroico different

dishes are prepared with each different variety of arracacha being the purple yellow
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and white cream varieties the most popular in the kitchen. In confectionery, the yellow
variety is used for its flavor and smell, which are very strong, for desserts. The boiled
roots are also consumed as a dessert after lunch or as a snack during the morning. In
other areas it is used in many dishes such as arracacha soups, stews and pastries or
as a replacement of potatoes.

Medicinal uses

There is a widespread belief that arracacha has medicinal properties for a
variety of uses such as post-partum applications to facilitate placental elimination
(Hermann et al., 1997; Tapia et al., 1996). In aboriginal medicine, the cooked and
crushed root is applied as anti-inflammatory and antiseptic poultice, and also holds
diuretic properties and anti-diarrheal (Estrella, 1988). The fresh roots juice makes a
mild purgative and when mixed with bread-crumbs produces a poultice used to
alleviate painfully swollen breasts (Hodges, 1954).

Yacon (Smallanthus sonchifolius)

The sweet and juicy yacon roots have a high water content and fructose
together with high concentration of fructooligosaccharides (FOS) (Grau and Rea, 1997,
Seminario et al., 2003; Espin et al., 2004; Coll Aréoz et al., 2014; Jiménez and
Samman, 2014). Traditionally, it has been used as a fruit (Grau and Rea, 1997,
Huaycho et al., 2016) while at present it is used for preparation of syrups, yoghurts, ice
creams and cakes (Seminario et al., 2003; Flores, 2010). The root weight per plant
ranges from 0.21 to 0.27 kg (Ramos Zapana and Arias Arroyo, 2010) and yacon root
yield vary from 28 to 100 t ha™ (Grau and Rea, 1997; Fernandez et al., 2006; Tokita et
al., 2015). In the Andes, yacon is grown mostly for peasants’ consumption from North
Argentina to Ecuador (Grau, 1997). It is becoming increasingly popular for its
nutraceutical properties in Asian countries (Japan) (Koike et al., 2007) and New

Zealand where it is being cropped commercially (Douglas et al., 2005ab).

In Table 1, the composition of yacon is presented in comparison with ahipa,
arracacha and mashua. The concentration of soluble sugars, glucose, fructose and
sucrose is high, and fructose clearly is the main stored sugar (Ohyama et al., 1990).
The concentration of soluble sugars and FOS, linear polysaccharides formed by (1-2)-
linked fructose units, depends on the accession, harvest time and postharvest
treatment (Fukai et al., 1997; Lachman et al., 2004; Chavarry Torres, 2007). In
comparison with arracacha and mashua, both of which mostly store starch, yacon

reserves carbohydrates as FOS with different degree of polymerization (DP) (Grau and
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Rea, 1997; Jiménez and Samman, 2014). A survey using yacon roots from diverse
origins found reduced variability in FOS accumulation, but a significant variation in the
concentration of mono- (glucose, fructose) and disaccharides (sucrose) (Hermann et
al., 1999). However, later reports have shown a significant variation in FOS content (6
to 65%) (Campos et al., 2012) and composition (low or high DP FOS) between
accessions (Dwivedi et al., 2014; Coll Araoz et al., 2014), which might provide the
sources of variation required for selecting particular traits. Yacon FOS is an inulin-type
of oligofructan mostly composed of fructans with low Degree of Polymerization (DP),
from 3 to 10 fructan units (Ohyama et al. 1990; Goto et al., 1995; Paredes et al., 2018).
Yacon roots have very low starch concentration and the amount of inulin, a fructan with
high DP, is rather low in comparison with Jerusalem artichoke (Helianthus tuberosus)
(Ohyama et al., 1990).

The tuberous yacon roots may be considered a functional food by its content in
FOS, a prebiotic which confers its functional properties, mostly related to the increase
of lactobacilli and bifidobateria in the gut (Miyaguchi et al., 2015), and the resulting
benefits for hyperglycemic and hyperlipidemic (high cholesterol) individuals. However,
it should be consumed in moderate quantities (Sabater-Molina et al., 2009; Aluko,
2012; Mentreddy et al., 2007; Ojansivu et al., 2011; Choque et al., 2013; Almeida et al.,
2015; Caetano et al., 2016). Side-effects like flatulence or diarrhoea might occur in
individuals with dietary fructose intolerance because of the high levels of this sugar
found in some yacon extracts. Interestingly, yacon leaves also present bioactive
compounds with antioxidant and antidiabetic properties (Villacrés et al., 2007; Russo et
al., 2015). The consumption of FOS has been related to a delay in gastric emptying
time which extends satiety feeling reducing the frequency or amount of food intake
(Aluko, 2012). An additional benefit of this lower nutrient transit is the reduction in
nutrient absorption rate and postprandial (= following the intake of a meal) glucose
levels (Aluko, 2012). Colon fermentation of FOS by the gut microbiota leads to the
production of short chain fatty acids which in turn acidifies and favours growth of
beneficial lactobacilli and bifidobacteria (Jimenez et al., 2015; Sousa et al., 2015b).
Further positive effects of including FOS in the diet are improvement of glucose control
in hyperglycemic individuals (Ludefia et al., 2004; Scheid et al., 2014; Gomes da Silva
et al.,2017), reduction in plasma cholesterol (Caetano et al., 2016) and increase in the
formation of healthy colonocytes (Aluko 2012; de Almeida et al., 2014). Evidence of
improvement in the immune system has been described in mice after yacon feeding
(Choque Delgado et al., 2012). In children, when yacon flour was introduced in their

diets, also led to an improvement in intestinal immune response but no effect in their
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nutritional status in iron and zinc (Vaz-Tostes et al., 2014), providing further support for
the prebiotic activity of yacon. In experiments with rats, no toxicity was observed when
feeding with up to 6.8 g FOS kg™ body weight day™* (Genta et al., 2005).

Further bioactive components in yacon roots are antioxidants found in its flesh
(and flour) (Campos et al., 2012; Jiménez and Samman, 2014; Sousa et al., 2015a).
The compounds found in roots with antioxidant properties are phenols, mostly
chlorogenic and caffeic acids, and in minor concentrations coumaric and
protocatechuic acid (Sousa et al., 2015a). The tuberous yacon roots require a hot
water treatment (blanching) to inactivate peroxidases and polyphenol oxidases for
improving the quality (in terms of colour and antioxidant content) of derived flours
(Campos et al., 2016). Dehydrated yacon leaves are recommended for preparation of
infusions with antioxidant and antidiabetic properties (Villacrés et al., 2007; Andrade et
al., 2014; Russo et al., 2015). The concentration of antioxidant phenols and flavonoids
in the yacon leaves varies depending on the cultivars (red or white), the leaf age and
the extraction process (Khajehei et al., 2017).

Crop History

Yacon roots have been cultivated since pre-Columbian times in the Andean region
(Estrella, 1988). It is believed that the Incas brought the species to Ecuador prior to the

Spanish conquest (Grau and Rea, 1997, Hermann, 1997).
Traditional production and consumption

In both Ecuador and Bolivia, its production is not found in national statistics
since it is grown mainly for self-consumption. Barrera et al. (2004) indicated that yacon

production has been reduced to the point that it is almost lost in the farms.

In Ecuador yacon is cultivated in several provinces of the Andes mostly in Loja,
Azuay, Cafiar and Bolivar (Hermann, 1997). In Ecuador yacon can produce between
30 to 70 t ha™ (NRC, 1989, Grau and Rea, 1997) and 3 morphotypes have been
described: purple, dark green and light green (Tapia et al., 2004). Yacon can be found
associated with other indigenous crops typical of this altitude, such as melloco, mashua

and oca (Barrera et al., 2004).

In Bolivia, the production of yacon takes place mainly in the inter-Andean
valleys, being cultivated mainly for self-consumption in specific communities of the
municipalities of Charazani, Curva, Mocomoco, Sorata, Irupana and Coroico

(department of La Paz, Bolivia). The production of yacon is marginal and done annually
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or biennially according to the traditions of the producing communities in association
with other crops such as maize and arracacha, but also in borders and empty spaces
of family gardens (LATINCROP, 2017)

In Ecuador and Bolivia, yacon is traditionally consumed peeled fresh, after a
process of "sweetening" that is sun exposure, which increases the fructose content
from 2.4% to 21% (Estrella, 1988; Grau and Rea, 1997; Barrera et al., 2004). In some
places in Ecuador it is consumed on the day of the dead (NRC, 1989). Another
potential use of the species is forage; cattle can be fed with stems and leaves, which
contain between 11% and 17% protein (Barrera et al., 2004; Hermann, 1997).

Medicinal uses

In Bolivia yacon is commonly consumed by diabetics and people suffering from
digestive problems. Properties to treat kidney problems and skin-rejuvenating activity
also have been mentioned. Medicinal (antidiabetic) properties have been attributed to

yacon leaves (Grau and Rea, 1996; Tapia et al., 1996)

The essential oil from the leaves of yacon was isolated and twenty-one
chemical constituents were identified, their amounts accounted for 96.2% of the total
composition (Li et al., 2009). Leaves extracts can be used in prevention and treatment
of chronic diseases involving oxidative stress, particularly diabetes (Valentova et al.,
2004).

Ahipa (Pachyrhizus ahipa)

Ahipa is another tuberous-root producing crop which is mostly consumed fresh as a
fruit (Grau, 1997; Sorensen 1996) but also is an alternative source of gluten-free starch
(Doporto et al. 2011). The crude protein content is higher (3.2%) than in arracacha,
yacon and mashua (Table 2). Ahipa roots may be peeled like a banana or eaten with a
spoon. Its sugar content is high compared to yacon (28-47%) (Table 1) mostly after
exposing roots into the sun (Rodriguez et al. 2017) and composed by sucrose and
glucose (E.O. Leidi, unpublished). Other nutrients such as low fat and 20-25 % dietary
fiber make ahipa an adequate source of functional components in the diet with the

advantage of low anti-nutrient content (Dini et al. 2013).

The starch content in ahipa roots reaches 44-65% (Dini et al., 2013) and being a
gluten-free product makes it a suitable functional food ingredient for people affected by
celiac disease (Lopez et al. 2010; Doporto et al., 2011). It may be used in yoghurts with

dietary fiber, for making juices and fermented beverages, and because of the sugars
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quality is recommended as food product to combat glycemia (Doporto et al. 2013;
Ramos de la Pefia et al. 2013;). Mineral contents in ahipa roots are similar than in
arracacha, yacon and mashua (Table 1). In the city of Tarija (Southern Bolivia), is
common to find fresh ahipa root juices offered in the urban markets (Rodriguez et al.
2018).

Crop history

The species was cultivated by the Incas since pre-Columbian times as well as other
indigenous inhabitants of the coast of Peru (Ugent et al. 1986; Sgrensen 1996). Ahipa
has been represented in textiles, pottery and paintwork found in Paracas (Peru)
(Yacovleff and Muelle, 1934; Towle, 1952; Ugent et al., 1986) and also in Nazca
embroidered textiles (Brucher, 1977; O’'Neale and Whitaker, 1947). However,
nowadays ahipa in Peru is misunderstood with “ashipa” as common name of P.
tuberosus, which is cultivated in the tropical region of Peru (Guillen and Roldan 2014).
In Bolivia, ahipa was first described by Weddell (1857) after his visit to La Paz city.
Scarce presence in the northern region of Argentina and southern Bolivia was reported
by Campos (1888) and Parodi (1935, 1936). Later, Cardenas (1989) and Rea (2004)
recorded ahipa cultivation in the inter-Andean rural communities of La Paz,

Cochabamba, Chuquisaca and Tarija.
Traditional production and consumption

Ahipa is traditionally cultivated in Bolivia and was for the first time included in the last
agricultural census report (INE, 2015). Nevertheless, the production at national level in
Bolivia is low and small farmers are the custodians for the in-situ conservation of ahipa.
In the inter-Andean valley rural communities of La Paz, Cochabamba, Chuquisaca and
Tarija, farmers grow ahipa in traditional polyculture systems (Rodriguez et al. 2017).
Ahipa is cultivated in the southern part in Chuquisaca and Tarija in Pilaya River
communities (68 t ha™). In contrast in other communities the production of ahipa is
small below of 40 t ha™ (Rodriguez et al. 2018) and combined with other traditional and

cash crops, which shift ahipa cultivation in a way to be less cultivated every year.

Refreshing tuberous ahipa roots are traditionally used every year in the
southern Bolivian region of Tarija in the Catholic festivity of ‘Corpus Christi’. This
celebration gathers urban and rural inhabitants and Ahipa is the main food product.
Due to its swollen root shape, the people make a cup hollowing out the pulp with a
spoon, and it is decorated with little white flowers, and filled with sweet wine or “chicha

de uva”. This traditional celebration symbolizes the “Blood of Jesus Christ’. In rural

10
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households, people are used to eat ahipa pealed as a banana or cut and eat with a

spoon.
Medicinal uses

Its consumption relies by the good taste of the root as an apple and on its curative
values. The ahipa juice consumption is recommended to drink at midday after the lunch
for treatment of digestive problems (stomach ulcers, gastritis) and kidney problems.
Ahipa root slice can be included in salads, which is recommended for stomach

treatment.

Mashua (Tropaeolum tuberosum)

Isafio or mashua are the common names for another Andean root crop that
should be considered a functional crop containing compounds with nutraceutical
properties (Grau et al., 2003; Lim, 2016). It is cultivated from Bolivia to Colombia at
altitudes ranging 1500-4200 meters above sea level where it shows cold tolerance
(Tapia and Fries, 2007). The tuberous mashua root is a storage organ with a high
carbohydrate and sugar content (Table 1), but it also contains other compounds which
confer its significant value in folk medicine and pharmaceutical research (Vig et al.,
2009; Traka and Mithen, 2009; Aruquipa et al., 2017). It has a significant concentration
in vitamin C, antioxidants and glucosinolates (Cadima et al., 2003; Grau et al., 2003;
Campos et al., 2006; Ortega et al., 2006). Glucosinolates are degraded into
isothiocyanates, compounds, which hold antifungal, antibacterial, antioxidant and
anticarcinogenic activities (Vig et al., 2009). In vitro assays have confirmed the
antifungal properties of p-methoxybenzyl glucosinolate isolated from Colombian
mashuas (Martin and Higuera, 2016). The product of glucosinolate hydrolysis,
isothiacyanates, have significant bioactivity as antibiotic, nematicide, and
anticarcinogenic (Vig et al., 2009; Traka and Mithen, 2009). The characteristic piquant
flavor of mashua is produced by p-methoxybenzyl isothiocyanate (Grau et al., 2003).

This characteristic makes the mashua culture resistant to pests (Grau et al., 2003).

Its traditional use as libido reducing agent (= “anti-aphrodisiac’) has been
documented and called “anti-maca” (Grau et al., 2003; Schjellerup 2005; Aruquipa et
al., 2016). Hence, many Andean men recommend it for women while refusing to take it
themselves (National Research Council, 1989). Experiments with male rats fed
with mashua showed a 45% drop in testosterone (Fuccillo et al., 2007). Also in rats,

mashua extracts led to a reduction in testicular function (lower number of spermatids

11
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and epididymal sperm) but no change in serum testosterone levels (Cardenas-Valencia
et al., 2008). Other recommended use is for treatment of renal, liver and skin disorders
(Cadima et al., 2003). When the Incas conquered new lands, the soldiers should carry
on mashua tubers so they ‘would forget about their women’ (Schjellerup, 2005).

The content of starch and sugars in tuberous mashua roots is high, but variable
(Table 1), and probably affected by factors like genotype, growth conditions, maturity at
harvest and postharvest treatment. A study of food and industrial properties of mashua
starch showed it would be more easily digested than starches from oca and papalisa
(Valcarcel-Yamani et al., 2013). The tuberous mashua root has a remarkable
concentration of natural antioxidants like phenolic compounds (among them,
anthocyanins) and carotenoids (Campos et al., 2006; Chirinos et al., 2006; Salluca et
al., 2008). Phenolic compounds from mashua tuber resulted effective as as an
alternative source of natural antioxidants by the oil industry (Betalleluz-Pallardel et al.,
2012).

Postharvest treatment not only affects carbohydrate composition but also the
content in phenolic compounds and hence, the antioxidant properties of the tuberous
roots (Chirinos et al., 2007). In comparative studies with other Andean root or tuber
crops (arracacha, melloco, miso, oca, yacon), mashua showed the highest

concentration in vitamin C and pro-vitamin A (Espin et al., 2004).

Tuberous root yields may be very high, up to 70-80 t ha™* in experimental crops
in diverse agroecological conditions of Ecuador and Bolivia (Barrera et al., 2004;
Gonzales et al., 2003), although normally commercial crops do not exceed 5-15 t ha™
(Grau et al., 2003; Tapia and Fries, 2007). In the region of Puno (Peru), the mean yield
for the period 2001-2010 was 6.7-7.2 kg ha™ and annual production of 6.4 metric

tonnes (Direccién de Informacion Agraria, 2012).

Among the species presented in this review, mashua presents a relatively high
iron and zinc concentration which might be useful for supplementing the intake of these
nutrients considered deficient in many countries including both developed and

developing ones (Cakmak et al., 2017).
Crop History

Before the Inca conquest, the Puruhdes of Ecuador ate "majuas" (Estrella,
1988). In 1582 appears the first chronicle on the use of afu (isafilo or mashua) in
Cuenca (Ecuador) (Hodges, 1946). Natives of Alausi (Chimborazo) already planted

mashuas with potatoes, corn and mellocos in 1592 (Estrella, 1988).
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Traditional production and consumption

In Bolivia and Ecuador, this crop is not found in national statistics since it is
generally used for self-consumption. Grau et al. (2003) estimated an area of production
in the Andes of Ecuador of around 50 ha. Yields above 70 t ha™ have been
experimentally recorded (Barrera et al, 2004; Grau et al.2003). The INIAP mashua
collection (Ecuador) holds 78 accessions with distinctive morphological and agronomic
traits (Tapia et al., 2004). The Bolivian mashua germplasm collection keeps 75

accessions that are in the characterization stage (LATINCROP, 2017).

Mashua is interplanted with potato, oca, ulluco, faba bean, quinoa, tarwi
(Andean lupin), barley, broad bean, maize or squashes. In any case, mashua is seldom

monocropped in plots exceeding 2000 m? (Grau et al., 2003).

In Bolivia, the production of mashua is carried out in the highlands, in plots in
high places or on the slopes of the communities, these production areas have greater
slopes. It is distributed in the altiplanic regions where it is considered as a marginal
crop that is planted in small quantities and for self-consumption, along with other tubers
such as potatoes, oca and papalisa. The sowing is carried out from August to
September and the harvest is carried out from May to June. The cycle of production of
mashua is about a year, where you can also harvest from 9 months onwards

depending on the planting period.

Mashua grows in adverse circumstances of irrigation, diseases and soil
nutrients, it is a crop that serves as a fitosanitary barrier for potatoes. Precisely
because of this and also because of its high resistance to frost, the crop is cultivated in
association with potato and oca. Mashua crops are effective controllers in the incidence
of an Andean beetleand it is frequent to find it in plots or furrows combined with other
crops to reduce the attack of insects. In Bolivia, it is traditionally planted in rotation
systems with other crops: the first year potatoes, the second year oca, papalisa and
isafio; the third year faba or peas, the fourth year barley or oats for the feeding of
cattle; and to close this cycle, tarwi (Lupinus mutabilis) is sown in the fifth year
(LATINCROP,2017).

The widespread Andean practice of exposing tubers and roots to direct sunlight
is also used for mashua (Grau et al., 2003). Mashua can be used as a component in
many dishes, ranging from soups and stews to desserts. Boiling causes the

isothiocyanates to hydrolyse, eliminating cyanide and improving taste (Grau et al.,

13



©CO~NOOOTA~AWNPE

2003). Agroindustrial processes for the production of chips have been developed
(Villacrés et al., 2016).

Medicinal uses

Mashua diets are reputed to have beneficial effects on liver and kidneys
(Hodge, 1946; Barrera et al., 2004; Cadima, 2006) and to alleviate prostate,
blennorrhagia and other sexually transmitted diseases (Cadima, 2006). Tapia et al.
(1996) list several Ecuadorian accessions with collector information on medicinal uses

for the treatment of tonsillitis, and postpartum conditions.

According to traditions recorded by the sixteenth century chroniclers, the Inca
fed mashua to their troops ‘so that they would forget their women’ while on military
operations (Patifio, 1964, citing Padre Bernabé Cobo; Johns et al.,, 1982). The
chronicler Garcilaso affirms that the Indian gallants could frustrate this influence
"holding a stick in the hand while eating the tubers" (Hodges, 1946), also Grau et al.,

(2003) reported the use of mashua by people with diabetes or for skin ailments.
Other uses

Mashua’s aggressive growth makes it a very good ground cover, adequate for
soil protection on the steep slopes of the Andes (Grau et al., 2003). Peasants in
Ecuador feed mashua tubers to pigs, but it would be counterproductive with donkeys
(Grau et al., 2003; Cadima, 2006).

Concluding remarks

There are several factors contributing to the loss of biodiversity in the species
considered in the present review. Socioeconomic factors like reduced market prices,
changes in food habits and consumer preferences, and difficult access to markets have
led to a gradual reduction of their production (Tapia et al., 2004). It is of paramount
importance to increase the number of plant species, which provide food worldwide in
order to improve food security (IPGRI, 2004; Jacobsen et al., 2013). However, it is not
only a matter of food security: maintaining richness of plant genetic diversity under
cultivation make ‘farming, social and economic systems more resilient to the effects of

climate change’ and is an important ‘livelihood asset for the rural poor’ (FAO, 2012).

Andean root and tuber crops are not only a source of functional elements in the
diet but important and complementary resources of energy, protein and minerals.
Although local peasants in the highlands of Bolivia, Ecuador and Peru still cultivate and

consume these roots and tubers, the crops are receding because of numerous and
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complex reasons; from change in the food habits of new generations, to difficulties to
reach the markets. Probably, awakening the international attention in combination with
culinary promotion and developing more research on their properties as functional
nutrients will preserve this rich heritage and in the long run will provide better economic

incomes to the local population in the Andes.
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Table

Table 1. Nutritional analysis of Andean roots and tubers (%, dry matter basis).
Significant variation might be attributed to genetic diversity but differences in sample
treatment (e.g. analysis on peeled or whole storage organs) are also sources of

variation in contents.

Arracacha  Yacon Ahipa Mashua
Dry matter 9-24 9-14 15-21 7-20
Protein 0.7 2.8 3.2 1.5
Lipid 0.3-05 0.3-0.6 0.4-0.6 0.7-0.9
Starch 49-86 0.4-2 35-54 20-80
FOS* 0 38-64 0 0
Sugar 4-15 11-29 28-47 7-55
Fiber 1.1-47 3.9-42 4.4-25.9 0.9-6.9
Ash 1.0 2.8 3.8 0.6

*, FOS: fructooligosaccharides

Sources: Reyes Garcia et al. 2009; Hermann, 1997; Ramos Zapana and Arias Arroyo 2010; Hermann et
al. 1999; Espin et al. 2004; Dini et al. 2013, Campos et al., 2012; FAO Infoods 2013; Inga Guevara et al.,
2015.



Table 2. Mineral contents in Andean roots and tubers collected from diverse locations

in Bolivia and Peru (for each species, averages made across varieties and locations

available for analysis. arracacha, n=3; mashua, n=11; yacon, n= 7: ahipa, n=10).

Arracacha Yacon Ahipa* Mashua
N (%) 0.45+0.01 0.36 = 0.07 0.32+0.08 1.45+0.11
P (%) 0.25+ 0.06 0.22+0.01 0.14 +0.03 0.27 £0.03
S (%) 0.08 + 0.002 0.05 + 0.01 0.00 + 0.00 0.41+0.03
K (%) 1.35+0.17 1.51+0.17 1.07 £ 0.15 1.51 +0.08
Ca (%) 0.06 + 0.01 0.13+0.01 0.13+0.04 0.09 £ 0.02
Mg (%) 0.05 = 0.002 0.07 £ 0.009 0.08 £ 0.03 0.14 £ 0.005
Fe (ppm) 14.9+1.9 20.4+3.2 8.0+ 2.49 53.7+ 8.4
Zn (ppm) 6.7+1.1 123+1.1 16.7 +5.14 285+2.1
Mn (ppm) 2.8+0.6 10.8+1.2 1.6 +0.66 13.1+1.3
Cu (ppm) 23101 57+0.3 8.5+3.11 48+0.4

Source: Latincrop, Analytical Services, IRNAS-CSIC



Table 3. Summary of beneficial properties and common uses of arracacha, yacon,
ahipa and mashua according to popular and present knowledge in the countries of

origin.

Arracacha Easily digested starch, appropriate for babies, elderly and | Villacrés and Ruiz
reconvalescents. It may enrich flavour and nutritional properties | 2002; Nestle, 2010;
(vitamin A) for preparing purees, drinks, cookies and cakes. FAO, 2013;

MeltingPot, 2017

Yacon Source of dietary fibre (fructooligosaccharides), antioxidants and | Scheid et al., 2014;
sweeteners with favourable properties to individuals suffering | Villacrés et al., 2007;
hyperglycemic or hyperlipidemic disorders. Used for the | MeltingPot, 2017
preparation of chips, juices, syrups and desserts.

Ahipa Source of high quality starch gluten-free for flours, sucrose, | Lopez et al., 2010;
magnesium and iron, it can be used as an alternative food | Dini et al.,, 2011;
component to combat glycemia. Ahipa root juice is consumed | Doporto et al., 2013;
directly or the root pealed like banana and eaten.

Mashua Traditionally considered antibiotic and antinflammatory, probably | Aruquipa et al. 2017;

due to its high content in glucosinolates, used for treating kidney
and prevent prostate cancer. It can be used for drinks, soups,
cakes and ice-creams.

MeltingPot, 2017




Table

Supplementary Table. Common or vernacular names of the Andean root and tuber
crops considered in this review (for a wider list of local names, see: Hermann, 1997;

Lim, 2015).

Scientific name

Vernacular (local) name

Arracacia xanthorrhiza Bancr

Tropaeolum tuberosum Ruiz & Pav

Pachyrhizus ahipa (Wedd.) Parodi (Wedd

Smallanthus sonchifolius (Poepp.) H.Rob

Perl: Arracacha

Ecuador: Arracacha, zanahoria blanca
Bolivia: Arracacha, racacha
Per(: Mashua, Afiu

Bolivia: Isafio

Peru: Ahipa

Ecuador: n.k.

Bolivia: Ajipa, willo

Peru: Yacon, Llacon
Ecuador: Yacon, Llacon
Bolivia: Yacon, Aricoma
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Figure 1. Tuberous roots of yellow arracacha (Pictures: L.A. Choquechambi and
Katrine Mohr)
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Figure 2. Field grown yacon and tuberous roots and corms of white yacon (Pictures:
I.R. Callisaya).



Figure 3. Plants with tuberous root of ahipa and dull black and yellowish white/black

mottled seeds and pods (Pictures: J. P. Rodriguez).



Figure 4. Plants of mashua growing in the field and tubers of different mashua
varieties. (Pictures: E.O. Leidi)
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