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Abstract

The great variety of agaves and their multiple uses have played an important role in

the cultural identification of Mexico. They have been exploited in many ways for

over 10 000 years, and one of these applications is the production of alcoholic

nondistilled and distilled beverages. Most of the production processes of these

Mexican beverages involve a complex fermentation in which bacteria (mainly

lactic and acetic acid) and yeasts (non-Saccharomyces and Saccharomyces) are

present in stable mixed populations, or succeeding one another, and have a

significant impact on the sensorial characteristics and nutritive value of the final

product. This minireview focuses on several nondistilled and distilled Agave

beverages, their production area, the Agave species used in their elaboration, the

functional microbiota involved in the fermentation process, their fermentation

products (when known), the biochemical changes of these unique fermentations,

and their impact on the quality and sensorial characteristics of the product.

Introduction

In Mexico, traditional alcoholic beverages have had great

relevance in the daily life of indigenous communities. Since

pre-Hispanic times, the Mesoamerican civilizations fermen-

ted a variety of native plants for the production of alcoholic

beverages and their consumption played an important role

in their religion, ritual, divination, and curing for millennia

(Bruman, 2000).

Since ancient times, agaves or magueyes (Agave) have

been among the most important and widely used plants in

Mexico. These are succulent plants of great biological,

ecological, and economic importance, and have been sus-

taining the establishment and development of different

human groups for centuries. They belong to the family

Agavaceae, which is endemic to America, and are often

misidentified with cacti, growing in the same environment.

Agaves contain a high concentration of fructans as reserve

substances, and have only one reproductive event in their

life (Garcı́a-Mendoza, 1995, 1998).

In Mexico, during ancient times, the integral use of these

plants (for food, alcoholic beverage production, water

substitute, clothing, and herbal medicine) was of such

importance that the survival and cultural development of

indigenous civilizations could not be explained without its

existence (Garcı́a-Mendoza, 1995, 1998).

Today, different Agave species are exploited for the

production of alcoholic nondistilled and distilled beverages

with national and international recognition. In Mexico,

pulque, a pre-Hispanic, nondistilled beverage, is the most

traditional and represents a Mexican icon (Loyola-Monte-

mayor, 1956; Gonçalves de Lima, 1990). Traditionally, it

is obtained by spontaneous fermentation of the sap or

aguamiel of different Agave species (Sánchez-Marroquı́n,

1967; Gonçalves de Lima, 1978, 1990; Steinkraus, 1997;

Ramı́rez et al., 2004). At present, pulque is also produced on

a small industrial scale through a pure mixed starter culture

industrialized process to control the quality and safety of the

product, which is canned and exported as a novel Mexican

product (Del Razo, 2004; Ramı́rez et al., 2004).

Nowadays, distilled drinks are more popular. They are

produced by distillation of the fermented must of several

Agave species, and are generically known by the name

mezcal. For the commercial production of the different
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types of mezcal (mezcal, bacanora, raicilla), several Agave

species are used in Mexico (Table 1). The elaboration

process has five main steps: removal of the leaves, leaving

the stem and the leaf bases, known as head or pine; cooking

of the pines; extraction of the must; fermentation (sponta-

neous or induced); distillation; and sometimes maturation.

Tequila differs from other mezcal in that it is produced only

from Agave tequilana Weber var. azul (Cedeño, 2003).

Table 1. Mexican alcoholic nondistilled and distilled agave beverages

Beverage

Type of

beverage

Agave

species Substrate

States of

production Functional microbiota

Fermentation

products References

Pulque Nondistilled A. atrovirens

A. mapisaga

A. salmiana

Sap México

Tlaxcala

Hidalgo

Querétaro

México DF

Puebla

Morelos

San Luis

Potosı́

In spontaneous fermentation

homo and heterofermentative

LAB (Lactobacillus spp., L.

brevis, L. plantarum,

Leuconostoc mesenteroides ssp.

dextranicum, L. mesenteroides

ssp. mesenteroides),

Zymomonas mobilis ssp.

mobilis, non-Saccharomyces

(Candida spp., C. parapsilosis,

Clavispora lusitaniae,

Hanseniaspora uvarum,

Kluyveromyces marxianus,

Kluyveromyces lactis, Pichia

membranifaciens, Pichia spp.,

Torulaspora delbrueckii) and

Saccharomyces (S. bayanus, S.

cerevisiae, S. paradoxus) yeasts.

In industrialized process a mixed

culture starter (Lactobacillus

spp., Z. mobilis ssp. mobilis and

S. cerevisiae) with or without

Leuconostoc species

Ethanol,

organic acids,

dextrans,

vitamins,

amino acids,

fusel oil, esters,

aldehydes

Lappe & Ulloa

(1993), Steinkraus

(1997), Ramı́rez

et al. (2004)

Mezcal Distilled A. tequilana

var. azul

Must Jalisco, regions

of the states of

Nayarit,

Michoacán

Tamaulipas

Guanajuato

In spontaneous fermentation

LAB, non-Saccharomyces

(Candida spp., C. magnolia,

Hanseniaspora guilliermondii, H.

uvarum, H. vinae, K. marxianus,

P. membranifaciens, T.

delbrueckii) and Saccharomyces

(S. cerevisiae) yeasts.

In industrialized process select S.

cerevisiae strains cultures

Ethanol,

organic acids,

fusel oil, esters,

terpenes

aldehydes,

furans,

ketones,

nitrogenous

compounds

Lachance (1995),

Cedeño (2003),

López (1999),

Mancilla-Margali &

López (2002)

Tequila Distilled A. salmiana Must San Luis Potosı́ LAB, non-Saccharomyces (C.

lusitaniae, K. marxianus, Pichia

fermentans) and Saccharomyces

(S. cerevisiae) yeasts

Ethanol,

organic acids,

fusel oil, esters

De León-

Rodrı́guez et al.

(2006)

Mezcal Distilled A. cupreata

A. inaequidens

Must Michoacán Nondetermined Ethanol,

organic acids,

fusel oil, esters

Gschaedler et al.

(2008)

Mezcal Distilled A. angustifolia

A. americana

var. oaxacensis

A. karwinskii

A. marmorata

A. potatorum

A. rhodacantha

Must Oaxaca Non-Saccharomyces (Candida

spp., Hanseniaspora spp.) and

Saccharomyces (S. cerevisiae)

yeasts

Ethanol,

organic acids,

fusel oil, esters,

terpenes

aldehydes

Andrade Meneses

& Ruiz Terán

(2004)

Mezcal Distilled A. duranguensis Must Durango Non-Saccharomyces (K.

marxianus) and Saccharomyces

(S. cerevisiae) yeasts

Ethanol Cisneros et al.

(1997)
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Most of the production processes of the Mexican alco-

holic and distilled Agave beverages involve a complex

fermentation in which bacteria (lactic and acetic acid) and

yeasts (non-Saccharomyces and Saccharomyces) are present

in stable mixed populations, or succeeding one another.

This microbiota is responsible for the production of several

chemical and volatile compounds that confer the particular

characteristics to the final product (Sánchez-Marroquı́n,

1967; Gonçalves de Lima, 1990; Steinkraus, 1997; Ramı́rez

et al., 2004). Table 1 shows several alcoholic nondistilled and

distilled Agave beverages, their production area, the Agave

species used in their elaboration, and the functional micro-

biota involved in the fermentation process.

In this minireview, the characteristics, history, and pro-

cess of elaboration of several Mexican Agave alcoholic

beverages are discussed briefly. Special attention is focused

on the fermentation process and essential microorganisms

involved, their fermentation products (when known), the

biochemical changes of these unique fermentations, and

their impact on the quality and sensorial characteristics of

the product.

Mexican alcoholic Agave beverage:
pulque

Pulque is probably the oldest and most traditional Mexican

alcoholic beverage. It is a milky white, viscous, slightly

acidic, and alcoholic beverage (o 6%) produced by the

fermentation of the sap that is extracted from several Agave

species, mainly Agave salmiana, Agave atrovirens, and Agave

mapisaga. They grow in semi-arid and temperate zones, in

poor soils, with scarce and irregular precipitations (Sánchez-

Marroquı́n, 1967; Gonçalves de Lima, 1990; Garcı́a-Mendoza,

1998).

Owing to its great historical, religious, social, medical,

and economical importance, pulque is the most widely

studied beverage from different points of view (Gonçalves

de Lima, 1990).

In ancient Mexico, pulque had a dominating presence in

the daily life of the indigenous populations, as well as a

decisive influence on religious and war rituals. This has been

illustrated in pre-Hispanic and post-Hispanic codices

(richly illustrated hieroglyphic texts made of fig-bark paper

folded like an accordion) (Gonçalves de Lima, 1978).

The Aztecs distinguished different pulque types: metoctli or

Agave wine, iztacoctli or white wine, and teoctli or ceremonial

or god wine, and the name poliuhquioctli was given to the

decomposed wine with an unpleasant flavor and odor. From

this word, pulque was derived and used by the Spaniards to

designate the freshly produced beverage (Gonçalves de Lima,

1990; Lappe & Ulloa, 1993). When the Aztec empire fell,

pulque lost its religious importance, but retained its relevance

as a nutritional supplement and water substitute. The bev-

erage became profane and its consumption was introduced to

the cities, mainly to Mexico City (Gobierno del Estado de

Hidalgo y Museo Nacional de Culturas Populares, 1988).

Table 1. Continued.

Beverage

Type of

beverage

Agave

species Substrate

States of

production Functional microbiota

Fermentation

products References

Mezcal Distilled A. fourcroydes Must Yucatán Non-Saccharomyces (Candida

parapsilosis, Clavispora

lusitaniae, Debaryomyces

hansenii, Kluyveromyces

marxianus, Pichia caribbica, P.

guilliermondii, T. delbrueckii)

and Saccharomyces (S.

cerevisiae) yeasts

Ethanol Lappe et al. (2004)

Raicilla Distilled A. angustifolia

A. inaequidens

A. maximiliana

Must Jalisco Non-Saccharomyces (C.

lusitaniae, K. marxianus) and

Saccharomyces (S. cerevisiae)

yeasts

Ethanol,

organic acids,

fusel oil, esters,

aldehydes,

terpenes

Arrizon et al.

(2007)

Bacanora Distilled A. angustifolia Must Sonora Nondetermined Ethanol,

organic acids,

esters,

aldehydes,

ketones,

terpenes,

hydrocarbons

Vallejo-Córdoba

et al. (2005)

FEMS Yeast Res 8 (2008) 1037–1052 c� 2008 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

1039Yeasts in Mexican Agave beverages

Downloaded from https://academic.oup.com/femsyr/article-abstract/8/7/1037/492074
by IBERO user
on 09 January 2018



Currently, pulque persists as a typically popular beverage,

and it is only sold in pulquerı́as. Its consumption varies with

the age and type of consumer, as well as with the occasion.

For the low-income population, pulque is still the preferred

stimulating drink. It also forms an important part of their

daily diet, because of its contribution of vitamins and

essential amino acids (Steinkraus, 1997; Ramı́rez et al.,

2004).

Nowadays, a re-evaluation of the beverage can be ob-

served. Pulque is promoted in restaurants and gastronomic

festivals in an attempt to recover old traditions and it is

becoming popular among young people.

Traditional pulque production

Pulque is produced from the sweet, yellowish, slightly

cloudy sap, extracted from 8- to 10-year-old mature agaves,

that are about to produce their inflorescence, which, once

productive, lasts only from 90 to 120 days, with a total

production of 200–1000 L per plant.

The first step in pulque production is the elimination of

the floral bud, leaving a cavity or cajete in the center of the

Agave stem (Fig. 1a). An aging period follows, allowing the

maturation of the central leaves, and increasing the sap

sugar content (7–14% w/v) (Loyola-Montemayor, 1956;

Garcı́a-Mendoza, 1998). The healed cavity is scraped to

open the vessels, allowing the sap to flow, which accumu-

lates in the cavity. The sap is removed by oral suction

through a dried gourd (Lagenaria siceraria) called an

acocote (Fig. 1b), and is carried to the tinacales where the

fermentation takes place in open 700-L capacity containers

(Fig. 1d). The fermentation occurs spontaneously or can

also be induced by adding a small portion of a sap-

fermented starter (semilla).

The starter is made with 10–15 L of the best-quality sap,

which is poured into a closed vessel, for a first natural

fermentation. After several days, depending on the tempera-

ture, seasonal changes, and other uncontrolled factors, the

alcoholic fermentation ends and the acetic fermentation

begins. A thick floating layer is formed, indicating that the

starter is ready for a second fermentation (Fig. 1d) (Loyola-

Montemayor, 1956; Gobierno del Estado de Hidalgo y

Museo Nacional de Culturas Populares, 1988). Another

batch (600–900 L) of best-quality sap is then mixed with

the starter (1–3% v/v) in a first tank (head fermenter) and

fermented until the limiting sugar content controls the

microbial growth. A batch of 300–450 L of supernatant

pulque (pie de cuba) is removed, poured into a second tank

(tail fermenter), and used as inoculum (50% v/v) to ferment

a batch of regular sap (SECOFI, 1972a; Ramı́rez et al., 2004).

After several days of fermentation in the second fermentor,

pulque finally reaches a specific alcoholic degree and viscos-

ity and acquires the sensorial characteristics of the final

product; at this point, it must be barreled and commercia-

lized (Fig. 1e) before acidification and putrefaction begins.

Pulque is considered a rapid consumption product and its

shelf-life is 1–3 days (Loyola-Montemayor, 1956).

These fed-batch tanks provide a rapid low-cost technique

for settling the microbial inoculum in both fermenters, so

that when pulque is withdrawn semi-continuously, the

pulque biomass is retained for further sap fermentations

(Ramı́rez et al., 2004).

In the market, besides white pulque, cured pulque can

also be found, which is prepared with white pulque added

with macerated fruits, cereals, grains, nuts, and vegetables

(Steinkraus, 1997).

Characteristics and types of sap and
pulque

Agave sap is a white, yellowish, lightly cloudy, thick, sweet,

fresh-flavored, and lightly acid liquid (Fig. 1c). It contains

water, sugars (glucose, fructose, and sucrose), proteins,

gums, and mineral salts as the most important components

(Table 2) (Loyola-Montemayor, 1956; Ortiz-Basurto et al.,

2008).

The Mexican regulation NMX-V-022 (SECOFI, 1972a)

distinguishes two types of sap. Type I refers to the one of best

quality (cleanest and with the highest sugar content) and

Type II includes all other types of sap.

The sap constitutes a favorable medium for the prolifera-

tion of numerous species of microorganisms that induce its

spontaneous fermentation; this begins when the liquid

accumulates in the cavity and is strongly activated when

the liquid mixes with the starter in the fermentation vats.

The Mexican regulation NMX-V-037 (SECOFI, 1972b)

recognizes two types of pulque: Type I includes pulque de

semilla (starter) and pulque pie de cuba and Type II refers to

commercial pulque.

Pulque starter is prepared to increase the natural micro-

biota that determines the correct fermentation in the

elaboration of the beverage. Pulque pie de cuba is prepared

in the first fermentor tank with Type I sap and inoculated

with pulque starter, and is used to establish the optimum

biochemical equilibrium between the fermentable substrates

and the basic microorganisms involved in fermentation; it is

the base of the commercial production (Loyola-Monte-

mayor, 1956; Ramı́rez et al., 2004). The characteristics of

both types of pulque are shown in Table 2.

Agave sap fermentation

Fermentation is carried out over several days, depending on

the sap quality, pulque starter maturity, microbiota present

in both substrates, season, and temperature changes. The

degree of fermentation is adequate when a specific alcoholic
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degree and viscosity are reached (Loyola-Montemayor,

1956; Sánchez-Marroquı́n, 1977; Steinkraus, 1997).

The sap, rich in carbohydrates (8–10%), mineral salts,

and growth factors, constitutes a favorable medium for the

proliferation of numerous microorganisms that appear on

the walls of the cavity or derive from the scraping or

extraction utensils, from dust, or from insects (Drosophila

spp.) that introduce a heterogeneous population of micro-

organisms that quickly adapt to the new ecological niche.

Through the action of these microorganisms and those

provided by the starter, a series of consecutive fermentations

(lactic, alcoholic, viscous, acetic, and putrid) take place

(Loyola-Montemayor, 1956; Sánchez-Marroquı́n, 1977;

Gonçalves de Lima, 1990).

The microorganisms present in the sap and pulque are

classified into two main groups, bacteria and yeasts, al-

though fungi (Aspergillus, Mucor, and Penicillium species)

may also be present. In both sap and fresh or young pulque,

there is a predominance of bacteria (8.0–15.0� 108

cells mL�1) over yeasts (3–6� 106 cells mL�1), due to the

neutral initial pH (7–7.4) of the substrates. The yeast

population increases gradually during fermentation, predo-

minating (2.5–3.0� 108 cells mL�1) over bacteria (1.0–2.0

� 108 cells mL�1) (Ruiz Oronoz, 1953; Loyola-Montemayor,

1956). This is probably due to the acidity (pH 4.5) during

the fermentation, which favors the development of yeasts.

As the microbial sap transformation begins, the resulting

chemical changes propitiate the development of different

microorganisms, as follows: (1) lactic acid-producing bac-

teria (Leuconostoc and homo- and heterofermentative Lac-

tobacillus species), (2) yeasts (non-Saccharomyces and

Saccharomyces species) and Zymomonas mobilis ssp. mobilis

which transform sugars into alcohol and other products, (3)

dextrans-producing bacteria (Leuconostoc spp.), (4) acetic

Fig. 1. Pulque elaboration process. (a) Scrapping

of a central cavity in the Agave stem where the

sap accumulates. (b) Oral suction of the sap with

an acocote or dried gourd. (c) Sap. (d) Open

fermentation containers. (e) Traditional pulque in

plastic recipient. (f) Canned natural pulque.
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acid-producing bacteria (Acetobacter spp.), and (5) putre-

factive microorganisms.

Microbial studies on pulque

Microbial studies on pulque have been undertaken since the

end of the 19th century. Currently, the microbiota identified

from pulque is: Bacteria: Acetobacter aceti, A. aceti ssp. xylinus,

Bacillus simplex, Bacillus subtilis, Cellulomonas sp., Escherichia

sp., Kokuria rosea, Lactobacillus spp., Lactobacillus delbrueckii,

Lactobacillus vermiforme, Leuconostoc spp., Leuconostoc mesen-

teroides ssp. dextranicum, L. mesenteroides ssp. mesenteroides,

Macrococcus caseolyticus, Micrococcus luteus, Sarcina spp.,

Zymomonas mobilis ssp. mobilis (Herrera, 1953; Gonçalves de

Lima, 1990), and Yeasts: Cryptococcus spp., Candida parapsi-

losis, Clavispora lusitaniae, Debaryomyces carsonii, Hansenia-

spora uvarum, Kluyveromyces lactis, Kluyveromyces marxianus,

Geotrichum candidum, Pichia spp. Pichia guilliermondii, Pichia

membranifaciens, Rhodotorula sp., Rhodotorula mucilaginosa,

Saccharomyces bayanus, Saccharomyces cerevisiae, Saccharo-

myces pastorianus, and Torulaspora delbrueckii (Ruiz Oronoz,

1953; Lappe & Ulloa, 1993).

These species have frequently been isolated from pulque

of the central plateau of Mexico, and it has been verified that

a degree of uniformity exists in the distribution of the

microorganisms of the beverage, with variants according to

the production regions.

In recent years, new microbiological studies on pulque

have been carried out. In the search for yeast strains for use

in biotechnological applications, Estrada-Godina et al.

(2001) determined the incidence of killer and killer-resistant

(neutral) yeasts among Agave sap and pulque isolates. Three

killer strains from Agave sap (K. marxianus) and pulque (K.

lactis and P. membranifaciens) were identified. Also, a

neutral S. cerevisiae strain with remarkable ethanol tolerance

was isolated, which has been used in the industrial produc-

tion of red and white wine and to develop a pulque-like

beverage (P. Lappe, pers. commun.).

Escalante et al. (2004) determined the bacterial diversity

in pulque by 16S rRNA gene sequences. They detected the

species Lactobacillus strain ASF360, Lactobacillus acidophi-

lus, Lactobacillus kefir, Lactobacillus acetotolerans, Lactoba-

cillus hilgardii, Lactobacillus plantarum, Leuconostoc

pseudomesenteroides, Microbacterium arborescens, Flavobac-

terium johnsoniae, Acetobacter pomorium, Gluconobacter

oxydans, and Hafnia alvei for the first time in pulque, and

indicated the possible presence of new species. They ob-

served the dominance of Lactobacillus species (80.97%),

although acetic acid bacteria were also present.

Essential fermentative microorganisms
and main chemical changes during
fermentation

Leuconostoc species (L. mesenteroides ssp. mesenteroides and

L. mesenteroides ssp. dextranicum) played a vital role

through the production of polysaccharides for the develop-

ment of pulque viscosity (Sánchez-Marroquı́n & Hope,

1953; Steinkraus, 1997; Ramı́rez et al., 2004). In the initial

stages of the fermentation, they increased the sap acidity and

evacuated oxygen by the production of CO2. Once the pH

decreased (7.4–6.5), these bacteria presented a slower devel-

opment; at the same time, homo- and heterofermentative

Lactobacillus spp. developed, producing more lactic acid,

Table 2. Mexican official specifications of agave sap and pulque

Specifications

Agave sap� Pulquew

Type 1 Type 2 Type 1 Type 2

Min Max At least Min Max Min Max

pH 6.6 7.5 4.5 4 3.7 4.2 3.5 4.0

Density (Baumé degrees) 5 7 4.5 32 345 25 –

Refractive index (Immersion at 201) 59 100 27 1.339 1.3406 1.3365 1.3380

Total solids (g 100 mL�1) 13 17 7 – – – –

Total reducing sugars [(glucose) g 100 mL�1] 8 12 6 0.10 0.80 0.20 0.50

Direct reducing sugars [(glucose) g 100 mL�1] 2 3 3 – – – –

Gums [(glucose) g 100 mL�1] 2 6 0.20 – – – –

Proteins (g 100 mL�1) 0.3 0.6 0.1 – – – –

Ashes (g 100 mL�1) 0.3 0.43 0.18 – – – –

Not greater than

Acidity [(lactic acid) mg 100 mL�1] 0.90 1.03 4.00 400 750 400 700

Alcohol degree in % per volume – – – 6.0 9.0 4.0 6.0

Source: �NMX-V-022 (SECOFI, 1972a).
wNMX-V-037 (SECOFI, 1972b).
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and their higher growth rate at pH 4.0–6.0 guaranteed their

dominance over Leuconostoc spp. (Swings & De Ley, 1977;

Steinkraus, 1997; Ramı́rez et al., 2004).

As a result of lactic acid bacteria (LAB) fermentation, the

total solids (Brix), the direct reducing sugars (glucose,

fructose), and the sucrose diminished; they were used in

the synthesis of lactic acid, ethanol, and dextrans, while

other chemical compounds present in the sap were used for

the generation of secondary fermentation compounds (fatty

acids and their esters, organic acids, and higher alcohols)

that acted as important flavor congeners in the final

product, as reported in wine and whisky (Fleet, 1997;

Passoth et al., 2007). These microorganisms also inhibit the

growth of pathogenic bacteria, through organic acid and

bacteriocin production, and create the environment for the

growth of ethanol-producing species: Z. mobilis ssp. mobilis

and yeasts (Sánchez-Marroquı́n, 1977; Steinkraus, 1997;

Ramı́rez et al., 2004). Zymomonas mobilis ssp. mobilis plays

a key role in the fermentation of pulque, and also produces

some lactic acid, acetylmethylcarbinol, gums, acetate, acet-

one, glycerol, acetaldehyde, and some acetic acid from

glucose and fructose (Swings & De Ley, 1977; Gonçalves de

Lima, 1990; Steinkraus, 1997; Ramı́rez et al., 2004).

Saccharomyces (S. cerevisiae, S. bayanus, and S. paradoxus)

and non-Saccharomyces (Candida spp., C. parapsilosis, C.

lusitaniae, K. marxianus, K. lactis, H. uvarum, Pichia spp.,

P. gulliermondii, and T. delbrueckii) yeasts were essential

fermentative microorganisms that produced ethanol from

glucose, fructose, and sucrose, or synthesized both nutritive

(amino acids and vitamins) and flavor-volatile compounds

that influenced the quality and aromatic profile of the

beverage (Sánchez-Marroquı́n & Hope, 1953; Sánchez-

Marroquı́n, 1967; Steinkraus, 1997; Ramı́rez et al., 2004).

At the early stages of fermentation non-Saccharomyces yeasts

developed. As the ethanol concentration increased, they

were replaced by primary ethanol-producing yeasts, S.

cerevisiae and several K. marxianus ethanol-tolerant strains;

these dominated until the end of fermentation when pulque

had 7% of ethanol (P. Lappe & M. Herrera, pers. commun.).

Some of these yeast species are involved in pulque

nutritional bioimprovement with essential amino acids,

proteins, and vitamins of microbial origin (Massieu et al.,

1959; Sánchez-Marroquı́n, 1967; Steinkraus, 1997).

Although many microbial studies of pulque have been

carried out over the last 100 years, the complex microbiota

of the beverage has not been well defined. In order to

establish the microbial communities involved in the com-

plex pulque fermentation, molecular ecological studies,

including non-culture-dependent approaches and PCR-

based-molecular techniques, are being performed. These

studies will lead to the identification of microbial groups

not detected previously in pulque, extending the knowledge

of the genetic diversity of this microbial community.

Pulque industrialization

Attempts to obtain a stable, hygienic, best-quality, bottled

product with a long shelf-life were initiated at the beginning

of the 20th century, but it was not until the 1960s that the

first pilot plant was established to produce pulque with

pasteurized sap (81Brix, pH 6.0–7.0) inoculated with

5–10% v/v of a mixed starter (homofermentative Lactoba-

cillus spp., Z. mobilis ssp. mobilis, Leuconostoc sp., and S.

cerevisiae). Also, three industrial production facilities were

developed where 50 000 L of industrialized pulque was

produced daily. Owing to technical difficulties in the pre-

servation of the quality of the final product and its bottling,

these plants are no longer in operation (Sánchez-

Marroquı́n, 1967, 1977; Steinkraus, 1997; Ramı́rez et al.,

2004).

Del Razo (2004) developed a technique to ferment

pasteurized sap with LAB, Z. mobilis ssp. mobilis, and S.

cerevisiae starters, and to can pasteurized natural and flavo-

red pulque (Fig. 1f). This industry produces 50 000–200 000

pulque cans per month, which are exported. At present, in

the pulque-producing states, other small-scale production

facilities exist that offer six new brands of this beverage,

which is a good indication of the re-evaluation that pulque

experiences.

In summary, the new pulque industrial processes are

focused on improving the nutritional value of the product,

as well as its hygienic quality, and yield a high shelf-life.

Chemical and nutritional studies on
pulque

Since the second half of the 19th century, several researchers

have studied the chemical composition of traditional and

industrialized pulque.

Table 3 gives the chemical and physico-chemical charac-

teristics of sap, traditional pulque (several studies average),

pasteurized sap, pilot plant sap, and industrialized sap. The

main changes observed during the fermentation of natural

or pasteurized sap are: decrease in total solids (1Brix) and

pH, increase in total and volatile acidity, and a decrease in

the sugar content, which are used in different metabolic

pathways for the production of ethanol, lactic acid, dex-

trans, and other compounds (Sánchez-Marroquı́n, 1977;

Steinkraus, 1997; Ramı́rez et al., 2004).

Ortiz-Basurto et al. (2008) determined the main chemical

characteristics of A. mapisaga sap during the harvest period.

They detected an average dry matter of 11.5%, composed

mainly (75%) of sugars (being mostly glucose and fructose,

followed by fructo-oligosaccharides with prebiotic proper-

ties, and sucrose), protein (3%), and ashes (3.3%).

Regarding the presence of volatile compounds in pulque,

only the work of Sánchez-Marroquı́n (1977) exists. He
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determined the presence of higher alcohols and esters in

traditional and pilot plant pulque. The most abundant

compound was ethyl acetate (121mg mL�1), followed by

isoamylic alcohol (76mg mL�1), n-propyl alcohol

(13mg mL�1), isobutyl alcohol (22mg mL�1), and active amyl

alcohol (22mg mL�1). These compounds are products of the

LAB, Zymomonas, and yeast metabolism, but it remains

unknown which species are responsible for each synthesis.

The nutritional value of pulque relates to its content of

vitamins (B complex and vitamin C, mainly synthesized by

yeasts), essential amino acids (lysine and tryptophane), and

bioavailable iron (Cravioto et al., 1951; Loyola-Monte-

mayor, 1956; Sánchez-Marroquı́n, 1967; Steinkraus, 1997;

Backstrand et al., 2002; Ramı́rez et al., 2004). Table 4

presents the essential compounds in Agave sap and the

different types of pulque. The concentration of amino acids

is higher in traditional than in pilot plant and industrialized

pulque. The vitamins presented a similar concentration in

both types; because yeast populations increased at the end of

the fermentation, it is possible that these microorganisms

were responsible for the synthesis of the essential com-

pounds. The greater the yeast population in pulque, the

higher the nutritional value of the beverage (Gonçalves de

Lima, 1990).

Recently, Ortiz-Basurto et al. (2008) detected free amino

acids (all essential amino acids except methionine) and four

neurotransmitter amino acids with excitatory (glutamine,

aspartic acid/asparagine, g-aminobutyric acid) or inhibitory

(glycine) activity in A. mapisaga sap, whose stability has not

been determined after the sap fermentation (Ramı́rez et al.,

2004).

Owing to the presence of these compounds, pulque

represents an important part of the daily diet of the low-

income population as it supplies several important nutri-

tional compounds, which are lacking in corn diets.

Currently, it is thought that pulque may have prebiotic

activity, due to its partially fragmented fructan content

(Ortiz-Basurto et al., 2008) and probiotic activity because

of the presence of LAB and yeasts (Steinkraus, 1997).

The characteristics of this ancient beverage are of such

value that techniques must be developed that will allow its

nutritional properties to be conserved while providing the

low-income consumers with the benefit of a safe product of

homogenous quality.

Mexican alcoholic distilled spirits: tequila,
mezcal, bacanora, and raicilla

In Mexico, tequila, mezcal, bacanora, and raicilla are specific

names of distilled beverages obtained from Agave species

(Table 1).

Table 3. Amino acid and vitamin content in agave sap, traditional, pilot plant and industrialized pulque

Essential compounds

Pulque types

Agave

sap�
Traditional

pulquew
Traditional

pulquez
Pilot plant

pulquez
Industrialized

pulque‰

Amino acids (mg 100 mL�1)

Lysine 16.2 3.0 7.5 12.0

Tryptophane 2.7 2.5 9.0 6.0

Hystidine 4.7 4.0 1.0 –

Phenylalanine 11.2 6.5 7.5 –

Leucine 10.5 4.0 6.0 –

Threonine 6.4 1.5 5.0 –

Methionine 0.7 3.0 5.0 –

Valine 6.6 2.5 7.5 –

Arginine 10.9 2.5 3.2 –

Tyrosine 3.0 7.5

Vitamins (mg 100 mL�1)

Thiamine 0.06 0.02 0.02 0.02 0.02

Riboflavin 0.02 0.025 0.02 0.03 0.03

Niacin 0.45 0.32 0.28 0.37 0.35

Pyridoxine – – 0.02 0.03 –

Biotine – – 0.02 0.02 –

Ascorbic acid 9.0 5.6 – – 5.1

Source: �Cravioto et al. (1951).
wMassieu et al. (1949, 1959) and Loyola-Montemayor (1956).
zSánchez-Marroquı́n (1977).
‰Del Razo (2004).
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Tequila is the distilled beverage classically associated with

México and various works have been published describing

its microbiology (Lachance, 1995; Arrizon & Gschaedler,

2002; Cedeño, 2003; Faria et al., 2003). The word tequila

derives from the Nahuatl tequillan, from tequitl = tribute,

tequiotl = work or employment, and tlan = place. Nowadays,

tequila is produced exclusively in the territory of appellation

of origin; production is subject to the Mexican regulation

(SECOFI, 2005), and is carried out on an industrial scale,

with an annual production of 242.6 million liters in 2006.

The word mezcal derives from the Nahuatl metl = maguey

or Agave, and from ixcahui = to roast, meaning roasted

Agave; the word mezcal is the generic name of all the

Agave-distilled beverages. This word also refers to a spirit

with denomination of origin whose elaboration process is

subject to the Mexican regulation NOM-070I-1994 (SECO-

FI, 1994). The processes of elaboration of the different types

of mezcal are more traditional, made in small distilleries

with lower production levels (6 million liters in 2006) in

comparison with the tequila industry.

Characteristics of the raw material

The principal characteristics of the different agaves used as

raw material (Table 1) are the presence of fructans (highly

branched fructans and neo-fructans) (Mancilla-Margalli &

Lopez, 2006), which are used as a reserve substance by the

plant; the presence of some chemical compounds (terpenes)

contributes to the flavor and taste of the final product. In

some cases, the agaves are cultivated (Oaxaca or Zacatecas)

or the wild plants are harvested directly (San Luis Potosi,

Durango, Guerrero). Propagation is carried out by vegeta-

tive means. Agave plants are harvested between 8 and 12

years of age, depending on the species and cultivation

conditions. Harvesting is carried out in an artisan way: the

complete plant is cut, the leaves are removed, leaving the

stem, and the bases of the leaves, known as the head or the

pine (Fig. 2a and e), are transported to the distilleries and

cut into halves to facilitate handling and uniform cooking

(A. Gschaedler, pers. commun.).

Traditional production process of Agave
spirits

The process begins with the cooking of the Agave pines. In

the traditional process, this step is generally carried out in

rustic ovens (hole in the ground, filled with stones, heated

with wood, and covered with earth) (Fig. 2b). The cooking

process has three main objectives: (1) hydrolysis of fructans

into simple sugars (fructose, glucose, sucrose) easily fer-

mented by yeasts; (2) to facilitate the milling operation

and the extraction of sugars, because during cooking, the

pines acquire a soft texture; and (3) generation of some

important chemical compounds involved in the sensorial

characteristics of the final product, and some of these are

produced by caramelization and Maillard reaction (Cedeño,

2003).

The cooked Agave is then milled with wood or steel

mallets, and the juice is collected in a canoa a hollow-log

fermentation container. The most common method consists

of a rudimentary mill or tahona (a circular stone about

1.5 m in diameter rotating in a circular pit where the cooked

Agave is placed) (Fig. 2c). In the traditional process, two

kinds of fermentations are carried out: one with Agave juice

only and another with the complete Agave plant including

the juice, pulp, and fiber.

Fermentation tanks are diverse and usually have a capacity

of 500–10 000 L. The most rustic tanks are round holes

carved directly in the ground. In Oaxaca and Guerrero, the

most common tank is a 1000-L wooden vat. In San Luis

Table 4. Concentrations (mg L�1 of must) of volatile compounds in tequila (A) and raicilla (B) musts fermented with yeast strains isolated from pulque,

mezcal and raicilla

Compound

Yeast strains isolated from Agave beverages

Pulque Mezcal Raicilla Raicilla

Clavispora lusitaniae Kluyveromyces marxianus Kluyveromyces marxianus Kluyveromyces marxianus

Strain 22 Strain 216 Strain 80 Strain158

A B A B A B A B

2-Phenyl ethanol 0 0 3.1 1.8 1.1 2.5 2.5 4.7

Acetaldehyde 0 0 3.3 0 4.2 8.6 4.1 14.0

Ethyl acetate 5.51 9.5 150.3 0 45.1 20.3 63.9 23.4

2-Methyl-propanol 0 0 47.5 0.6 0 84.1 20.3 84.6

Amyl alcohols 0 0 53.8 0.9 0 95.7 57.8 105.5

1-Propanol 0.18 0 33.0 0.4 0.18 48.5 49.3 43.5

Source: Arrizon et al. (2007).
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Potosı́, the tanks are stone, rectangular recipients with a

variable capacity. The fermentation process is carried out

spontaneously by the microbiota present in the must (nitro-

gen compounds, salts, and water can be added) and lasts

for several days depending on the temperature, region, and

weather conditions. The fermented must is distilled twice

in clay (Phillipine-type clay pot stills) (Fig. 2d) or metal

stills.

In the traditional processes, both fermentation and

distillation are performed without specific control. This

Fig. 2. Mezcal traditional and tequila industrial

elaboration processes. (a) Agave pine of Agave sp.

(b) Rustic ground oven. (c) Stone mill or tahona. (d)

Clay pot stills. (e) Pines of Agave tequilana Weber

var. azul. (f) Extraction of Agave juice in industrial

mill. (g) Stainless steel industrial fermentation

tanks. (h) Detail of the fermenting must.
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process is followed in the production of mezcal, bacanora,

and raicilla.

Mezcal is produced in the region of denomination of

origin, which includes the states of Durango, Guerrero,

Oaxaca, San Luis Potosi, Zacatecas, and some regions of

Guanajuato and Tamaulipas; the process is subject to the

Mexican regulation NOM-070-1994 (SECOFI, 1994). Two

categories of mezcal are recognized: Mezcal type I (Mezcal

100% Agave), obtained exclusively from Agave sugars, and

Mezcal type II (Mezcal 80% Agave), produced using 80% of

Agave sugars and 20% from other sugar sources. In each

category, there are three types, as in tequila: mezcal joven

without maturation, mezcal reposado (aged), and mezcal

añejo (extra aged). Bacanora is another Agave spirit with

government recognition and appellation of origin. Four

types of bacanora are recognized: blanco (silver), joven or

oro (gold), reposado (aged), and añejo (extra aged) with the

same description as the different tequila types. Outside these

areas with appellation of origin, other Agave spirits are

produced. Raicilla is elaborated in the western part of Jalisco

with different Agave species (Table 1).

Production process of tequila

Tequila is obtained exclusively from distillation of A. tequi-

lana var. azul-fermented must (Fig. 2e); it is produced in the

state of Jalisco and some regions of the states of Michoacán,

Guanajuato, Nayarit, and Tamaulipas. The process is subject

to the Mexican regulation NOM-006-2005 (SECOFI, 2005),

which recognizes two categories: ‘Tequila 100%’, obtained

exclusively from A. tequilana var. azul sugars, and ‘Tequila

51%’ or ‘Tequila’, produced using 51% of Agave sugars and

49% from other sugar sources. In each category, there are

five types: tequila blanco (silver) without maturation; tequi-

la joven u oro (gold) containing permitted additives and

colors (caramel color); tequila reposado (aged) matured at

least 2 months in white oak barrels, which is the most

popular kind of tequila; tequila añejo (extra aged); and

tequila extra añejo (ultra aged), matured from 1 to 3 years,

respectively, in white oak barrels (Cedeño, 2003; Gschaedler

Mathis et al., 2004)

The industrial production of tequila includes the five

stages of the mezcal traditional process. Each step is pre-

cisely controlled to increase the efficiency of the process and

the production. In some distilleries, cooking is still carried

out in brick ovens heated by steam injection, and in others

steel autoclaves are used. The cooked Agave is milled to

extract the sweet must containing a high concentration of

fructose; the mills used in the tequila industry combine

water extraction and milling (Fig. 2f). In recent years, a

diffusion process has been developed using hot water to

extract fructans or fructose from crude crushed Agave or

Agave fibers.

Most distilleries use stainless-steel fermentation tanks

(2000–120 000 L) (Fig. 2g). The fermentation wort of

‘Tequila 100%’ is formulated with Agave must, with an

initial sugar concentration of 4–10% v/v, depending on the

amount of water added during milling. For ‘Tequila’, other

sugars are added to obtain an initial sugar concentration of

8–16%, depending on the yeast strain sugar tolerance. Wort

formulation is based on the composition of raw materials

and nutritional requirements for yeast growth. It is left to

ferment spontaneously or selected yeast strains are used

(Fig. 2h). Some companies maintain this kind of natural

fermentation, as in the traditional process, because the great

diversity of microorganisms produces more compounds

contributing to the flavor and bouquet of tequila, despite

the lower ethanol production. In other distilleries, the wort

is inoculated with commercial fresh baker yeast or dry yeast

(prepared for wine, beer, or rum production). Another

practice is to use autochthonous yeast strains isolated from

a natural fermentation. When an inoculum is used, it is

scaled up with continuous aeration to produce 5–10% of the

final must volume (Cedeño, 2003; Gschaedler Mathis et al.,

2004).

Distillation involves the separation and concentration of

alcohol from the fermented wort. Tequila is obtained after

two consecutive differential distillations in copper or stain-

less-steel stills. Some distilleries use rectification columns to

improve the efficiency of this step and to achieve better

control of the final product (Prado-Ramı́rez et al., 2005).

Finally, tequila is matured in different ways, depending on

the type of tequila to be obtained. The regulation specifies

that the maturation tanks must be made of oak or holm oak

wood with a capacity of 600 L. Before bottling, tequila is

filtered through cellulose filter pads or polypropylene car-

tridges. In the case of Tequila 100% the product has to be

bottled in the region of denomination of origin; tequila can

be exported in bulk outside Mexico.

Yeast in the fermentation process

In the few works dealing with the characterization of the

mycobiota involved in the fermentation process of the

different Agave spirits, the role played by non-Saccharomyces

and Saccharomyces yeasts has been determined. In tequila,

Lachance (1995) reported the characterization of yeast

communities present in a tequila distillery, where a natural

fermentation was carried out. Fresh Agave contained C.

lusitaniae and Metschnikowia agaves as dominant yeasts

and K. marxianus (biotypes different from the distillery

strains) and P. membranifaciens as secondary yeasts. Cooked

Agave, fresh must, and crushing equipment had a consider-

able diversity of species (Candida spp., Candida intermedia,

Hanseniaspora vineae, and P. membranifaciens) including

three S. cerevisiae biotypes and T. delbrueckii as dominant
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yeasts. During fermentation a succession of species was

observed. In earlier fermentation stages Dekkera bruxellensis,

Hanseniaspora guilliermondii, Hanseniaspora vinae, K. marx-

ianus, P. membranifaciens, and T. delbrueckii were present as

secondary yeasts and S. cerevisiae as the dominant species.

As fermentation progressed, the heterogeneity of species

diminished, and at the end of the fermentation the maltose-

positive nonflocculent S. cerevisiae biotype became domi-

nant.

Gschaedler Mathis et al. (2004) reported the isolation of

Candida magnoliae, H. vineae, H. uvarum, Issatchenkia

occidentalis, K. lactis, and seven S. cerevisae strains, with six

different karyotype profiles, from 13 tequila distilleries.

In mezcal from Oaxaca, Andrade Meneses & Ruiz Terán

(2004) isolated Candida, Hanseniaspora, Rhodothorula, and

S. cerevisiae species. From a natural fermentation of Agave

fourcroydes must, Lappe et al. (2004) reported a great

diversity of yeasts (Candida spp., C. parapsilosis, C. lusita-

niae, Debaryomyces hansenii, K. marxianus, Ogataea siamen-

sis, Pichia angusta, Pichia caribbica, P. guilliermondii,

Rhodotorula mucilaginosa, Rhodotorula spp., and T. del-

brueckii) and a population of 3.9� 105 cells mL�1 at the

beginning of the fermentation, which increased to 1.3� 108

cells mL�1 after 24 h. Fermented must underwent a dramatic

reduction in yeast heterogeneity and the population dimin-

ished to 1.4� 107 cells mL�1 after 48 h, with K. marxianus

and S. cerevisiae being the predominant species. Escalante-

Minakata et al. (2008) identified yeast and bacteria present

in A. salmiana fermentations, where the microbial diversity

was dominated by LAB and Z. mobilis ssp. mobilis. Regard-

ing yeast species, only C. lusitaniae, K. marxianus, and Pichia

fermentans were identified. In these few papers published on

the mezcal mycobiota, it appears that non-Saccharomyces

yeasts and LAB play an important role in the initial

fermentation stages and influence the generation of volatile

compounds involved in the aromatic profile of the final

product (Escalante-Minakata et al., 2008; A. Gschaedler,

pers. commun.).

Flores Berrios et al. (2005) used amplified fragment

length polymorphism (AFLP) to detect DNA polymorph-

ism, genotype identification, and genetic diversity between

S. cerevisiae, Candida spp., and Hanseniaspora spp. strains

isolated from different Agave species, sotol (Dasylirion spp.),

and grape musts. A direct correlation between the genetic

profile, origin, and fermentation process was found particu-

larly in Agave must strains.

Little information is available on the evolution of yeast

populations during the fermentative process. In the case of

tequila, the population of S. cerevisiae reached 1.8–2.0� 108

cells mL�1 after 7 h of cultivation, when the inoculum was

developed under optimal conditions (sugar concentration

between 50 and 80 g L�1, continuous aeration, temperature

of 30 1C, and addition of a nitrogen source). During

fermentation, with an initial population of 2.0–2.5� 107

cells mL�1 and an initial concentration of sugar 140 g L�1,

the fermentative process took 24 h; the yeast population

reached 1.1–1.2� 108 cells mL�1, with an alcohol produc-

tion between 50 and 60 g L�1. The yeast population re-

mained high throughout the process (A. Gschaedler, pers.

commun.). In mezcal from Oaxaca, the native yeast popula-

tion, mainly non-Saccharomyces, reached 1.5–4.0� 107

cells mL�1 and declined during the fermentative process.

This reduction could be associated with the lower alcohol

tolerance of these kinds of yeasts or some nutritional

limitation; also, 50 g L�1 of ethanol was obtained after 5–8

days of fermentation with an initial 150 g L�1 of sugar

concentration.

De León-Rodrı́guez et al. (2008) optimized the fermenta-

tion conditions for the production of A. salmiana mezcal

with the native microbiota. The highest ethanol production

(37.7 g L�1) was obtained in must with 105 g L�1 of sugars,

and 1 g L�1 of ammonium sulfate, fermented 15 h at 28 1C.

At the end of the fermentation the biomass (yeasts and

bacteria) concentration reached 1.04 g L�1.

Arrizon et al. (2006) compared the behavior of yeasts of

different origins during fermentation of A. tequilana var.

azul and grape musts. In comparison with Agave yeasts (C.

magnoliae, Issatchenkia orientalis, H. uvarum, and S. cerevi-

siae) grape yeasts (H. uvarum and S. cerevisiae) exhibited a

reduced fermentation performance in Agave musts with a

high sugar concentration, while both groups of yeasts

showed similar fermentation behavior in grape must. The

presence of toxic compounds like furfural and vanillin and

the high concentration of fructose in the Agave most could

explain the poor fermentation performance of the wine

yeasts. Fiore et al. (2005) demonstrated that non-Sacchar-

omyces Agave yeast strains (Candida krusei, C. magnoliae,

and H. vineae) possess a high sulfite and ethanol (10–12%)

tolerance in controlled fermentations under labo-

ratory conditions. These experimental results on ethanol

tolerance contradict what was found in the traditional

mezcal process where different yeast strains and different

fermentation conditions prevail; however, it highlights

an important characteristic that must be studied more

thoroughly.

Volatile compounds produced during the
fermentation

The raw material volatile compounds play an important role

in the development of the sensorial characteristics of the

final product. In A. angustifolia, A. salmiana, and A.

tequilana, Peña-Álvarez et al. (2004) reported the same fatty

acid profile, and different terpenes were identified in each

species. Of these terpenes, geraniol, linalool, limonene, and

4-terpineol were also detected in the final product. Arrizon
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et al. (2007) determined the volatile compounds in tequila

and raicilla. Sixteen terpenes were found in both beverages

(b-Myrcene, isocineole, linalool, 1-terpineol, 4-terpineol,

citronellol, nerol, geraniol, and nerolidol) and 15 more were

detected only in raicilla (a-pinene, camphene, limonene, g-

terpinene, r-cymene, mycenol, neryl acetate, geranyl acetate,

and a-eudesmol). Terpenes are important aromatic com-

pounds that, in low concentrations, confer distinctive char-

acteristics to the final product. Some terpenes are present in

the raw material as complex polysaccharide (cellulose and

hemicellulose) compounds, and may be released by the

action of microbial enzymes like b-glucosidase, b-cellobio-

sidase, and b-xylosidase. A screening for the presence of b-

glucosidase and b-xylosidase has been performed on six

yeasts (three S. cerevisiae strains: C. magnoliae, C. krusei, and

H. vineae) isolated from Agave musts. Saccharomyces strains

produce b-xylosidase and the non-Saccharomyces produce

both enzymes. The highest activity of the b-glucosidase was

obtained in the C. magnoliae isolate (Fiore et al., 2005).

Hence, the yeasts present in the fermentation process could

play an important role in the release of terpenes. Moreover,

each strain seems to have different enzymatic activities and

so the aromatic profile of the beverage could be different

depending on the mycobiota involved in the fermentation

process.

Several works have been published on the volatile com-

pounds present in tequila (Benn & Peppard, 1996; López,

1999; López & Dufour, 2001; Faria et al., 2003; Escalona

Buendı́a et al., 2004). Escalona Buendı́a et al. (2004)

reported 237 volatile compounds in white tequila samples.

Estarrón (1997) determined, in five tequila samples, the

concentration of the most important compounds controlled

by the Mexican regulation. Ethanol presented the highest

concentration, followed by higher alcohols, methanol, ethyl

acetate, and acetaldehyde. They also reported 24 different

esters, the most abundant being ethyl decanoate, ethyl

dodecanoate, ethyl lactate, and ethyl octanoate, whose

concentration varied in the products analyzed. Detailed

studies on the relation of the microorganisms present in

the fermentation with the generation of esters are still

missing.

Arrizon et al. (2007) determined the production of 2-

phenylethyl alcohol, 2-methyl-propanol, amyl alcohols and

1-propanol, acetaldehyde, and ethyl acetate on tequila, and

raicilla musts by different yeast strains isolated from pulque,

raicilla, and mezcal. Table 4 shows the different volatile

compound concentrations. The C. lusitaniae strain isolated

from pulque did not ferment any of the must tested. The two

strains of K. marxianus from raicilla produced more volatile

compounds in raicilla than in tequila must, and the K.

marxianus strain from mezcal fermented the tequila must

actively and the raicilla must poorly. In both musts, the

compound concentrations were quite different; however, on

comparing the concentration of each alcohol with the total

higher alcohol concentration, it was similar in both musts. A

different behavior was observed with the production of ethyl

acetate, which was higher in tequila than in raicilla must.

This study highlights the importance of the yeast strains and

its origin in the generation of volatile compounds and the

relationship of the yeast with the musts.

Another important higher alcohol detected in tequila was

phenyl ethyl alcohol. This alcohol was produced in A.

tequilana must by yeast strains isolated from Agave must

fermentation but not by grape yeast strain (Arrizon et al.,

2006).

Pinal et al. (1997) demonstrated that the most important

factor influencing the production of isoamyl alcohol and

isobutanol was the yeast strain used as inoculum. It was

found that a native S. cerevisiae strain isolated from tequila

must produced a higher amount of isoamyl and isobutyl

alcohol than when compared with baker yeast. The carbon/

nitrogen (C/N) ratio also has a significant influence on

higher alcohol production. In tequila musts, it was found

that when the C/N ratio was small, the production of higher

alcohols was low (19 mg L�1 in baker yeast and 30 mg L�1 for

native strain), and when this ratio was high, a higher alcohol

production was observed (27 and 64 mg L�1 isoamyl alcohol,

respectively).

De León-Rodrı́guez et al. (2006) analyzed several com-

mercial mezcal samples produced from A. salmiana: white,

rested, aged, and white and rested with worm. The addition

of the worm is primarily a commercial ploy, and there is no

technical reason for, or any improvement in the sensorial

characteristics from, the worm inside the bottles of some

mezcal brands (Cedeño, 2003). De León-Rodrı́guez et al.

(2006) identified 37 compounds, and nine were classified as

major compounds (Table 5); ethanol was the most abundant

compound, followed by methanol and n-propanol and

other higher alcohols (2-butanol, 2-methyl-propanol, 2-

methyl-1-butanol, and 3-methyl-1-butanol). During pine

cooking, methanol is directly produced from pectin and

lignin, which are present in the cell wall. The other com-

pounds are synthesized during the fermentation process as

result of sugar biotransformation or by the catabolism of

amino acids. Significant differences were observed in the

concentrations of the compounds that could be explained by

the presence of a different microbiota (which is not con-

trolled) or by different fermentation conditions during the

production of the samples analyzed. In the same study, a

high concentration of acetic acid was also detected, which

could be due to a high contamination of the fermentative

musts with acetic acid bacteria.

In mezcal obtained from A. angustifolia, López & Gue-

vara-Yáñez (2001) reported the same compounds; furfural

and 5-methyl-furfuraldehyde were also detected as major

compounds. It is clear that in the case of mezcal, detailed
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studies on the relation of the microorganisms present in the

fermentation with the generation of volatile compounds

should be carried out.

Conclusion and perspectives

The great variety of agaves and their multiple uses have

played an important role in the cultural identification of

Mexico. They have been exploited in many ways for over

10 000 years, and one of these applications is the production

of alcoholic and distilled beverages. Until today, the micro-

biota that participates in the fermentation and its biochem-

ical role in this process remain largely unknown; therefore, it

is essential to carry out more studies on the traditional

processes that are still in use because they are the source of

important microbial consortia that could disappear with the

introduction of new technologies.

A detailed phenotypical and genotypical characterization

of the microbiota must be carried out in order to conserve

this specific biodiversity and subsequently evaluate its po-

tential as starter cultures and in the production of different

chemical compounds of biotechnological importance.

Acknowledgements

The authors thank B.Sc. Concepción León Cano.

References

Andrade Meneses OE & Ruiz Terán F (2004) Study of yeast

populations in a mezcal fermentation. Poster PF 17, p. 157.

11th International Congress on Yeasts. Yeasts in Science and

Technology, The quest for Sustainable Development. Rio de

Janeiro, Brazil.

Arrizon J & Gschaedler A (2002) Increasing fermentation

efficiency at high sugars concentrations by supplementing an

additional source of nitrogen during the exponential phase of

the tequila fermentation process. Can J Microbiol 48: 965–970.

Arrizon J, Fiore C, Acosta G, Romano P & Gschaedler A (2006)

Fermentation behavior and volatile compounds production by

agave and grape must yeasts in high sugar Agave tequilana and

grape must fermentations. Antonie van Leeuwenhoek 8:

181–189.

Arrizon J, Arizaga JJ, Hernández RE, Estarrón M & Gschaedler A

(2007) Production of volatile compounds in tequila and

raicilla musts by different yeasts isolated from Mexican agave

beverages. Hispanic Foods Chemistry and Flavor (Tunick MH &
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129–156.
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Gonçalves de Lima O (1978) El maguey y el pulque en los códices
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