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1  Introduction

The name avocado originates from the Aztec word “Ahuacatl” and “ahoacaqua-
huitl”. Ancient Aztec, Olmec and Maya cultures praised avocado as one of the ‘gifts 
of God’. The prehistoric fruit was under cultivation in North, South and Central 
Americas for thousands of years. From there, avocado dispersed to Europe and the 
rest of the world. Seed remains found in ancient human settlements in the Tehuacan 
Valley suggest that the avocado could have been used as early as 8000–7000 BC 
and possibly domesticated at least 5000 BC by Mesoamerican groups (Smith1966, 
1969).	The	most	ancient	evidence	of	 the	use	of	 the	avocado	tree	( Persea Ameri-
cana; Lauraceae) in Mesoamerica is about 10,000 years ago, in Coaxcatlan, Puebla 
(Mexico) (Knight 2002; Galindo-Tovar et al. 2007; Landon 2009).

1.1  Avocado History

The	 avocado	 ( Persea gratissima or P. americana) gets its name from the Latin 
American Nahuatl word ahuacatl meaning  “testicle,” an obvious reference to the 
shape of the fruit. It was discovered in Mexico approximately 291 BC. The more 
easily-pronounced name of avocado is attributed to Sir Henry Sloane, who created 
it in 1669. The word itself first appeared in American print in 1697 (Galindo-Tovar 
et al. 2007). Early Spanish explorers discovered the Aztecs enjoying avocados, but 
it was long considered a tasteless food. The Aztecs also used avocados as a sexual 
stimulant. It was the Spanish explorers who brought the avocado to the English.
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The first Florida crops are credited to horticulturist Henry Perrine who planted 
groves in 1833. However, avocados did not become a commercial crop until the 
early 1900s (Knight and Campbell 1999; Knight 2002). Except in California, Flor-
ida and Hawaii where they were commonly grown. In early 1950s, the avocado 
became accepted as a salad item and consumption became more prevalent (Scora 
et al. 1970).

The diversity of the avocado has also been known since pre-Hispanic times. 
Benavente, in his “Historia de los Indios de la Nueva España” ([1536] 2003), made 
a distinction among different avocado types: “the ones common in all this land 
and all the year, are like early figs. Other avocados are as big as large pears and 
are as good as best fruit in the New Spain (Mexico). There are others as big as a 
small pumpkin; ones with a big seed and little flesh and others with more flesh”. 
Sahagún ([1570] 2002) also described three different types of avocado: the ahua-
catl or ahuacacahuitl has dark green leaves and the fruit is black in the outside and 
white and green in the inside; the tlacazolahuacatl is like the former but bigger; 
and the quilahuacatl is green in the outside and very good to eat. Other chroniclers 
not only described the different avocado types but situated them geographically 
(Galindo-Tovar et al. 2007). Friar José Acosta, in 1590, in his “Historia Natural y 
Moral de las Indias” differentiated between the Mexican avocado and the one from 
Peru. He described the avocados from Peru as big fruits with a hard shell that peels 
easily and the ones from Mexico as mostly small with a thin shell that peels like an 
apple (Acosta [1590] 1985). These descriptions agree, respectively, with the West 
Indian and Mexican avocados described by Bergh and Ellstrand (1986). It is also in-
teresting the way Friar Bernabé de Cobo, in his book “Historia del Nuevo Mundo” 
([1653] 1956), described three different avocado types: “The palta in Yucatan is a 
tree of very attractive appearance, of the size of a large fig tree; its leaf is similar to 
that of the mulberry and its fruit is one of the finest in the Indies; in some regions 
it becomes as big as a small squash or large citron. The palta has a thin skin, more 
tender and flexible than that of a Ceuta lemon, green externally and when the fruit 
is quite ripe, peeling readily. It has large seed, either in the Indies or Europe, spindle 
shaped, a reddish white substance, tender like the meat of a chestnut and covered 
with a grayish parchment. It has the flavor of bitter almonds and when pressed it 
yields an oil like that of the almond. Between the seed and the outer skin is the 
meat, slightly thicker than one’s finger except at the neck where it is very thick. 
It is of whitish green color, tender, buttery and very soft. Some people eat it with 
sugar or salt, others just as it comes from the tree, it being of such good flavor that 
it requires no seasoning. And although it is very pleasant to taste, it should be eaten 
in moderation because it is considered to be heavy and indigestible. The best paltas 
come from hot, dry regions; in Peru they grow in the Valley of Lea. A second kind 
of paltas is a large, round one that is produced in the province of Guatemala and 
which does not have as smooth skin as the first. The third is a small palta found in 
Mexico, which in size, color and form resembles a breva fig (first fruit of the fig 
tree); some are round and others elongated, with skin as thin and smooth as that of a 
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plum. In some regions they cut the immature Palta in small bits and put it in brine, 
to take the place of olives. The tree wood is useful in building and for fuel”. These 
avocado descriptions also resemble the ones made by Bergh and Ellstrand in 1986: 
the palta in Yucatan would be the West Indian avocado; the second kind of palta the 
Guatemalan type; and the third the Mexican type. Current varieties and rootstocks 
for avocado cultivation in the world are the products of various breeding programs 
based on exploration, collections, conservation and evaluation trials throughout 
their regions of origin and dispersion, (Mijares and López 1998; Knight 2002). In-
deed, many modern commercial plantings are new varieties and cultivars, obtained 
by hybridization of various materials collected in Mexico and Central America. The 
description of avocado cultivars, methods of vegetative propagation, cultivation and 
varietal improvement are well documented (Knight 2002; Lahav and Lavi 2002).

1.2  Origin and Distribution

The genus Persea belongs to the Lauraceae family, one of the oldest known flower-
ing plants. At present, about 81 species of Persea are recognized as valid. Most of 
the Persea species originated in the New World, but P. indica apparently originated 
in the Canary-Madeira-Azores islands. Some species originated in Southeast Asia. 
Persea has been divided further into subgenus Persea (includes P. americana, the 
commercial avocado) and subgenus Eriodaphne (a group of species of which most 
are immune to avocado root rot, but unfortunately are graft incompatible to avo-
cado). Nearly all have tiny fruits lacking palatable flesh (Kopp 1966; Storey et al. 
1986). Nearly all species within the genus Persea are native to the Americas (Kopp 
1966). The species are scattered from northern Mexico through the southeastern 
United States, east through the West Indies, south through Central America, Colom-
bia, Venezuela, the Guyana’s and Brazil as well as Ecuador, Peru, Bolivia and Chile. 
How	one	 species	 ( P. indica) got to the Canary, Madeira and Azores Islands and 
how several Persea got to southeastern Asia, is not well understood (Kopp 1966; 
Williams 1976; Bergh and Ellstrand 1986; Scora and Bergh 1992; Landon 2009). 
From its natural habitat it has spread worldwide to almost all tropical and subtropi-
cal regions of the world. Plant distribution and taxonomic evidence are compatible 
with the assumption that the avocado originated in south central Mexico or nearby 
region (Storey et al. 1986). Speciation has occurred mainly in the highlands, moun-
tain regions of Mexico and Guatemala (North of Guatemala City and Antigua). 
Distribution of wild species of Persea americana expands from the Mexican high-
lands, through the lowlands of Central America (e.g. Guatemala and Costa Rica) 
(Popenoe and Williams 1947; Ben-Ya’acov et al. 2003; Knight 2002) (Fig. 1). Sys-
tematic botanists and ethnobotanists agree that the avocado was unknown off the 
continental mainland before discovery of the New World by Columbus. None of the 
early chroniclers of voyages in the West Indies mentioned it and the various tribes 
of Amerindians inhabiting the islands had no native name for it.
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Three main proposed centers of origin (center of biodiversity) for cultivated 
avocado i.e. Mexican center, Guatemalan center and the hot and humid lowlands 
of Central or northern South America center (Popenoe 1934; Storey et al. 1986; 
Galindo-Tovar et al. 2007; Chen et al. 2009).

1.3  Mexican Center

The primary gene center for Persea americana comprises the central highland re-
gions of Mexico. The important species originating from this tract are P. drymifolia, 
P. flocossa, P. floccosa, tolimanensis and P. zentmyerii. Most of the Mexican avoca-
do cultivars/varieties belong to P. drymifolia which were domesticated from wild P. 
americana found in México (Kopp 1966; Scora et al. 1970). However, the progeni-
tors of these avocado varieties probably migrated from west Gondwana, Southern 
hemisphere (Scora and Bergh 1992; Galindo-Tovar et al. 2007; Landon 2009). The 
Mexican race, P. americana var. drymifolia, is thought to be the primordial race of 
commercial avocado.

Fig. 1   Centers of origin for the three avocado subspecies (races)
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1.3.1  The Mexican Race

There are no pure Mexican varieties grown commercially for fruit in California 
(Bender 2012). However, genes from the Mexican race are important components 
in the Mexican-Guatemalan hybrid cultivars such as ‘Hass’ and ‘Fuerte’. Two im-
portant traits from the Mexican race were passed on to the hybrids. These are the 
addition of more cold hardiness to the Guatemalan race and move on the harvest 
season of the Guatemalans by half a year (Popenoe 1919). This is the hardiest type 
in cultivation and presently the only one in California that ripens during late fall 
and early winter. It was introduced to California from Mexico, where it appears 
to be by far the common and abundant type. Some varieties have unusually rich 
flavor and excellent quality; in others there is an objectionable amount of fiber in 
the flesh. The oil content runs as high as 33% and averages considerably higher 
than other types. The tree (Fig. 2) usually growths vigorously and is, very resilient, 
withstanding in some instances temperatures as low as 18° or 20° without injury. 
Because the fruits are usually under one-half pound in weight, the tree is able to 
carry an immense number of them, 4000 sometimes being produced in a single 
crop. The fruits are usually oval or pear-shaped, ranging from 3 to 10 ounces in 
weight and green or dark purple in color. The skin is about as thick as that of an 

Fig. 2   Avocado trees at the USDA National Germplasm Repository gene bank in Miami, FL
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apple. The seed is sometimes loose in the cavity, with loose seed coats. The plant 
and fruits are characterized by an anise-like odor. If picked at the proper time, 
fruits of this type can be shipped reasonable distances without difficulty, but they 
do not hold up so well in market as do the thick-skinned. They are excellent fruits 
for home use, and because they ripen at a season when no other type is available 
in the market, they are commercially attractive. The tree comes into bearing earlier 
than other types, sometimes at 2 or 3 years from seed, and in the case of budded 
trees, usually within 2 years. Seeds from the Mexican race of avocado have been 
used as rootstocks in California since the beginning of the industry. Nurserymen 
like the big seeds and fast-growing qualities and growers have found that Mexican 
rootstocks usually have better and more consistent production than the Guatema-
lan and West Indian rootstocks. Of the three races, Mexican seedling rootstocks 
perform best in the colder soils. Mexican rootstocks are the least tolerant to soil 
salinity. There are no pure Mexican varieties grown commercially in California 
or Florida (Bender 2012; Crane et al. 2013). However, genes from the Mexican 
race are important components in the Mexican-Guatemalan hybrid cultivars such 
as ‘Hass’ and ‘Fuerte’ (Bender 2012). Two important traits from the Mexican race 
are imparted into the hybrids. These are the addition of more cold hardiness to the 
Guatemalan race and advancing the harvest season of the Guatemalans by half a 
year (Bergh and Ellstrand 1986; Bender 2012).

1.4  Guatemalan Center

This center includes Guatemalan mountains tracts and lowlands. P. nubigena and 
P. nubigena var guatemalensis, belong to this center (Popenoe 1935; Storey et 
al.1986). The Guatemalan race apparently developed in the highland region of Gua-
temala north of Guatemala City and Antigua (Popenoe 1917).The Guatemalan race 
of avocado is native to the highlands of Central America and is less cold tolerant 
than the Mexican race. Their leaves have no anise scent, and the young foliage is 
often reddish. The seed is almost never loose in the cavity. A characteristic of the 
Guatemalan race is the much longer time to fruit maturity (compared to the other 
races). Guatemalan cultivars such as ‘Nabal’ and ‘Reed’ may take 15 months or 
more from bloom to maturity (Bergh and Ellstrand 1986). Historically, this charac-
teristic was used in California to advantage to stretch out the harvest season: hybrids 
with strong Mexican traits are harvested in the winter; Guatemalan cultivars such 
as Reed, Nabal, Dickinson, Queen and Anaheim are harvested 6–9 months later, 
in the summer; and Hass (a mostly Guatemalan hybrid) fills in between the two 
seasons (Bender 2012). A disadvantage to the Guatemalan cultivars is their thicker, 
woody skins (not all cultivars have this trait). One of the problems with the thick 
skins is that the consumer cannot tell when the fruit had softened enough for eating 
(Popenoe 1935; Schieber and Zentmyer 1980); (Bergh and Ellstrand 1986). The 
hard-shelled ‘Dickinson’ cultivar is tested for softening by inserting a toothpick into 
the stem end of the fruit (Bender 2012). The rigidity of the peels does not allow easy 
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peeling; peels are “chipped-off” instead of peeled. The popular ‘Reed’ cultivar has a 
thinner skin, but is still very shell-like (Popenoe 1935).

1.4.1  The Guatemalan Race

Commercially, this is doubtless the most valuable type cultivated in California and 
is the most extensively planted variety, which is peculiar in that it carries its fruits 
through the winter and into the following summer, thus requiring 12–16 months 
to ripen (Bender 2012). While the Mexican type blooms in winter and ripens its 
fruits the following summer and the West Indian type blooms in spring and rip-
ens its fruits in summer, the Guatemalan type blooms in late spring and hold its 
fruits over the following winter, sometimes as late as September and October of 
the following year (Bergh and Lahav 1996). The varieties of this type cultivated 
in California ripen from February to September. For fall and early winter other 
cultivars must be grown, unless afterward, cultivars of the Guatemalan type which 
will extend the season are acquired (Bender 2012). The California representatives 
of this type originated in Guatemala and in Southern Mexico, mainly in the vicinity 
of Atlixco, state of Puebla, Mexico, at an altitude of nearly 6000 ft above sea level 
(Popenoe 1919, 1935; Bergh and Lahav 1996). A large proportion of the varieties 
that originated in California came from seeds imported from Atlixco by John Mur-
rieta of Los Angeles about 1900. Mr. Murrieta’s work has had a more profound 
influence on California avocado culture than any other. Because of the Mexican 
origin of numerous Guatemalan varieties, some think this name to be inappropriate 
(Popenoe 1915). Inasmuch as these thick-skinned Mexican varieties belong to the 
Guatemalan type, however, they should certainly be called by this name, as it serves 
to show their relationship to other varieties of the same type. The characteristics 
that distinguish this type from the others are consistent, although it is sometimes 
difficult to distinguish one of the thinner skinned Guatemalan fruits with an almost 
smooth surface from a fruit of the West Indian type (Popenoe 1920, 1935). When 
the surface of the skin cannot reliably identify a fruit, the Guatemalan can usually 
be distinguished by the color of the fruit and by the character of the seed and its 
coats (Popenoe 1919, 1935; Bergh 1975). The tree is easily distinguished from that 
of the Mexican type by the absence of anise like fragrance in the leaves (Popenoe 
1935; Kopp 1966; Bergh 1975; Bergh and Lahav 1996). The type seems to be about 
equidistant in hardiness between the West Indian and the Mexican. There is a slight 
difference in toughness among the different Guatemalan cultivars. The fruits of this 
type have a thick skin that is often woody and brittle. The surface is usually rough, 
sometimes covered with wart-like protrusion around the base, but in a few cases 
almost smooth. The flesh is usually free from fiber and of good flavor. It is scarcely 
as rich and oily as the average fruit of the Mexican type, but is very pleasant and 
satisfactory overall. The seed is usually not large in proportion to the size of the fruit 
and is almost never loose in the cavity (Popenoe 1919, 1935; Bergh 1975; Bergh 
and Lahav 1996; Nakasone and Paull 1998; Ospina 2002; Janick 2005).
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1.5  West Indian Center

This center includes the hot and humid lowlands from Guatemala through Costa 
Rica and northern South America (Peru, Ecuador, Colombia and Costa Rica). Ac-
cording to Kopp (1966) Persea americana var americana Mill. is widespread in 
this center. P americana var americana	is	known	by	many	names	( syn. P. gratis-
sima, P. edulis, Persea persea, Persea lyogina and Persea americana var. angusti-
folia. In spite of its name, this is the most tropical of the three races, and is assumed 
to have developed somewhere in this area.

1.5.1  The West Indian Race

West Indian avocados are prevalent throughout the lowlands of Tropical America. 
Naturalized seedlings occur in suitable habitats, particularly in association with hu-
man activity, along roadsides, or as remnant trees left after the clearing of forests. 
Although of local interest and potential genetic value, collecting these highly vari-
able and often horticulturally inferior individuals is not realistic in light of the ar-
cheological evidence for the selection for specific horticultural traits across the last 
10,000 years (Smith 1966, 1969). The leaves have no anise scent, and fruit size 
ranges from small to very large. Seeds are relatively large and are sometimes loose 
in the cavity. The fruits have relatively low oil content and are frequently reported 
to be “watery” by customers (Popenoe 1935). This race is the most cold-sensitive of 
the avocado races; and pure cultivars do not grow well in California (Bender 2012). 
Selections of this race appear to have greater salt tolerance and may be useful as 
rootstocks if selections can be found that can tolerate the colder soils in California. 
Trees of the West Indian type are more prone to frost than those of the Guatemalan 
type; vastly more so than the thin-skinned, small fruited Mexican type (Popenoe 
1934, 1935). Its foliage it is often difficult to distinguish from the Guatemalan, but 
as a rule the leaves are somewhat smaller in California, they are also crowded more 
closely together on the branches and the wood is of lighter in color (Bender 2012; 
Boris et al. 2013). The foliage, too, is usually a lighter shade of green. The fruits 
of this type vary in form, being pear-shaped, oval or round. In color they are usu-
ally yellowish green or maroon (Popenoe 1935). The skin is leathery and separates 
readily from the flesh, but it is not as thick or woody as in the Guatemalan type. The 
flesh is often rather watery in seedlings and not as richly flavored as in the Guate-
malan type, but in some of the best varieties the quality is good (Popenoe 1952). 
There is one defect that is not usually found in the Guatemalan type, i.e., the seed is 
large and often loose in the cavity. It seems that this type would not become of com-
mercially important in California (Popenoe 1928). It is the principal one cultivated 
in Florida, the well-known varieties, ‘Trapp’ and ‘Pollok’ being representatives of 
it (Campbell and Malo 1979; Knigth and Campbell 1999; Crane et al. 2013). It is 
the one cultivated in Cuba and other West Indian Islands and along the coast of 
Central and South America. West Indian cultivars and hybrids are well-adapted to 
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southern Florida and provide fruit on the market just ahead of the California winter 
fruit (Campbell and Malo 1976; Knigth and Campbell 1999; Crane et al. 2013). 
Selections have been made in Florida to stretch out their harvest season, but a given 
cultivar will be on the market for just a few weeks. Thus, the Florida industry relies 
on early, mid and late season West Indian cultivars (Wolfe et al. 1949; Campbell and 
Malo 1976; Knigth and Campbell 1999; Crane et al. 2013).

2  Taxonomy

The genus is of African Gondwanaland origin and its ancestral species was distrib-
uted to Asia and via Europe to North America and via Antarctica to South America 
probably in Palaeocene times (Scora 1992); Galindo-Tovar et al. 2007). When the 
Americas joined in the late Neocene, the genus was again united. Mountain build-
ing in Central America created new habitats in which, speciation could take place 
(Kopp 1966; Scora and Bergh 1992). In subgenus Persea three species are recog-
nized, P. schiedeana Nees, P. parvifolia Williams and P. americana Mill. The latter 
species is polymorphic and consists of several separate taxa that may be consid-
ered botanical varieties or subspecies, and which are referred to as ‘horticultural’ 
races in the popular literature (Scora et al. 2002). Within this group are the variet-
ies that make up the commercial avocados, namely P. americana var. americana 
Mill., the West Indian or Lowland (Scora and Bergh 1992) avocado; var. drymifolia 
(Schlect + Cham.) Blake, the Mexican avocado; and var. guatemalensis Williams, 
the Guatemalan avocado; all three are regarded as geographical ecotypes. Addi-
tionally, var. nubigena (Williams) Kopp, var. steyermarkii Allen, var. zentmyerii 
Schieber and Bergh and var. tolimanensis Zentmyer and Schieber are recognized as 
separate varieties of Persea americana Mill (Bergh and Lahav 1996). These latter 
four are believed to have contributed to the ancestry of var. guatemalensis (Schieber 
and Bergh 1987). Another wild botanical variety is floccosa Mez. Doubtless more 
taxa will be described as germplasm exploration continues (Ben-Ya’acov et al. 
1992). One new taxon is the endemic form of P. americana var. americana in Costa 
Rica, where the typical vars. drymifolia and guatemalensis are almost absent. This 
endemic ‘aguacate de montana’, which is intermediate between the Guatemalan 
and West Indian (Lowland) avocados, should be recognized as P. americana var. 
costaricensis according to Ben-Ya’acov et al. (1995).

3  Biodiversity and Genetic Resources

Biological diversity is the variety in life on the earth that includes all genes, species 
and ecosystems. Biodiversity provides recreational, psychological, emotional and 
spiritual enjoyment to human beings (Tuxill and Nabhan 2001; Borokoni 2013). 



166 T. Ayala Silva and N. Ledesma

Plant genetic resources of cultivated crop plants as well as wild relatives have sig-
nificant value to mankind, as they provide food, fuel, shelter and industrial prod-
ucts (Gross and Olson 2009; Vaughan et al. 2007). Furthermore, plant breeders 
require genetic variation (genotypes) for plant improvement. Genetic diversity in 
wild relatives is very essential because they contain genes resistance to biotic and 
abiotic stresses. Thus, all unique accessions need to be collected, characterized and 
preserved (Engelmann 1991; Ben-Ya’acov et al. 1992; Vaughan et al. 2007; Engel-
man 2013). Genetic diversity is the key component of any agricultural production 
system. The diversity in plant species consists of traditional varieties, wild rela-
tives and other wild species (Altieri et al. 1987; Merrick LC 1990; Hoisington et al. 
1999). Many factors are relevant to the role of landraces in agriculture and biology 
such as physical environment (latitude, altitude, and climate) and social environ-
ment (monoculture, deforestation, population etc.) and species and its utilization 
(Tuxill and Nabhan 2001; Agora and Rao 1998; Padulosi et al. 2012; Borokini 
2013). Further, avocado landraces practically disappeared and cultivation of the 
traditional varieties increasingly declined first in orchards and gardens and eventu-
ally in all areas Mexico and Central America. To meet the demand for more food 
and to provide a reservoir of genetic variation to the breeders for finding particular 
characters such as resistance of genes for diseases, pests and for adaptation to wider 
ecological conditions, it will be necessary to make better use of a broader range 
of the world’s plant genetic diversity (Merrick 1990; Cooper et al. 2001; Vaughan 
et al. 2007; Miller and Gross 2011).

Germplasm resources of fruit plants are in some cases threatened to the point of 
extinction (Bennett 1965; Agora and Rao 1998; Normah et al. 2002). Such reduc-
tions have serious implication for food security in the long term. Therefore, conser-
vation and sustainable use of genetic resources is important to meet the demand for 
future food security (Baranski 2013; CGIAR 2013)

3.1  Status of Genetic Uniformity/Variability in Genus Persea

The degree of genetic uniformity of avocado in Mexico and Central America is 
extremely high, and thus avocado production is extremely vulnerable to extinction 
(Ben-Ya’acov et al. 1995; Ben-Ya’acov et al. 2003). Most of the major cultivars 
belong	to	a	single	Mexican	avocado	species	( P. drymifolia) (Popenoe 1935, 1963; 
Scora and Bergh 1992; Bender 2012). Approximately 85–90 % of commercial pro-
duction is accounted for by a single cultivar, ‘Hass’ (Knight 2002; Bender 2012). 
Moreover, high genetic similarity exists among several Mexican and Guatemalan 
avocado cultivars (‘Hass’, ‘Bacon’) probably because they have the same progeni-
tors and share the same genetic pool (Lavi et al. 2003; Schnell et al. 2003; Taah et al. 
2004; Borrone et al. 2007). On the other hand, P. drymifolia and guartemalensis 
and subspecies that belong to Mexican and Guatemalan avocado have rich diver-
sity. These are naturally occurring interspecific hybrids that are also found near the 
center of diversity/origin. Molecular studies of genetic diversity and relationships 
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among limited numbers of P. drymifolia and guatemalensis varieties indicate a rela-
tively high degree of genetic similarity (Clegg 1992; Sharon et al. 1997); however, 
the degree of similarity among major P. americana varieties is relatively low (Lavi 
1991; Mhameed et al. 1997). The techniques of protein electrophoresis and isoelec-
tric focusing of isozymes have been used to characterize genotypes. DNA-based 
molecular markers (e.g. RAPD, AFLP, RFLP etc.) or unique DNA primers (SSR, 
ISSR, SCAR, CAPS, SNPs etc.) are being used to assess genotypic diversity, ge-
netic relationships and to identify unique genotypes (Schnell et al. 2003; Borrone 
et al. 2007; Mhameed et al. 1997; Sharon 1997; Fiedler et al. 1998; Abraham and 
Takrama 2013). Further recently Dr. David Kuhn at the USDA-ARS in Miami, 
Florida, has developed an avocado single nucleotide polymorphism (SNP)-array 
based on polymorphisms in the gene coding regions of Hass, Bacon, Simmonds 
and Tonnage (Arpaia and Harley 2012). This array contains 6000SNPs that have 
been positioned on the avocado genetic map. In addition, Dr. Luis Herrera’s re-
search group at the Centro De Investigacion y Estudios Avanzados, CIEA, Mexico, 
is continuing to work on the sequencing, assembling and annotation of the avo-
cado genome. Using the initial genome sequence as a reference, additional avocado 
genotypes are being targeted for sequencing (Arpaia and Harley 2012). The poten-
tial of genus Persea remains largely unexplored in Mexico and Central America. 
Thus, a range of genetic variation exists in these subspecies. Like other subtropical 
and tropical fruit species, avocado exists in mountainous regions and lowlands of 
Mexico and Central America in cultivated, wild, naturalized and indigenous forms 
and a need to be explored (Ben-Ya’acov et al. 1992, 2003).

3.2  Threats to Persea feral germplasm

The genetic resources of avocado are very important for breeding programs of new 
rootstocks and cultivars, so it is urgent to rescue many types of avocados and related 
species from the rapid devastation of the forests and jungles. The genetic resources 
of plants, particularly fruit plants, are vanishing rapidly worldwide, resulting in a 
large-scale depletion of variability (Merrick 1990; Cruz-Cruz et al 2013; Olsen and 
Wendel 2013) There are many reasons for such depletion, including deforestation, 
road laying, urbanization and the introduction of new varieties. Fruit trees in Brazil, 
Mexico, Central and South America are also threatened by logging and fuel wood 
gathering (Miller and Gross 2011; Miller and Schall 2006). The Red List of the 
International Union for the Conservation of Nature (IUCN) currently contains only 
six Persea taxa threatened in different countries including Azores, Madeira and 
Canary	 Islands	 in	Macronesia	 ( P. indica), Ecuador (wild populations of P. cam-
pii and comferta,) (Muriel and Pitman 2004) although efforts have been made to 
maintain these genetic resources by in situ and ex situ preservations in these coun-
tries. Genetically uniform modern varieties are replacing the highly diverse local 
varieties and landraces in traditional agro-ecosystem, and primitive varieties are 
being discarded after termination of breeding projects. Bowman (1992) revealed 
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that a low level of variability in cultivated avocado genotypes highlights the need 
to widen the genetic base of avocado germplasm as to preserve an adequate level of 
genetic extension in avocado breeding programs. Persea germplasm is a rich source 
of genetic variability that has accumulated through hybridization, mutation and 
seed-based propagation. Wild populations of Persea species are threatened in their 
natural habitat, with about several avocado cultivars lost in the nineteenth century, 
continuing even today (Ben-Ya’acov et al. 1992). Moreover, due to various pests 
and pathogens, a valuable and highly resistant to various abiotic stresses, avocado 
germplasm has been lost (Ben-Ya’acov et al. 1992). Such germplasm represents 
basis for tolerance to extreme cold, heat, drought, diseases and pests. Detailed at-
tention to safety and preservation of genetic resources is needed on purely scientific 
lines for the diverse and rich avocado germplasm present in Mexico, Central Amer-
ica and northen South America (Pliego-Alfaro et al. 1987). Study to understand the 
diverse germplasm present in the area, its characterization through morphological 
and advanced molecular genetic studies, is also desired.

4  Characterization and Assessment of Germplasm

Genetic variation is indispensable for effective management and use of genetic re-
sources (Vaughan et al. 2007). Diversity in fruit species is assessed on the basis of 
phenotypical morphological traits (Arora and Rao 1998) and molecular techniques 
based on isozyme patterns and protein profile like SDS-PAGE and by using DNA 
based molecular techniques like RFLPs, AFLPs, RAPDs, ISSRs; SSRs and SNPs, 
etc. The information regarding genetic diversity in Persea germplasm character-
ized by these methods is useful for efficient management, preservation and also for 
breeding purpose (Ashworth and Clegg 2003).

4.1  Morphological Characterization

Polygenic morphological and pomological characteristics serve as genetic markers 
for germplasm characterizations (Ahmed et al. 2009). The evaluation of morpho-
logical characters unaided to evaluate genetic diversity may not be very effective. 
Wide genetic variability in avocado has already been observed in characterization 
of seedlings for morphological, physiological and phenological traits (Ayala-Silva 
et al. 2007; Guillen et al. 2011; Nkansah et al. 2013). The diversity based on pheno-
logical and morphological characters usually varies with environment. Evaluation 
of these traits requires ample characterization of genotypes prior to identification 
(Altieri and Merrick 1987). Morphological and phenological characters aid in the 
collection of basic information for improvement through breeding program and 
further evaluation (Ayala-Silva et al. 2004; Postman et al. 2006; Ayala Silva et al. 
2007; Sato et al. 2010). Systematic characterization and evaluation of plant genetic 
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resources are fundamentals for effective use of the materials through conventional 
methods or modern techniques.

Polygenetic and environmental factors need to be evaluated, as has been done 
in many fruit crops, such as sweet cherry (Hansche and Beres 1966), peach (De 
Souza et al. 1998) and grapes (Sato et al. 2000). Variability in morphological char-
acteristics is very important for evaluation of avocado genotypes. A majority of the 
wild avocado genotypes are highly heterogeneous and a number of ecotypes can be 
distinguished, for instance variability in leaves, flowering, fruits, nutritional com-
position and resistance against insects and diseases (Williams 1976). Each ecotype 
needs to be characterized for all existing variation within genotypes (Chen et al. 
2009; Borrone et al. 2007; Ahmed et al. 2009). Quantitative characteristics of leaves 
alone are sufficient to identify avocado species (Bergh 1969; Bergh 1980; Storey 
et al. 1986). Genotypes of avocado are classified into two groups based on the time 
of blooming, i.e. early, medium and late flowering types and flowering is based on 
the type of flower (A or B). Although blooming time is under phylogenetic control 
(Peterson 1956), variability exists in flowering period (Bergh and Ellstrad 1986; 
Bergh and Lahav 1996). Flowering time is also affected by environmental factors 
like mean temperature, differences in chilling prerequisite for breaking bud dorman-
cy, age and vigor of tree and catastrophes, like heavy rainfall and hail storms (Pe-
terson 1956). Diversity in fruit shapes of wild and cultivated varieties exists in both 
mexican	 ( P. drymifolia)	 and	Guatemalan	 ( P. guatemalensis) avocados (Popenoe 
1920, 1935; Berg and Ellstrand 1986). Fruit morphology is reportedly mostly under 
polygenetic control (Storey et al. 1986). However, variation in other quantitative 
and qualitative characteristics of fruit like nutritional components (sugars, soluble 
contents, vitamins, organic acids) and other quality parameters (aroma, texture, 
flesh color, flavor and keeping quality) also exist among genotypes (Knight 2002).

Significant differences in morphological characters of several cultivars of avoca-
do (Popenoe 1919, 1920; Popenoe and Williams 1947) have been observed. Storey 
and Berg (1986) found that several cultivars exhibited remarkable diversity in their 
tree, foliar, flowers, fruit characteristics, harvesting time and shelf life. The assess-
ment of the genetic diversity in fruit species of seedling origin might assist in the 
conservation of original habitats and also new sources of genes for resistance and 
fruit quality, thought to be present within these materials and be available for breed-
ing program (Ben-Ya’acov et al. 2003; Ben-Ya’acov 1998). Gomez-Lopez 1999 and 
Gomez-Lopez 2002 characterized 190 accessions of wild avocados collected from 
different agro-ecological zones of Mexico for preliminary evaluation and long con-
servation in the field gene bank. Ben-Ya’acov et al. (1992) explored various areas 
in Mexico and Central America for several wild and local varieties of avocado and 
thought that high-yielding varieties could be selected and a useful gene bank could 
be developed in Mexico and Israel for breeding purposes. Morphological character-
ization provides a base and a thought of germplasm of specific plant species about 
variability and genetic diversity. These characters can be used as a foundation for 
additional molecular level studies to confirm these morphological characters of the 
studied germplasm (Arpaia 1997; Cooper et al. 2001; Schnell 2003, 2007).
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5  Conservation of Germplasm Introduction

Worldwide awareness of the value of plant genetic resources has increased over the 
last few decades, along with the acknowledgement that they are under considerable 
threat (Normah et al. 2002; Miller and Schaal 2006; Drew et al. 2007; Padulosi et al. 
2012). Several major international conventions, commencing with the Convention 
on Biological Diversity (CBD) in 1992 (CBD 1992), have sought to provide a forum 
for the concerned parties to bring issues of conservation of plant biodiversity into 
sharper focus at many levels. By 1995, more than 4 million plant accessions had 
been collected worldwide, consisting mostly of commercial plant species and their 
wild relatives (FAO 2013). Although this is impressive, several limitations remain. 
Over 90 % of collections worldwide are stored as seed and over 50 % consist of 
grains (Baranski 2013; Walters et al. 2013). Fruit crops and particularly tropical fruit 
species such as avocado, mango, mangosteen, litchi that are difficult to store as seed, 
are inadequately represented in national and international collections (Normah et al. 
2002). The wild relatives of these species are nearly absent from most collections. 
Currently, the most appropriate method for conserving these genetic resources is by 
establishing them on field ex situ in genebanks under living field collections or in 
situ, where they remain protected (Altieri and Merrick 1987; Normah et al. 2002). 
Worldwide there are hundreds of tropical fruit species that are important for income 
generation, nutrition, medicine, timber, fuel and livestock feed (Cooper et al. 2001; 
Drew et al. 2007; Vaughan et al. 2007). In addition to the commercial fruit industry, 
there is also a wide range of native tropical and subtropical fruit species that have 
commercial potential are currently in a status of low economic importance (Arora 
and Rao 1998; Normah et al. 2002). Conservation of tropical fruit species is often 
difficult or impossible by traditional methods, such as seed banks or field genebanks. 
Many species have recalcitrant seeds that are high in moisture causing loss of vi-
ability when they are desiccated and chilled for storage purposes (Chen et al. 1989; 
Walters et al 2013). The seeds of other species have either no natural dormancy 
mechanism (i.e avocado, mango and rambutan), or have a short life of only a few 
days (mangosteen). Some species have no seeds (banana and breadfruit). Nephelium 
lappaceum and N. ramboutan-ake are seasonal fruit species that produce recalcitrant 
seeds. Thus, their seeds do not tolerate freezing temperatures and are desiccation 
sensitive (Normah et al. 2002). Currently, there is no single method available for 
the long-term storage of many of these seeds. Recently developed biotechnologi-
cal techniques offer alternative strategies, including slow growth in vitro (in tis-
sue culture) for medium-term conservation and cryopreservation (in liquid nitrogen, 
−	196	°C)	for	long-term	conservation	(Solarzano	1989;	Shibli	et	al.	2006; Reed 2008; 
Volk 2012) on the other hand, banana is the only tropical fruit species for which large 
numbers of accessions are currently held in vitro genebanks. For the most part tropi-
cal fruit species are held in field collections, which are vulnerable to disease, insect 
attack and natural disasters, such as typhoons (hurricanes), floods, cold weather and 
volcanic activity (Ayala-Silva and Schnell 2010; Ayala-Silva et al. 2013). Proce-
dures to preserve them by in vitro culture and cryopreservation are mostly emerging. 
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Thus, the lack of appropriate methods for long-term and sustainable conservation is 
the major hurdle in effective conservation and use of tropical fruit species genetic 
resources (Arora and Rao 1998; Normah et al. 2002). Plant genetic resources in hor-
ticultural crops and their wild relatives are of immense value to mankind as they pro-
vide food, fuel, shelter and industrial products (Drew et al. 2007; CGIAR 2013). The 
plant breeders require reservoir of genetic variation (gene pools) for crop improve-
ment. The larger the reservoir, the better are the chances of finding particular charac-
ters such as resistance genes for diseases, viruses, fungus and insects or for adapta-
tion to wider ecological amplitudes and stress conditions (Prance and Nesbit 2005). 
However, in the wake of spread of high yielding varieties, this genetic variability 
encompassing landraces is increasingly getting eroded resulting in the large scale 
weakening of variability. This situation thus demands priority action to conserve 
such germplasm (Prance and Nesbit 2005; Vaughan et al. 2007; Gross and Olsen 
2009). Worldwide apprehension about loss of precious genetic resources has encour-
aged international action to save prized food sources and breeding materials (Drew 
et al. 2007; CGIAR 2013; Hummer et al. 2011). Various countries have realized and 
paid attention to collect and preserve genetic resources. Consequently, repositories 
have been established in China, USA and France and the germplasm has been evalu-
ated for agricultural and biological characters (CGIAR 2013). The process of genetic 
erosion in Persea germplasm has been recognized, and attempts have been made to 
conserve such a precious germplasm with minimal cost and resources and appropri-
ate methods (Campbell and Malo 1976; Ben-Ya’acov et al. 1999; Ben-Ya’acov et al. 
2003; Crane et al. 2013).

In vitro culture method has high degree of genetic steadiness and symbol-
izes an aseptic resource of plant multiplication (Reed 1990; 1995; Sahijram and 
Rajasekharan 1996; Reed et al. 2004; Reed 2008). A number of fruit plants are nor-
mally propagated vegetatively, and the clonal material carries variable gene com-
binations. These clones are maintained in field gene banks of which the traditional 
methods are expensive due to: (i) high labor costs, (ii) vulnerability to environmen-
tal hazards and (iii) requirement for large amount of space (Towill and Ross 1989). 
The most serious problem is the vulnerability of such clones to pests and patho-
gens, or natural disasters like earth quake and landslides, to which they are almost 
continuously exposed (Altieri and Merrick 1987). This can lead to unexpected loss 
of priceless germplasm. Such field gene banks do not represent the entire range of 
genetic variability within the respective genus (Ben-Ya’acov et al. 1995; Hoisington 
et al. 1999; Gross and Olsen 1999; Janick 2005). This has led to the consideration of 
in vitro techniques and cryopreservation for germplasm conservation (Janick 2005; 
Cruz-Cruz et al. 2013).

5.1  In Vivo Conservation

(Ex situ) conservation includes germplasm banks, botanical gardens, seed banks, 
DNA banks and techniques involving tissue culture, cryopreservation; incorporation 
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of disease, pest and stress tolerance traits through genetic transformation and eco-
logical restoration of rare plant species and their populations (Merrick 1990; Lavi 
et al. 2003; Miller and Schaal 2006; Miller and Gross 2011). Ex situ conservation 
has gained international recognition with its inclusion in Article 9 of the Conven-
tion on Biological Diversity (CBD 1992). Much of the diversity present in domes-
ticated avocados is currently maintained in germplasm repositories and amateur 
collections, including a broad spectrum of the selection and propagation of superior 
genotypes derived from open-pollination progenies (i.e., ‘chance seedlings’) (Ben-
Ya’acov et al. 1992; Postman et al. 2006; Ayala-Silva and Schnell 2010; Ayala-Silva 
et al. 2013). Avocado genetic resources are maintained ex situ in field repositories at 
great cost and are always under the threat of bad weather, pests and disease (Darda 
and Litz 2003; Ayala-Silva et al. 2004, 2010; Drew et al. 2007; Ayala-Silva and 
Schnell 2010; Ayala Silva et al. 2013). Although vast diversity of cultivars exists, 
avocado production worldwide is now largely based on the cultivation of a small 
number of commercial and edible cultivars, which are grafted onto less than a dozen 
different clonal rootstocks (Ben-Ya’acov et al. 1992; Ben-Ya’acov et al. 1995, 1999; 
Knight 2002; Bender 2012). Indeed, the major cultivars being grown in Florida, 
Hawaii and some other areas with similar climates are first or later generation hy-
brids of Guatemalan and West Indian races (Knight 2002; Crane et al. 2013). The 
main cultivars grown in California, Israel, South Africa and Australia and simi-
lar less tropical climates are hybrids of the Guatemalan and Mexican races (Bergh 
1976; Knight 2002). Conservation of old varieties and native wild avocado species 
serves as a stock and source for gene banks for fruit propagation (Ben-Ya’acov 
et al. 1992; Ben-Ya’acov et al. 2003; Guillen et al. 2011). Identification, collection 
and preservation have particular importance in their maintenance (Ayala-Silva and 
Schnell 2010; Ayala-Silva et al. 2013). In vivo management of fruit trees in the 
form of orchard/ field trees or by establishing their nurseries allow confirmation of 
their morphological identity. This germplasm stock can be evaluated for resistance 
to pest, diseases and adverse environments (Ben-Ya’acov et al. 2003; Ayala Silva 
et al. 2004; Ayala Silva et al. 2007; Ayala Silva et al. 2010). Establishment of fruit 
nurseries of local germplasm and archaic cultivars is a way of fruit germplasm 
maintenance, in addition to botanical gardens, park, reserves and orchards. It is an 
effective method of germplasm collection and preservation to develop a fruit repos-
itory (Arora and Rao 1998; Normah et al. 2002; Ayala-Silva et al. 2004; Ayala Silva 
et al. 2007, 2010). In vivo conservation of genetic diversity of the existing collec-
tions in Mexico, Guatemala and other Central American countries (i.e. Nicaragua, 
Costa Rica, Honduras, El Salvador) needs to be reviewed for germplasm conserva-
tion and collection (Ben-Ya’acov et al. 1992; Ben-Ya’acov et al. 2003; Ayala-Silva 
et al. 2004; Ayala Silva et al. 2007; 2010; Guillén et al. 2011). The National Clonal 
Germplasm Repository (NCGR) in Miami, Florida holds three major taxa of Persea 
and their hybrids (Ayala-Silva et al. 2004; Ayala Silva et al. 2007, 2013; Ayala-Silva 
and Schnell 2010; Ayala Silva et al. 2013). Wild species around the world are repre-
sented by clonal collections and by in vitro preservation. Clonal genotypes includ-
ing varieties cultivated for fruit and used as rootstocks are preserved as living trees, 



173Avocado History, Biodiversity and Production

with nearly 5 % of the clonal material duplicated as in vitro cultures (Sandoval and 
Villalobos 2002; Witjatsono et al. 2004). At the Miami germplasm repository, over 
330 accessions of avocado cultivars are maintained; another 300 are maintained by 
the Fairchild Tropical Gardens Farm in Homestead Florida and by the University 
of California at the South Coast station in Irvine, California. In addition, Mexico 
and Israel maintain their own collections (Ben-Ya’acov et al. 2003; Ayala-Silva 
et al. 2004, 2007, 2010, 2013; Guillén et al. 2011).Their seedlings and offspring 
have been selected and were evaluated for different useful characteristics (Schnell 
et al. 2003). Different agro-ecological habitats in Mexico and Central America are 
very genetically diverse in tropical fruits, especially avocado. Collection and pres-
ervation in vivo are essential to preserve the genetic diversity for further use (Ben-
Ya’acov et al. 2003; Guillén et al. 2011).

5.2  In vitro Conservation

The term tissue culture is commonly used in a very wide sense to include in vitro 
culture of plant cells, tissues as well as organs. Plant tissue culture is a method 
or technique to isolate parts of plants (protoplasm, cells, tissues, and organs) and 
grow them on artificial media in aseptic conditions in a controlled space so that 
parts of these plants can grow and develop into complete plants. Among other ap-
plications, tissue culture has been successfully linked to conservation and exchange 
of germplasm in horticulture. Avocado genetic resources are maintained ex situ in 
field repositories at great cost and always under threat of inclement weather, pests 
and diseases (Ben-Ya’acov et al. 2003; Ayala-Silva et al. 2004, 2010, 2013; Guillén 
et al. 2011). Cryopreservation is an important alternative method for long-term 
conservation of plant genetic resources (Reed 1990, 2002, 2004, 2008; Witjaksono 
et al. 2004). Moreover, it is an important storage method for biotechnology re-
search, in which experimental materials (i.e., embryogenic cultures) lose morpho-
genic competence relatively quickly and cannot be stored reliably in vitro (Sahijram 
and Rajasekharan 1996; Reed 2001; Efende and Litz 2003; Witjaksono et al. 2004; 
Reed et al. 2005). The conventional methods of maintaining avocado germplasm 
under field, nursery and orchard conditions require extensive space and labor (San-
doval and Villalobos 2002; Ayala-Silva et al. 2010; Padulosi et al. 2012).

It is very difficult to conserve avocado germplasm by typical methods. In vi-
tro tissue culture and cryopreservation techniques have been developed in the past 
decades; in vitro techniques have been widely developed for over thousands of 
different species (Reed 1990, 2004; Hummer et al. 2012). Tissue culture systems 
allow for axenic propagation of plant material with high multiplication rates. Virus-
free plants can be obtained through meristem culture, in combination with thermo-
therapy (Reed 2008; Kapai et al. 2010; Hung and Trueman 2011; Volk 2012). The 
miniaturization of explants reduces space requirements and consequently labour 
costs	for	maintenance	of	germplasm	collections	( Mohamed-Yasseen	1993; Zulfiqar 
et al. 2009). Organized culture systems have a high degree of genetic stability and 
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are more likely to be important for germplasm storage, especially of shoot tips or 
meristem cultures (Towill and Ross 1989).

In vitro techniques are employed to eliminate diseases. While most fungal and 
bacterial diseases are eliminated during surface sterilization and culture, viruses 
and viroids survive through successive multiplication if the mother plant is in-
fected (Reed 2002; Kaviani 2011; Volk 2012). Most can be eliminated by meri-
stem or shoot tip cultures, perhaps in combination with heat or cold therapy (Reed 
2004; Volk 2012). Generally, two approaches are used to maintain germplasm col-
lections in vitro: (i) minimal growth and (ii) cryopreservation (Reed 2002, 2004, 
2008). In vitro culture has yielded positive results when juvenile material is used 
(Cooper 1987; Reed 1990, 2002, 2005; Barceló-Muñoz et al. 1990; Sahijram and 
Rajasekharan 1996; Reed 2002; Reed 2005); however, low results are obtained with 
adult explants (Cooper 1987; Pliego-Alfaro et al. 1987). Breeding of avocado root-
stocks has been executed almost exclusively by seed. However, this process can-
not guarantee the genetic homogeneity of the material because avocado breeds by 
cross-pollination, which produces highly heterozygotic seedlings (Peterson 1956; 
Sauls 1994; Lavi and Lahav 2003; Chen et al. 2009). For this reason, clonal propa-
gation is essential when standardized plant rootstocks are required. Through this 
technique, rootstocks can be propagated that are resistant to adverse conditions such 
as drought, floods, saline, alkaline or acidic soils, or to diseases such as Phytoph-
thora root rot (Pliego-Alfaro et al. 1987; Guillén et al. 2011).

Tissue culture propagation of avocado using axillary buds of adult avocado 
plants has been described (Barceló-Muñoz et al. 1999; Mohamed-Yasseen 1993; 
Efendi 2003); however the morphogenetic ability is better in immature tissues than 
in adult material (Pliego-Alfaro 1988; Mohamed-Yasseen 1993; Efendi 2003). 
Shoot tips from avocado seedlings and juvenile tissues have been used for in vitro 
establishment of different avocado materials (Cooper 1987; Pliego-Alfaro 1988; 
Barceló-Muñoz et al. 1990; Barceló-Muñoz and Pliego-Alfaro 2003). However, 
the use of juvenile tissues has the disadvantage of genetic variability due to seed 
propagation of stock plants (Pliego-Alfaro 1988; Zulfiqar et al. 2009), a problem 
that can be avoided by the effective regeneration from mature avocado explants. 
Minimal growth conditions for short- to medium-term storage can be performed 
by reducing temperature from normal incubating temperature to below up to 0 °C 
depending on the species, addition of growth 22 retardants or by osmotic stress 
with sucrose or mannitol and maintenance of cultures at a reduced nutritional status 
(Efendi 2003; Efendi and Litz 2003). The advantage of this approach is that cultures 
can be readily brought back to normal culture conditions to produce plants on de-
mand. Because methods of micropropagation are now well recognized (Towil 1989; 
Stushnoff 1991; Witjaksono et al. 1998; Kapai et al. 2010), it is possible to preserve 
genetic resources of woody species as shoot tip cultures in vitro under conditions 
of minimal growth storage (also called “slow growth” storage or growth suppres-
sion) or cryopreservation, which represents a reliable source for maintenance of 
orchards as a practice of fruit tree conservation (Forsline et al. 1998; AI and Luo 
2005; Ellis et al. 2006; Hung and Trueman 2011; Kapai et al. 2010; Kaviani 2011; 
Kaczmarczyc et al. 2012).
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Cryopreservation	at	ultralow	temperatures,	e.g.	in	liquid	nitrogen	(LN)	(−	196	°C)	
offers the possibility for long-term storage with maximal phenotypic and genotypic 
stability (Towill 1989; Ellis et al. 2006; Benson 2008; Reed 2008). This method is 
relatively convenient and economical for maintaining a large number of genotypes. 
To secure avocado germplasm collections, short to medium and long term, in vitro 
storage methods like minimal growth and cryopreservation may be required (Efendi 
2003; Effendi and Litz 2003; Drew et al. 2007; Guzmán-Garcia et al. 2012). The 
first report of successful in vitro propagation of avocado was of disks from mature 
avocado fruits grown on agar nutrient media (Scroeder 1955). In vitro conserva-
tion techniques, using slow growth storage, have been developed for a wide range 
of species, including temperate woody plants, fruit trees, horticultural and numer-
ous tropical species (Forsline et al. 1998; Normah et al. 2002; Barceló-Munoz and 
Pliego-Alfaro 2003; Benson 2008; Guzmán-Garcia et al. 2012). Low temperature 
(5–12 °C) is suitable for in vitro storage of meristem culture of many tropical and 
subtropical species (Mohamed-Yasseen 1993; Normah et al. 2002; Reed 2004; 
Guzmán-Garcia et al. 2012). These preservation techniques (slow growth) are less 
costly and more safe to conserve germplasm (Reed 2008). In vitro storage based on 
slow growth techniques represent alternative strategies to conserve plant genetic 
resources (Shibli et al. 2006; Rai et al. 2008; Reed 2008; Hung and Trueman 2011). 
This approach is particularly useful when seed banking is not possible, such as with 
vegetatively propagated plants, recalcitrant seed species and plants with unavail-
able or non-viable seeds due to damage of grazing or diseases and large and fleshy 
seeds (Kaviani 2011; Walters et al. 2013). Slow growth techniques for germplasm 
preservation have been studied in many countries with respect to various fruit geno-
types that are propagated when desired (Ahmed et al. 2010). A large number of 
tropical and subtropical fruit crop species have highly recalcitrant seeds that often 
exhibit viability times of just a few weeks (Baranski 2013; Walters et al. 2013). 
Several vegetatively propagated tropical fruits, including woody perennials, need 
to be conserved with their genetic fidelity intact. Maintenance and preservation of 
germplasm of fruits in field genebanks is difficult, expensive and labor-intensive 
(Ben-Ya’acov et al. 2003; Ayala-Silva et al. 2004, 2010, 2013; Postman et al. 2006; 
Ayala Silva et al. 2010; Guillén et al. 2011). In addition, the connection may also 
be vulnerable to natural perturbations. Although conservation of seeds of economi-
cally important crops has been practiced since ancient times, it suffers from severe 
limitations, like low seed viability and heterozygosity.

6  The Avocado Tree

The avocado is a fruit native to the tropical America and subtropical regions of 
North and South America, where it has been used for thousands of years as a high-
priced article of food (Fig. 2). From its natural habitat it has spread worldwide to 
almost all tropical and subtropical regions of the world (Popenoe 1963; Williams 
1976; Nakasone and Paull 1998; Knight 2002; Ospina 2002; Janick and Paul 2008; 
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Nkansah et al. 2013). Persea americana Mill. (Avocado) is a tree crop which origi-
nated from the tropics of the western hemisphere and has three general ecological 
races: Mexican, Guatemalan and West Indian adaptable to a wide range of climatic 
conditions (Bergh 1969; Morton 1987; Knight 2002; Ospina 2002; Janick and Paul 
2008). Avocado trees grow well in areas with over 150 mm of annual rainfall and 
between 55 and 550 m above sea level. The tree reaches a height of 9–18 m and 
trunk diameter between 30 and 60 cm. Avocado is a plant of periodic growth where 
growth rates are affected by local conditions. In areas of constant humidity, avocado 
grows all year. In drier or cold regions, the tree can go through four annual growth 
stages and during certain periods can lose a lot of foliage; the main stage usu-
ally coincides with flowering (Berg and Ellstrand 1986; Sandoval and Villalobos 
2002; Knight 2002; Crane et al. 2013). The new growth of shoots or sprigs occurs 
only on certain parts of the tree. In years with greater growth, the fruit harvest will 
be reduced; and in several cultivars the yield is markedly biennial (Condit 1916; 
Popenoe 1920; Kopp 1966; Williams 1976; Knight 2002; Guillén et al. 2011). The 
shoots or sprigs are cylindrical or prismatic and have alternative leaves which have 
axillary buds. The shape of the leaves varies considerably depending on the posi-
tion. Wild species can reach 20 m in height. It grows well in soils that are loose, 
well-drained, slightly acid, and rich in organic matter. The tree grows at elevations 
from sea level to 2400 m, with average temperatures of 16–24 °C and annual pre-
cipitation of 800–1700 mm. Wild trees have a spherical crown, the flowers emerge 
in panicles that sprout from the new growth on the apex of the sprigs or from the 
axil of the leaves (Popenoe 1920, 1935; Wolfe et al. 1949; Williams 1976; Nakasone 
and Paull 1998; Ospina 2002; Janick and Paul 2008; Ashworth 2011; Crane et al. 
2013). The axis of the panicle is strong and pubescent and carries several deciduous 
bracts. The tree yields many thousands of flowers per plant. The panicles open up 
for long periods of weeks or months. However, the number of flowers that yield 
fruit is 5 % or more. Persea americana may be propagated by seedling or grafting. 
Grafting is recommended for commercial plantings because the fruits of grafted 
trees have uniform characteristics in size and shape. The terminal bud graft is the 
easiest and most successful. To produce healthy and vigorous trees, seeds should 
be selected from good-sized fruits. These seeds should have a higher coefficient of 
germination and the subsequent seedlings should grow faster. To prevent dehydra-
tion, seeds should be planted immediately after extraction from the fruits. Seeds 
may be preserved in wooden trays with humid sand between 5 and 7 °C. To prevent 
disease, seeds should be disinfected in hot water (49 °C for 15 min); the ground 
should be treated with water vapor (90 °C for 4 h or 60 °C for 6 h); and all tools 
should be treated, possibly with sodium hypochlorite (Wolfe et al. 1949). Avocado 
is frequently cultivated on hillsides because minimum temperatures are higher than 
those on flat ground (Bender 2012) while cultivated trees, originating from graft are 
more tolerant. The avocado tree may be erect, usually to 9 m but sometimes 18 m 
or more, with a trunk 30–60 cm in diameter, (bigger in very old trees) or it may be 
short and scattering with branches beginning close to the ground. Almost evergreen, 
being shed briefly in dry seasons at blooming time. Mexican race are strongly anise-
scented. Seedling trees of Guatemalan (var. guatemalensis) and West Indian (var. 
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americana) ecotypes, especially in their native rainforest environments, can reach 
heights exceeding 30 m, while Mexican (var. drymifolia) seedling trees are shorter 
at 15 m.

6.1  Leaves

Leaves are approximately 7.6–41.0 cm in length and variable in shape (elliptic, 
oval, lanceolate). They are often hairy (pubescent) and reddish when young, then 
become smooth, leathery, and dark green when mature (Kopp 1966). The leaves 
are alternate, dark-green and glossy on the upper surface, whitish on the under-
side; variable in shape (lanceolate, elliptic, oval, ovate or obovate), 7.5–40 cm long 
(Morton 1987; Janick and Paul 2008).

6.2  Inflorescence

The avocado has perfect flowers, each capable of producing pollen and develop-
ing fruit. But a pollination peculiarity makes it undesirable to plant solid blocks 
of single cultivars (Wolfe et al. 1949). The many-flowered lateral inflorescences 
(structures that hold the flowers) are borne in a pseudoterminal position. The cen-
tral axis of the inflorescence terminates in a shoot. Flowers are perfect, yellowish-
green, and 3/8 to 1/2 inch (1–1.3 cm) in diameter. The flowers are hermaphroditic, 
actinomorphic, greenish-whitish, with short and pubescent pedicels. The perianth 
is made up of one involucrum, which has interpreted itself as a calyx consisting 
of six parts that are acute, yellow, pubescent on both surfaces, and arranged in two 
groups of three. The exterior parts are the largest. It is in fact three sepals and three 
petals of very similar appearance. There are 12 stamens in four cycles; the first two 
are external and simple filaments whose anthers open up through four pores located 
toward the center of the flower. The third cycle consists of three stamens with the 
pores opened outward; its filaments have, at the base, an orange gland or nectary. 
The fourth cycle, the innermost one, is made up of staminodia. The pistil is made up 
of an ovoid, monocarpic, superior, monospermic, unilocular, white, and pubescent 
ovary, which ends in a short style with a globose stigma. Low fruit yield occurs 
because the stigmatia receive a few grains of fecundating pollen when the stamens 
and the pistils in each flower do not mature uniformly (Kopp 1966; Schroder 1952; 
Peterson 1956; Williams 1977; Bergh and Ellstrand 1986; Scora and Bergh 1990, 
1992; Scora et al. 2002).

The flower of avocado is protogynous, e.g. its pistil is receptive before pollen 
shedding. The flower opens twice for several hours each time and each opening 
is separated by at least one overnight period. The flower is female during the first 
opening and male during the second opening. Avocado cultivars fall into one of two 
flowering groups: A or B (Wolfe et al. 1949; Peterson 1956; Lahav and Gazit 1994). 
Group A—the first (female opening) starts in the morning and ends before noon. 
Second (male) opening occurs in the afternoon of the next day; and Group B is the 
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reverse pattern; the female opening happens in the afternoon and male opening 
next morning (Lahav and Lavi 2002). Length of flowering varies with cultivar and 
climate. The cooler the temperature, the longer the flowering period. Guatemalan 
cultivars mostly bloom later than the Mexicans or West Indians (Wolfe et al. 1949; 
Lahav and Lavi 2002).

6.3  Fruit

The fruit is a berry, consisting of a single large seed, surrounded by a buttery pulp. 
Indian and Mexican cultivars mature their fruit 150–240 days after flowering, 
whereas the Guatemalan type take more than 260 days. The skin is variable in thick-
ness and texture. Fruit color at maturity may be green, yellow-green, black, purple 
or reddish, depending on cultivar. Generally the pulp is entirely pale to rich-yellow, 
buttery and bland or nutlike in flavor. In shape, the fruit is usually pyriform to oval 
and round, and the fruit weigh from a few ounces to 5 lbs (2.3 kg). Oil content di-
verge from 7.8 to 40 % on a fresh weight basis. The seed is oblate, round, conical or 
ovoid, 2–2 ½ inch (5–6.4 cm) long hard and heavy, ivory in color but enclosed in 
two brown, thin, papery seed coats often adhering to the flesh cavity. Depending on 
race type (i.e. Mexican, Guatemalan) the seed may be tight or loose (Popenoe 1935; 
Wolfe et al. 1949; Morton 1987; Ospina 2002; Janick and Paul 2008).

The time between flowering and harvesting of fruits depends on the race; the 
Guatemalan cultivars between 8 and 10 months, Mexican cultivars 7–10 months, 
whereas the West Indian cultivars are between 5–6 months. The fruit does not 
generally ripen until it falls or is picked from the tree (Campbell and Malo 1979; 
Morton 1987; Ospina 2002; Janick 2005; Crane et al. 2013). In Florida, the fruit is 
considered adequately mature for harvest when it reaches a specified calendar date 
and weight or size. The specific dates, weights, and sizes used to establish maturity 
vary by cultivar (Wolfe et al. 1949; Campbell and Malo 1976; Crane et al. 2013). 
Some cultivars may be stored on the trees and harvesting may be manipulated ac-
cording to marketing schedule. However, West Indian cultivars have little or no 
storage time, whereas the Guatemalans and Mexican cultivars have a longer tree-
storage capability (Janick 2005). The characteristics of the fruit are very variable, 
depending on the race and the variety. Pear shaped fruits prevail, but spherical and 
ovoid fruits also exist. They are usually irregular, and the side with more fibers or 
vascular bundles is thicker. The pericarp is made up of a cortex whose thickness and 
color vary from yellowish green to purple or almost black; the surface varies from 
smooth and shiny to corrugated and opaque. The mesocarp is a pulpy, soft mass, 
yellowish-greenish-white in color, with green pigmentation close to the cortex. The 
ovoid seed occupies a large part of the fruit; it is made up of two pulpy cotyledons 
and a small embryo; it contains no endosperm. The time between flowering and 
harvesting of fruits depends on the race: for the West Indian race it is between 5 and 
6 months, for the Guatemalan race between 8 and 10 months, and for the Mexican 
race between 7 and 10 months (Popenoe 1935; Morton 1987; Ospina 2002; Janick 
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and Paul 2008). The fruits are collected manually using ladders and scissors or 
knives. Pulling the fruit off can injure and damage it. Because the fruits are delicate, 
they should not be put on the ground without protection. The stem should be cut 
close to the fruit to prevent damage to other fruits when packed. Fruits harvested 
early should be placed in the dark and refrigerated (Crane et al. 2013). The humidity 
content in seeds with harvest ripeness is approximately 65 % (Ospina 2002; Janick 
and Paul 2008). The seeds are recalcitrant and lose their viability 2–3 weeks after 
removal from the fruit. However, the fruits can be stored for periods of more than 8 
months in a dry room at 5 °C (Popenoe 1920; Wolfe et al. 1949). Viability can also 
be maintained for several months by covering the seeds with a powdered fungicide 
and storing them in wet sawdust or peat in polyethylene bags at 4–5 °C (Popenoe 
1920). The critical humidity content (the point to which one can lower the humidity 
of the seed without losing its viability) is roughly 57.6 % for slow drying and 57.4 % 
for fast drying (Ospina 2002). The seeds should be pretreated by immersion in water 
at room temperature for 24 h. About 70 % of the seeds germinate underground in an 
average of 21 days (Popenoe 1920; Wolf et al. 1949).

6.4  Pollination

Avocado flowers are bisexual, they have a unique flowering behavior and all cul-
tivars and wild species irrespective of race, fall into of two categories. The female 
and male flower parts function at different times of the day. Varieties are classified 
into A and B types according to the time of day when the female and male flower 
parts become reproductively functional (Peterson 1956). Self-pollination occurs 
during the second flower opening when pollen from the anthers is transferred to the 
stigma of the female flower parts. Cross-pollination may occur when female and 
male flowers from A and B type varieties open simultaneously. Self-pollination ap-
pears to be primarily caused by wind, whereas cross-pollination is caused by large 
flying insects such as bees and wasps.

Varieties vary in the degree of self- or cross-pollination necessary for fruit set. 
Some varieties, such as ‘Waldin’, ‘Lula’, and ‘Taylor’ fruit well when planted alone. 
Others, such as ‘Pollock’ and ‘Booth 8’ (both B types) do not and it is probably 
advantageous to plant them with other varieties (A types) which bloom simulta-
neously to facilitate adequate pollination and fruit set (Campbell and Malo 1976; 
Morton 1987; Knight 1999; Ospina 2002; Janick and Paul 2008; Crane et al. 2013).

7  Cultivars

A set of morphological and ecological characteristics distinguishes each of the three 
botanical races of Avocado. The centers of origin for these three races are distinct 
(Popenoe 1934; Kopp 1966; Bergh and Ellstrand 1986; Knight 2002), and prior to 
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the arrival of the Europeans to the Americas, it is thought that the genetic purity of 
each race was mostly conserved. This is attributable to the minimal social inter-
change between the Amerindian tribes that inhabited Mexico and Central America 
and by significant geographical barriers that exist between the centers of varieties 
origin (Ashworth et al. 2011; Galindo-Tovar et al. 2007; Landon 2009; Galindo-
Tovar et al. 2008). Cultivars grown in tropical and subtropical environments are 
from the Mexican, Guatemalan and West Indian races and are more adapted to tem-
peratures that exist in these areas. Exploration of Mexico, Guatemala, Honduras, 
El Salvador, Nicaragua and other countries of Central and Northern South America 
during early nineteenth century by horticulturists from the USA, provided superior 
seedlings to the states in California (CA) and Florida (FL) for commercial exploi-
tation, laid the foundations for genetic improvement of avocado for production in 
these states (Bender 2012). This was somewhat supported by collecting material 
from already established orchards in Mexico and Nicaragua (Popenoe 1919, 1947, 
1951, 1952, 1957; Schroder 1947; Bergh 1957). Avocado cultivars are selected and 
named because of particularly desirable fruit and tree characteristics. Every avoca-
do tree grown from seed is a potential candidate for selection as a cultivar, because 
cross-pollination in avocado’s reproduction process ensures genetic variability. 
Once selected, cultivars are propagated by vegetative methods, such as grafting, 
to produce genetically identical trees (Wolfe et al. 1949; Campbell and Malo 1976; 
Knight 2002).

7.1  Cultivar Selection Criteria

Important criteria in selecting avocado cultivars can be grouped into (1) production 
and (2) fruit quality considerations. For home gardens, production characteristics 
may not be as important as good fruit quality (Bender 2012; Crane et al. 2013). 
Whereas for commercial growers, production characteristics could be extremely 
important, but consumer preferences for fruit appearance and quality are also 
important in determining whether or not a selection is appropriate (Bergh 1969; 
Campbell and Malo 1976; Bender 2012).

7.2  Cultivars

‘Bacon’ Mexican X Guatemalan (MXG) hybrid; originated 1928 in Bueno Park, 
California; trees tall with pointed crowns, leaves have aniseed smell when crushed, 
red flecking on wood of new shoots; fruit ovate, medium to large size weighing 
170–510 g; skin thin, green and glossy with leathery texture; seed size is large 
(Fig. 3); early maturing with very pale yellow-green flesh; flower Group B; preco-
cious with consistent production and higher yields than ‘Fuerte’ in colder areas. 
Cold tolerance is widely reported from California, Australia, Italy and Corsica; frost 
tolerance is down to 4.4 °C, thus production is suited to colder regions. Susceptible 
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to insect attack, extremely susceptible to anthracnose, unsuitable for humid subtrop-
ical areas; skin is susceptible to wind scarring, in severe cases fruit splits exposing 
seed. ‘Bacon’ has been used as a pollinator for ‘Hass’.

‘Beta’ Guatemalan X West Indian hybrid (GXW); a ‘Waldin’ seedling selected 
at the home orchard of W.H. Krome, Homestead, Florida; fruit elliptical, medium 
to large size weighing 453–680 g, 84–89 mm diameter; skin is green, smooth; seed 
is medium sized, tight in cavity; harvested mid-season with fair quality flesh; oil 
content unknown; moderate cold tolerance; flower Group B; recommended post-
harvest storage temperature 4–10 °C. Defects include overbearing and limb break-
age (Wolfe et al. 1949; Campbell and Malo 1979; Crane et al. 2013).

‘Choquette’ (G X WI) Guatemalan X West Indian hybrid; seedling of unknown 
origin selected at the property of R.D. Choquette, Miami, Florida, and first fruited in 
1934; flower Group A; fruit elliptical, flattened obliquely toward apex on one side, 
central pedicel insertion, medium to large size weighing 510–1133 g, 95–111 mm 
diameter; skin is light to dark green, nearly smooth with some undulations, glossy, 
somewhat leathery; seed is medium large, fairly tight in cavity (Fig. 4); harvested 

Fig. 3  ‘Bacon’ (MXG) originated as a seedling tree on the ranch of James E. Bacon in Buena Park, 
California. The fruit is dark green, oval in shape of medium quality and 7–14 ounces in weight. 
Flower Group B, thin skin, early maturing with very pale yellow skin. Considered the most cold-
hardy of the commercial varieties
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mid-to-late season with good to excellent quality flesh; oil content is 8–13 %; 
moderately high cold tolerance; recommended postharvest storage temperature 
4–10  °C. Defects include some susceptibility to Cercospora spot (Wolfe et al. 1949; 
Campbell and Malo 1976; Crane et al. 2013).

‘Dickinson’ (G) Guatemalan hybrid; a California selection, first propagated in 
1912; fruit oval to obovate; small to medium; skin dark-purple with large maroon 
dots, rough, very thick, granular, brittle; flesh of good quality; seed small to me-
dium, tight (Fig. 5); flower Group A; %Ratio Seed/Skin/Flesh: 13:21:66. Season: 
June-October in CA; February and March in FL; January and February in PR. Tree 
is a moderate but regular bearer; in Israel ‘Dickinson’ is described as round, small to 

Fig. 4  ‘Choquette’ (G X WI) Guatemalan X West Indian hybrid; seedling of unknown origin; 
first fruited in 1934; flower Group A; fruit elliptical, medium to large size weighing 510–1133 g, 
95–111 mm diameter; skin is light to dark green, glossy, somewhat leathery; seed is medium large, 
good to excellent quality flesh; oil content is 8–13 %; moderately high cold tolerance
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large, very thick-skinned with very large seed; of poor quality, not worth growing. It 
is no longer grown as a commercial cultivar in Florida or California.

‘Duke’ Mexican (M) Tree originated in 1912 from seed planted at Sunny-slope 
Nursery, Bangor, California. Color green, weight 227–340 g; shape pyriform; skin 
nearly smooth; quality excellent; oil content 21 %. Seed medium, sometimes loose. 
Flower group A. Season: September to November in CA; late July or mid-August 
to mid-September in Israel. Tree is large, symmetrical and wind and cold-resistant, 
and also highly resistant to root rot, especially when grown from cuttings. Vigor-
ous, very hardy to cold, wind resistant, productive. Fine for home planting in cold 

Fig. 5  ‘Dickinson’ Guatemalan hybrid; oval to obovate; small to medium; skin dark-purple with 
large maroon dots, rough, very thick, granular, brittle; flesh of good quality; seed small to medium, 
tight; flower Group A; %Ratio Seed/Skin/Flesh:13:21:66
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interior districts. It is a poor bearer in some areas of CA; however, has borne 168 lbs 
(78 kg) annually from the 6th to the 15th year in Israel.

‘Fuchsia’ (Fuchs) West Indian (WI). Originated on the place of C.T. Fuchs Sr., 
near Homestead, FL, around 1910; first fruited in 1916. Propagated commercially in 
1926; pear shaped to oblong, sometimes with a neck; of medium size; skin smooth; 
flesh pale greenish-yellow (Fig. 6); oil content 4–6 %; good flavor; seed loose in the 
large cavity. Flower group A; this cultivar is thrifty, prolific and precocious. Season: 
early June-August; sensitive to damage during shipping. Tree not very prolific in 
FL; no longer popular in commercial groves.

‘Gottfried’ Seed of a seedling on Key Largo planted at USDA, Miami, in 1906; 
distributed in (1918); pear shaped; medium size; skin smooth, purple; flesh of excel-
lent quality, 9–3 % oil; seed medium. Flower group A; Season: August to October. 

Fig. 6  Fuchsia (WI)—seed of unknown origin planted in Homestead, FL, around 1910; propa-
gated commercially in 1926; pear shaped to oblong, sometimes with a neck; of medium size; skin 
smooth; flesh pale greenish-yellow; 4–6 % oil. Tree not very prolific in Florida; no longer popular 
in commercial groves
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Tree prolific in CA; a poor bearer in southern FL and subject to anthracnose, but 
hardy and desirable for home gardens on west coast of FL.

‘Hass’ (G) Cultivar, predominantly Guatemalan but with some Mexican genes. 
A chance seedling of unidentified parenting, selected by Mr. Ruddolph Hass in 
1935 in California. Hass makes up more than 85 % of all avocados grown and sold 
worldwide. Hass avocado is more oval than other varieties and has distinctive peb-
bly skin which turns a rich purple when ripe. On average, this type has a small seed, 
weighs about 140–340 g and contains a good amount of edible flesh. %Ratio Seed/
Skin/Flesh:16:12:72. Flower Group A. Hass avocados grow almost all year round 
in different regions of California. Hass is also recognized to have several short-
comings, including poor fruit set in some locations, sensitivity to saline irrigation 
water, intolerance to cold temperature below 30°F (Bergh 1984), and susceptibility 
to Persea mites and avocado thrips (Wolfe et al. 1949; Campbell and Malo 1979; 
Crane et al. 2013).

‘Lula’ Guatemalan X West Indian (GXWI) hybrid; believe to be a seedling of 
‘Taft’. Originated at the property of G.B. Cellon (Miami, Florida) and named for his 
wife, first fruited in 1919; flower Group A; fruit pyriform, fruit apex rounded, level 
pedicel insertion, medium to large size weighing 397–680 g, 81–105 mm diameter; 
skin is green to dark green, nearly smooth, slightly rough; seed is large, tight in 
cavity (Fig. 7); harvested late-season with good to excellent quality (slightly sweet) 
flesh, 65 % edible pulp, oil content is 6.0–15 %; high cold tolerance. Flaws include 
fruit highly vulnerable to scab and difficult to control tree size (Wolfe et al. 1949; 
Campbell and Malo 1979; Crane et al. 2013).

‘Mexicola’ Mexican (M) Originated brought about 1910 at Pasadena, Califor-
nia and propagated about 1912; very small; skin black; flesh of excellent flavor; 
seed large. Flower Group A. %Ratio Seed/Skin/Flesh:27:12:61, Season: August to 
October; grown only in home gardens in California and maintained in germplasm 
collections for breeding purposes. Producing early and regularly; very heat- and 
cold-resistant; much used as a parent in CA breeding programs.

‘Monroe’ Guatemalan (G)—West Indian hybrid; seedling of unknown parent-
age originating at the orchard of J.J.L. Phillips, Homestead, Florida, first fruited 
in 1935; flower Group B; fruit elliptical, flattened obliquely toward apex on one 
side, asymmetrical pedicel insertion, medium to large size weighing 453–1133 g; 
92–111 mm diameter; skin is dark green, glossy, slightly rough; seed is medium 
large, tight in cavity; harvested late-season with good to excellent quality flesh 
(Fig. 8), oil content is 6.1–14 %; Flower group A; moderate cold tolerance; safest 
low storage temperature 4–10 °C. Defects include fruit moderately susceptible to 
scab, Cercospora spot and anthracnose, fruit drop, and limb breakage (Wolfe et al. 
1949; Campbell and Malo 1979; Crane et al. 2013).

‘Nabal’ (G) Introduced from Guatemala by Wilson Popenoe in 1917. Propa-
gated commercially in CA since 1927 but in FL only since 1937. Fruit almost round, 
of medium size, 400–680 g. Skin nearly smooth, dark green. Flesh yellow, of good 
flavor. Seed medium small, tight in cavity (Fig. 9). Oil content 10–15 %. Flower 
Group B. %Ratio Seed/Skin/Flesh:10:10:80. Season January and February in CA, 
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November–December FL. In CA has fruited heavily but in FL restricted to some 
areas in Dade County.

‘Semil 34’ (GXW) A Guatemalan X West Indian hybrid from a seedling selected 
at Finca El Semil, Villalba, Puerto Rico in 1947. Fruit (Fig. 10) is obovate/pyriform 
and flattened, weight 396–700 g and typically 84–92 mm in diameter, but could be 
larger; the peel is green, slightly bumpy to smooth and glossy (Fig. 10). In flower 
Group A; the seed (Fig. 10) is medium size and tight with good to excellent quality 
edible pulp (78 %). Fruit are harvested mid-season, fruit oil content is 7.5–15 %. 
Considered one of the major cultivars grown in Dominican Republic (Wolfe et al. 
1949; Campbell and Malo 1979).

Fig. 7  ‘Lula’ (GXWI) Guatemalan West Indian hybrid; flower Group A; fruit pyriform, medium to 
large size weighing 397–680 g, 81–105 mm diameter; skin is green to dark green, nearly smooth, 
slightly rough; seed is large, tight in cavity; harvested (slightly sweet) flesh, 65 % edible pulp, oil 
content is 6.0–15 %; high
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‘Sharwil’ (GXM) Predominantly Guatemalan with some Mexican genes; select-
ed in 1951 by Sir Frank Sharpe at Redland Bay, Queensland, parentage unknown, 
the name ‘Sharwil’ being an mixture of Sharpe and Wilson (J.C. Wilson being the 
first propagator); trees are large and rounded in shape, broad crown, extremely 
vigorous, forming a large dome, more upright than ‘Fuerte’; new leaves (Fig. 11) 
distinctively red but changing to green when fully grown, red flecking on wood of 
new shoots; fruit are pyriform to ovate, medium size weighing 245–475 g; skin is 
medium to thick, green, medium gloss, corky with wrinkled surface; seed size is 
small, conical; mid-season maturity with buttery to golden-yellow flesh (Fig. 11), 
excellent quality with rich nutty flavor, and high palatability over the full maturity 

Fig. 8  ‘Monroe’ West Indian hybrid; seedling of unknown; flower Group B; fruit elliptical, 
medium to large size weighing 453–1133 g; 92–111 mm diameter; skin is dark green, glossy, 
slightly rough; seed is medium large, tight in cavity
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range (21–30 % dry matter); flower Group B; fruit stores well both on tree and post-
harvest. Has potential to set heavy crops but flowering and fruit set are susceptible 
to cool temperatures, thus reliable production only occurs in warm subtropical cli-
mates; has poor tolerance to sub-zero temperatures. Good tolerance to anthracnose 
and insect pests due to medium to thick skin. One of the most vulnerable cultivars 
to boron deficiency. Growth is vigorous but large limbs are brittle with protection 
from strong winds required (Wolfe et al. 1949; Campbell and Malo 1979).

‘Simmonds’ West Indian (WI); a seedling of ‘Pollock’ selected at the United 
States Department of Agriculture (USDA) Subtropical Horticulture Research Sta-
tion in Miami, Florida; first fruited in 1913. Flower Group A; fruit obovate, flat-
tened obliquely toward apex on one side, asymmetrical pedicel insertion, medium 
to large size weighing 453–963 g, 78–98 mm diameter; skin is light green to green, 
smooth, glossy; seed medium sized, tight in cavity; harvested early season with 
good to excellent quality flesh, 76 % edible pulp, oil content is 3.3–5.0 %; tree has 
low cold tolerance; recommended postharvest storage temperature 13  °C. Defects 

Fig. 9  ‘Nabal’ Budwood brought from Guatemala in 1917; propagated in CA since 1927, in FL 
from 1937 an in Israel since 1934, nearly round; medium to large; skin nearly smooth, thick, 
granular; flesh of high quality, green near skin; 10–15 % oil in Florida, 18–22 % in Queensland
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include low cold tolerance, lack of vigor and excessive fruit drop (Wolfe et al. 1949; 
Campbell and Malo 1979; Crane et al. 2013).

‘Taylor’ Guatemalan (G); originated of the California Guatemalan cultivar ‘Roy-
al’ donated to the USDA Subtropical Horticulture Research Station (formerly the 
United States Plant Introduction Garden), Miami, Florida, named after Dr. Taylor 
of the USDA, first fruited in 1913; propagated commercially in 1914; flower Group 
A; fruit obovate to pyriform with rounded base (Fig. 12), pedicel insertion is cen-
tral, small to medium size weighing 340–510 g, 79–86 mm diameter; skin is dark 
green, rough-pebbled; seed medium sized, tight in cavity; with excellent quality 
flesh (Fig. 12), 60–69 % edible pulp, oil content is 12–17 %; flower Group A; har-
vested mid-to-late-season high cold tolerance; recommended postharvest storage 

Fig. 10  ‘Semil 34’ (GXWI)- A Guatemalan X West Indian hybrid from a seedling selected at 
Finca El Semil, Villalba, Puerto Rico in 1947. In flower Group A. Fruit is obovate/pyriform, 
weight 396–700 g with good to excellent quality edible pulp
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temperature 4 °C. One of the first Guatemalan varieties to be planted commercially, 
still popular in some places (Chile).

‘Tonnage’ Guatemalan (G) Seedling of ‘Taylor’ selected at the orchard of D.M. 
Roberts, Homestead, Florida, and first fruited in 1921; fruit (Fig. 13) pyriform with 
rounded base, pedicel insertion very asymmetrical, small to medium size weighing 
340–567 g, 76–90 mm diameter; skin (Fig. 13) is pebbled, dark green, glossy, thick; 
seed (Fig. 13) medium sized, fairly tight in cavity; harvested mid-season with fair 
quality flesh, oil content is 8–10 %; flower Group B; high cold tolerance; recom-
mended postharvest storage temperature 4–10 °C. Defects include only fair fruit 
quality, upright growth habit and fruit is moderately vulnerable to scab (Wolfe et al. 
1949; Campbell and Malo 1979; Crane et al. 2013).

Fig. 11  ‘Sharwil’ Predominantly Guatemalan with some Mexican genes; selected in 1951 by Sir 
Frank Sharpe at Redland Bay, Queensland; trees are large and rounded in shape, broad crown, 
extremely vigorous, forming a large dome, buttery to golden-yellow flesh, excellent quality with 
rich nutty flavor

 



191Avocado History, Biodiversity and Production

‘Waldin’ West Indian (WI); seedling of unknown parentage selected at the prop-
erty of B.A. Waldin, Homestead, Florida, and first fruited in 1913; flower Group 
A; fruit ellipsoid-spheroid (Fig. 14), flattened obliquely toward apex on one side, 
central pedicel insertion, medium to large size weighing 397–680 g, 87–102 mm 
diameter; skin is pale green to greenish-yellow, smooth, leathery (Fig. 14); seed is 
medium to large, fairly tight in cavity (Fig. 14), seed used for rootstock; harvested 
mid-season with good to excellent quality flesh, 64 % edible pulp, oil content is 

Fig. 12  ‘Taylor’ (G) Guatemalan; seedling of the California Guatemalan cultivar ‘Challenge’ or 
‘Royal’; named after Dr. Taylor of the USDA, flower Group A; fruit obovate to pyriform, excellent 
quality flesh, 60–69 % edible, oil content is 12–17 %; high cold tolerance
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6–12%; tree has low cold tolerance; recommended postharvest storage temperature 
13 °C (Table 1).

8  Production

Some of the main avocado producing countries (Mexico, Chile, USA, Australia, 
South Africa, Israel,) production is discussed in detail. Mexico is the world’s largest 
producer of avocados, representing over one-third of global production (FAO 2013). 

Fig. 13  ‘Tonnage’ (G) Guatemalan seedling of ‘Taylor’; flower Group B; fruit pyriform with 
rounded base, fruit small to medium size weighing 340–567 g, skin is pebbled, dark green, glossy, 
thick; seed medium sized, fairly tight in cavity; with fair quality flesh, oil content is 8–10 %; high 
cold tolerance
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Chile was the second largest producer in 2011 (330,000 t) accounting for nearly 
6.5 % followed by Dominican Republic and Indonesia with about 6.0 % each (FAO 
2013) Table 2. World production of avocados is expected to rise in the 2013/2014 
period owing to improved production by the major avocado exporting countries, 
improvement in phytosanitary conditions, border restrictions lifted, reductions in 
trade barriers and advances in transportation and post-harvest technologies. As a re-
sult, Mexico and Chile will continue to dominate the export trade, while the United 
States could remain the number one importer of avocados. The main avocado pro-
ducing countries (Mexico, Chile and Dominican Republic) as well as the other main 
producing countries is discussed in detail (Table 2).

Fig. 14  ‘Waldin’ (WI) West Indian; seedling of unknown parent; flower Group A; fruit ellipsoid-
spheroid, fruit medium to large size weighing 397–680 g, 87–102 mm diameter; skin is pale green 
to greenish-yellow, smooth, leathery; seed is medium to large, fairly tight in cavity
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Table 1  Comparison of selected characteristics of the three species (races) of Persea americana 
Mill. (Source: Berg and Lahav 1996; Bergh and Ellstrand 1986; Ayala-Silva et al. 2002)

Race
Traits Mexican Guatemalan West Indian
Tree
General Origin Subtropical Subtropical Tropical

Climate Most Intermediate Least
Cold tolerance Least Intermediate Most
Salt tolerance Intermediate Least Most
Alternate bearing Less More Less

Form Internodes Longest Long Shortest
Twig lenticels Pronounced Absent Absent
Bark roughness Less Less More
Stem pubescence More Less Less

Leaf Size Smallest Large Largest
Colour Green Green Pale green
Flush colour Greenest Reddest Yellowish-green
Anise Present (usually) Absent Absent
Underside 
waxiness

More Less Less

Fruit
Flower Season Early Late Early-Intermediate

Bloom to maturity 5–7 months 10–18 months 6–8 months
Perianth 
persistence

Greater Less Less

Stem Length Short Long Short
Thickness Medium Thick Thin
Shape Cylindrical Conical Nailhead

Fruit Size Tiny–Medium Small–Large Medium–Very 
large

Shape Mostly elongate Mostly round Variable
Pulp Flavour Anise-like, spicy Often rich Sweet, mild

Oil content Highest High Low
Distinct fibers Common Less common Intermediate

Skin Color Usually purple Black or green Pale green/
maroon

Surface Waxy coating Variably rough Shiny
Thickness Very thin Thick Medium
Stone cells Absent Present Slight
Pliability Membranous Stiff Leathery
Peeling No Variable Yes

Seed Seed/Fruit ratio Large Often small Large
Coats Thin Usually thin Thick
Tightness in 
cavity

Often loose Tight Often loose

Surface Smooth Smooth Rough
Oil content Highest High Lowest
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8.1  Mexico

The avocado production forecast for MY 2012/13 (July/June) is 1.3 million metric t 
(MMT). The forecasted increase over MY 2011/2012 is based on expected good 
weather and a mild winter. Implementation of phytosanitary pest control programs 
has also helped boost production. Production estimates for MY 2011/2012 are 1.26 
MMT, higher than previously expected due to a mild winter and good weather con-
ditions (FAS 2013). Total area planted for MY 2012/2013 is forecast at 150,000 ha, 
an increase of more than 5 % over MY 2011/2012, as growers in different states 
in Mexico are interested in increasing area due to good domestic and internation-
al demand for Mexican Hass avocados. The area planted and harvested for MY 
2011/2012 increased compared to MY 2010/2011 (FAS 2013). Growers forecast 
avocado exports higher for MY 2012/2013 compared to MY 2011/2012 or about 
500,000 MT. Exports have been increasing due to a good international demand and 
year-round market access to all 50 U.S. states. According to the Global Trade Atlas, 
exports for MY 2011/2012 are estimated at 409,761 MT, however, the industry es-
timates exports at about 460,000 MT. U.S. imports are estimated at about 360,923 
MT according to the Census Bureau. According to the Global Trade Atlas, avocado 
exports for MY 2010/2011 were estimated at 318,462 MT, however the industry 
estimates exports at about 360,000 MT. U.S. imports were estimated at 281,671 
MT according to the Census Bureau (FAS 2012). The Unites States is the top export 
market for Mexico, consuming 75 % of total exports. Japan and Canada are strategic 
market niches where Japan has about 10 % of the market and Canada about 7 %. 
Currently, 34 packers in Michoacan are eligible to export Mexican avocados to the 
United States (FAS 2012).

8.2  Chile

Chilean avocado production is expected to increase during the current 2013/2014 
production season compared to last season. Normal weather conditions are respon-
sible for the increase in production and subsequently exports for this season. For 
the 2014/2015 season, output is forecasted to increase, as an abundant blooming 
in most production areas forecasts strong production if weather conditions remain 
normal. A little over 98 % of all Chilean commercial avocado trees are planted in 
the central area of the country from Region IV through Region VI. Almost all the 
planting expansion has been of the Hass variety in the last decade, and there are 
over 20 other varieties planted in Chile. Of the total planted area in Chile, around 
30,000 ha are planted as e Hass avocado variety, which represents almost 100 % of 
total exports (99.8 %) (FAS 2013). Although declining in importance, the United 
States is still largest export market for Chilean avocados, followed by the Europe. 
The US market received 45 % of Chile’s total avocado exports in 2012, down from 
over 66 % in the previous year. Exports to the EU have increased over the last few 
years as a result of a big industry effort made to diversify their markets (FAS 2013).
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8.3  Dominican Republic

The Government’s support to avocado producers of the Dominican Republic has 
generated a substantial increase in exports of fruit to international markets, with 
a volume of 20,000 t per year and a foreign exchange contribution that exceeds 
30 million dollars. A report from the Department of Fruit of the Ministry of Agri-
culture indicates that the Dominican Republic has a stable production of avocado 
with a tendency to increase since, in 2012, 1000 containers of 35,000 units each 
were exported while, this year, more than 800 containers were exported. The av-
erage production per year is 250,000 t of avocado, close to 20 % of which is ex-
ported, especially the Semil-34, Jass, Carla and Pollock varieties. The support of 
the Ministry of Agriculture to avocado growers consists of the delivery of supplies, 
training, certification of good agricultural practices, market management and the 
repair and maintenance of roads. Besides, the Special Fund for Agricultural De-
velopment (FEDA), through the Agricultural Bank, has funded avocado growers 
from Cambita, Garabito, in San Cristóbal, with 90 million pesos. The largest fruit 
production areas are located in San José de Ocoa, Cambita, in San Cristobal; Villa 
Trina, in Espaillat; Altamira and Mamey, of Puerto Plata; Amina, in Valverde; The 
Calimetes, in Elías Piña; Padre Las Casas, in Azua; Los Arroyos, in Pedernales; in 
Peravia and in Neyba.

8.4  United States of America

The value of U.S. avocado production increased from $ 479.1 million in 2010 to 
$ 492.1 million in 2011. The total volume amounted to 226,450 t, an increase of 
more than 52,120 t from 2010. According to NASS (2012), the California avocado 
crop jumped to 195,000 t, while the Florida crop rose to 31,100 t. The number of 
acres under production stabilized at 59,950 and the yield per acre dramatically in-
creased to 3.8 t. The value of avocado imports into the United States has increased 
substantially over the past two decades, reaching nearly $ 913 million in 2011. Of 
that amount, more than $ 17.2 million was for imported organic avocados. Once 
again, Mexico supplied most of the avocados imported into the United States in 
2011, followed by Chile (FAS 2011).

 Conclusion

Avocado has been the favored fruit of many people in Mesoamerica dating back to 
10,000 BC. It is unique amongst the fruits and it is neither sweet nor bitter. Some 
superior cultivars have anise or nutty flavor. Today avocado brings pleasure to hun-
dreds of millions of people worldwide. At the beginning of the twentieth century, 
the Avocado made its first steps on the United States (CA and FL) market, and total 
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consumption on last year was close to 600,000 t. Now a day’s quality enhance-
ment of the fruit allows for long distance shipping in shorter periods of time. Avo-
cado is consume now worldwide and the forecast is for consumption to increase. 
The increase in productivity has increased in the last decades and work including 
new biotechnology such as molecular markers, preservation in tissue culture and 
cryopreservation will assist with the breeding and improvement of the fruit. The 
nutritional importance of the avocado and its worth on promoting good health and 
the increasing use of its oils and secondary products for cosmetics will benefit the 
prospects for a significant increase in avocado consumption.

The outlook of the avocado breeding as a whole is increasing with new develop-
ment of techniques and its full prospective have not yet been exploited given all 
genetic resources and new technology available.
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