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Abstract Aguamiel is a beverage produced by some

Agave species that is consumed in its fresh or fermented

form. Despite its uses and popularity, seasonal effects on

its microbial and chemical profiles are unknown. In this

study, using aguamiel collected from A. salmiana and A.

atrovirens during different seasons, we identified

microorganisms by sequencing the 16S and 18S rDNA

genes and determined their chemical profiles. In total, 49

microbial strains were identified (38 bacteria and 11

yeasts). The highest richness and biodiversity were

observed during winter and summer. Different lactic acid

bacteria and yeast genera with potential industrial appli-

cations were identified, such as Acetobacter, Lactobacillus,

Leuconostoc, and Clavispora. The analysis of the chemical

profiles indicated the presence of maltooligosaccharides

and fructooligosaccharides, which are associated with

human health improvements, during spring in Agave

aguamiel. Aguamiel can be used in the food industry due to

its microbiological and chemical profiles.

Keywords Acetobacter � Agave � Aguamiel �
Fructooligosaccharide � Lactic acid bacteria

Introduction

Agave plants are distributed throughout the Mexican

highlands, specifically in Coahuila, Zacatecas, San Luis

Potosı́, Colima, Hidalgo, and Puebla states, at altitudes

between 1000 and 2460 masl [1]. These plants grow better

at locations characterized by semi-dry and dry climates

where the temperatures often exceed 40 �C, and they are

capable of tolerating extended periods of drought [2]. Some

Agave species are known as ‘‘magueyes pulqueros’’

because they can be used to produce aguamiel (AM) after

removing the central part of the plant. AM is the maguey

sap comprising a liquid rich in carbohydrates, minerals,

and proteins, which can be consumed fresh or as a fer-

mented alcoholic beverage called ‘‘pulque’’ [3].

Each magueyes pulqueros plant produces between 100

and 250 L of AM, depending on its size, time of ‘‘castra-

tion’’ (removal of the inflorescence), species, weather

conditions, and production period [4, 5]. Commercially, the

first step in AM extraction is removing the central part

(meyolote) of the mature plant (8–10 years old), which

must be performed before the plant starts flowering to

prevent the loss of stored sap. After cutting the meyolote,

the wound is left to mature for 2–3 months to ensure that

the sugar content of AM is maximized [5].

Different Agave species have been used for AM pro-

duction, including A. salmiana, A. mapisaga, A. atrovirens,

A. americana, and A. ferox [6]. Various bacterium and

yeast species with importance in biotechnological pro-

cesses and the food industry have been detected in AM

[7, 8]. These microorganisms confer characteristic flavors
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and odors; thus, AM has been used as an ingredient in the

bakery industry. In addition, some of these microbial spe-

cies are important for AM fermentation, preservation, and

‘‘pulque’’ production [9, 10]. However, to date, the

microorganisms associated with the characteristic flavors

and odors of AM are unknown. Microbial diversity also

determines the quality, shelf life, and physicochemical

characteristics of AM [11]. In this study, we determined the

microbial diversity and chemical profiles of AM collected

from A. salmiana and A. atrovirens on four dates corre-

sponding to different seasons.

Materials and methods

Medium composition, enzymes, and chemicals

Taq DNA polymerase was purchased from Invitrogen (San

Diego, CA, USA). All oligonucleotides were synthesized

by Sigma Aldrich (St. Louis, MO, USA). Potato dextrose

agar (PDA), nutrient agar (NA), and Man–Rogosa–Sharpe

agar (MRS) were prepared according to the manufacturer’s

instructions (Bioxon, Cd. Mexico, México). Glucose,

fructose, and saccharose were used as standards (Sigma

Aldrich). In addition, fructooligosaccharides [FOS: 1-kes-

tose (GF2), 1-nystose (GF3), and 1F-b-fructofuranosyl
nystose (GF4)] were obtained from Wako Pure Chemical

Industries (Tokyo, Japan), and maltooligosaccharides

(MOS: IM2–IM7) were acquired from Supelco (Bellefonte,

PA, USA).

AM sampling from two Agave species

AM samples were collected from 8-year-old A. salmiana

and A. atrovirens plants at ‘‘Las Mangas’’ (25�5401400N,
101�0602100W, 1866 masl), Coahuila, Mexico [12]. The

samples were collected at three time points (8 am, 1 pm,

and 6 pm) on specific dates during 2013 in winter (Fe-

bruary 18), spring (15 May), summer (August 27), and

autumn (November 26). They were preserved in sterile

bottles containing 50% glycerol as a cryoprotectant at

-20 �C until microbial and chemical analyses.

Isolation of microorganisms

Each AM sample (20 lL) was inoculated onto PDA, NA,

and MRS culture media and incubated at 30, 30, and

37 ± 2 �C for 72 h, respectively. Next, the strains were

purified on the same culture media before determining

differences among colonies based on their size, shape,

color, and type of grouping.

Identification of microorganisms

DNA was isolated from pure strains using the modified

Cetyl trimethylammonium bromide (CTAB) technique

[13]. Mechanical lysis was achieved using sterile lysing

matrix (MP Biomedicals, Santa Ana, CA, USA). The

oligonucleotides 16SF 50-AGGAGGTGATCCAACCGCA-
30 and 16SR 50- AACTGGAGGAAGGTGGGGAT-30 and
PN10 50-TTCGCTTATTGATATGCTTAAG-30 and PN3

50-CCGTTGGTGAACCAGCGGAGGGATC-30 were used

to amplify the 16S and 18S ribosomal genes, respectively.

Polymerase chain reaction (PCR) was performed using 1 U

of Taq DNA polymerase with 35 amplification cycles

under the following conditions: 94 �C for 1 min, 54 �C for

1 min, and 72 �C for 1 min, with an initial denaturation

step at 94 �C for 5 min and a final extension step at 72 �C
for 10 min. The amplified products were sequenced using

the Sanger method. The obtained sequences were com-

pared with those deposited in the GenBank database of

National Center for Biotechnology Information (NCBI)

using the BLASTn algorithm to determine highly similar

sequences, wherein a 97% shared identity was considered

acceptable.

Analysis of diversity

Alpha diversity was determined for the microbial com-

munities isolated from AM using the InfoGen statistical

program [14]. The methods employed were based on

quantifying the species number (species richness) and

community structure according to the proportional abun-

dance (Shannon–Wiener evenness and Simpson dominance

indexes) and nonparametric models (Chao1) [11]. The

indexes and standard deviations were estimated by boot-

strapping. Each value was obtained using 250 bootstrap

replicates. Significant differences between indexes were

estimated at the 95% confidence level using normal

approximation.

Chemical characterization of AM samples

For each sample, the pH was measured using a pH-meter

(Mettler Toledo S20 K). The total soluble solids (�Bx)
were evaluated using a density meter (Anton Paar DMA

35 N). The protein and total and reducing sugar contents

were measured as described previously [15–17]. Simple

carbohydrates were determined by thin layer chromatog-

raphy (TLC) using silica gel plates with aluminum sup-

ports, as described by Anderson et al. [18]. Fructans were

determined by high-performance anion exchange chro-

matography coupled with pulsed amperometric detection

(HPAEC-PAD, Dionex ICS-3000 system, Sunnyvale, CA)

using the running conditions established by Mellado-
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Mojica and López [19] and by Fourier transform-infrared

spectroscopy (FT-IR) for mid-infrared spectroscopy, as

described previously [20].

Statistical analysis

Experiments were performed according to a completely

randomized design with the factorial arrangement of

treatments with three replicates. Two levels of AM and

four levels of seasons were established. Data were analyzed

using ANOVA. As necessary, the treatment means were

compared using Tukey’s multiple range test with the 95%

confidence intervals and standard deviations. Statistical

analyses were performed using SAS Software (version

9.0). The FT-IR results were analyzed by principal com-

ponents analysis (PCA) using InfoStat software (2011

version).

Results and discussion

Identification of microorganisms in AM samples

According to the morphological characteristics, 49 micro-

bial strains were isolated and purified from both Agave

species. Seven yeast and 25 bacterium strains were isolated

from A. salmiana AM, and four yeast and 13 bacterium

strains from A. atrovirens. The isolated yeast strains were

identified as belonging to the genera Candida, Kluyver-

omyces, Saccharomyces, and Clavispora (Fig. 1). Yeasts

belonging to these genera have many applications, such as

in the preparation of non-alcoholic carbonated beverages

from fruits with important sensory traits [21], in the pro-

duction of biofuel from lignocellulosic waste [22], and in

the production of ethanol [23, 24]. In addition, the

microorganisms mentioned above have been identified

during mescal fermentation using A. salmiana [25].

The bacterial strains isolated from AM samples made

using A. salmiana belonged to the genera Lactobacillus,

Leuconostoc, and Acetobacter (Fig. 2). These bacterial

strains are associated with alcoholic, acidic, and viscous

fermentation during the production of ‘‘pulque’’ [9, 26] as

probiotics and with in vitro assays using gastrointestinal

simulation [8]. Other microorganisms were identified, such

as Acetobacter pasteurianus, which has been detected

during the natural fermentation of ‘‘taberna,’’ a traditional

Mexican alcoholic beverage [27]. In addition, L. plantarum

and L. casei are used as probiotics in fermented food

production [28], and they were identified in AM produced

from both Agave species during different seasons. Other

microorganisms that we detected, such as Serratia mar-

cescens, Enterobacter asburiae, Hafnia alvei, and Erwinia

chrysanthemi, could have been derived from the utensils

used during AM production or from the normal microbiota

of animals. Food quality rules are necessary to prevent the

contamination of Agave plants as well as during treatment

for AM production.

Microbial diversity in AM samples

According to the Chao 1 and Simpson indexes, the

microbial diversity was almost twice as high in the AM

produced from A. salmiana than that in AM produced from

A. atrovirens, with A. pasteurianus being the representative

Fig. 1 Evolutionary

relationships based on the 18S

ribosomal RNA gene for the

strains isolated from AM

samples collected from two

Agave species. Molecular

phylogenetic analysis based on

the maximum likelihood

method with 1000 bootstrap

replicates using the Tamura

3-parameter model. Note:

Number of strains ? Agave

species (SAL: A. salmiana and

ATV: A. atrovirens)
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Fig. 2 Evolutionary relationships based on the 16S ribosomal RNA

gene for the strains isolated from AM samples collected from two

Agave species. The evolutionary history was inferred using the

neighbor-joining method with 1000 bootstrap replicates. The

evolutionary distances were computed using the Kimura 2-parameter

method with a gamma distribution (?G = 0.33). Number of

strains ? Agave species (SAL: A. salmiana and ATV: A. atrovirens)
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species having important applications in the food industry,

as mentioned above. In addition, numerous rare species

were found in AM samples collected during summer and

winter (Table 1); this can be attributed to the exposure of

plants to sunlight and temperatures that facilitated the

proliferation of different microorganisms. More species

were found in the AM produced from A. atrovirens, with

Clavispora lusitaniae being the representative species

according to the Simpson index (Table 1). The highest

amount of isolated species was found in the AM samples

collected in winter according to the Shannon–Weaver

index; this can be attributed to the high amounts of car-

bohydrates found in this AM sample.

A. pasteurianus was isolated from AM in all the seasons,

and this xerophilic microorganism requires a temperature

of 28 �C for optimum growth [29]. Pantoea was the

dominant species in the sampled communities according to

the Simpson index (present in AM collected during

autumn). A Pantoea species (P. agglomerans) was also

found previously in the beverage called ‘‘taberna’’ [27].

Finally, the highest species richness was found in the AM

samples collected during winter. Identifying the microor-

ganisms present in the AM samples collected during dif-

ferent seasons and from different Agave species will

facilitate better plantation management and AM collection

programs. An improved understanding of the microorgan-

isms present will aid the conservation of these Agave

species and enhance AM utilization processes and

applications.

Chemical profiles of AM samples

The AM samples collected from A. salmiana during spring

and winter were acidic according to the pH measurements,

which was also the case for the AM samples collected from

A. atrovirens during spring and autumn (Table 2). Cras-

sulacean acid metabolism in agaves is directly related to

increased acidity, which depends on the total photosyn-

thetic radiation in plants [30]. Many of the microorganisms

detected in the present study were identified as lactic acid

bacteria, which are acid tolerant (pH = 3.2–9.6) [28].

Yeasts also prefer acidic conditions and can tolerate envi-

ronments with a pH of 2.0–8.0 [31]. In addition, the tem-

peratures during winter and spring can affect the acidity of

AM because they are optimal for the uptake of CO2 [30].

The highest concentrations of soluble solids were detected

in the AM samples collected from A. atrovirens and A.

salmiana during winter and spring, respectively. Similar

protein concentrations were found in the AM samples

collected from A. atrovirens and A. salmiana during sum-

mer and winter, i.e., 0.64 and 0.65 g/L, respectively. The

total soluble solid contents are directly related to the pro-

tein concentration because of the transformation of CO2

into sugar; thus, the protein concentration is increased [32].

The highest protein concentrations were found in AM

samples collected during winter and spring; this may have

been associated with the absorption of CO2 at low tem-

peratures in the night (10–15 �C) [33]. The AM samples

collected from A. atrovirens during different seasons con-

tained high concentrations of reducing sugars; this may

have been associated with the hydrolysis of carbohydrates

stored in meyolote [32].

More glucose was found in the AM samples collected

from A. atrovirens during winter and spring, and it was also

detected in AM from A. salmiana. Fructose was abundant

in all the samples. Sucrose was found in most of the

samples, but it appeared to be absent from the AM samples

collected from A. atrovirens during spring and summer

(grouped according to PCA, as shown in Fig. 4). These

results were obtained using TLC and confirmed by

Table 1 Diversity indices determined for AM samples collected from Agave salmiana and Agave atrovirens throughout the year

Index Agave species Season

A. salmiana A. atrovirens Winter Spring Summer Autumn

Shannon-Weaver1 2.70 ± 0.40*a 2.11 ± 0.43a 2.1 ± 0.43a 1.81 ± 0.52a 2.01 ± 0.45a 1.56 ± 0.50a

Chao 12 43.5 ± 6.1a 23.25 ± 2.85b 21.09 ± 8.08ab 19.34 ± 2.0b 24.75 ± 3.3a 14.5 ± 2.1c

Simpson3 0.045 ± 0.009b 1.065 ± 0.1a 0.09 ± 0.007c 0.13 ± 0.01b 0.09 ± 0.02c 0.15 ± 0.01a

Species richness4 28 ± 4.3a 14 ± 2.9b 14 ± 1.3a 11 ± 0.5b 13 ± 0.9a 8 ± 0.5c

1 Denotes the uniformity of the significance values in all samples
2 Estimated number of species in a community based on the number of rare species in the sample
3 The probability that two individuals taken at random from a sample belong to the same species
4 Total number of species in a community without considering the importance of the same

* Estimated index and its standard deviation according to bootstrap estimations. Each value was obtained using 250 bootstrap replicates. Index

means with the same letter in the same row are not different at the 95% significance level using the normal approximation
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HPAEC-PAD (Table 2). Mellado-Mojica and López-Pérez

[34] also confirmed the abundance of fructose, low

amounts of glucose, and apparent absence of sucrose in

blue agave syrups (Agave tequilana Weber var. azul) by

HPEAC-PAD, whereas A. salmiana syrups contained

sucrose at 280–320 g/L [20].

The FOS and MOS profiles determined by TLC (Fig. 3)

showed that 1-kestose was present in the AM samples

collected from both Agave species in the four seasons.

However, 1-nystose was present only in the AM sample

collected from A. salmiana during winter (Fig. 3(A)). In

addition, 1F-b-fructofuranosyl nystose was detected during

spring in AM samples from both Agave species. The

abundances (nC/min) determined by HPAEC-PAD were

similar, wherein the maximum abundance was found in the

AM samples collected from A. salmiana during spring.

Bluish compounds associated with MOS with different

degrees of polymerization (DP) were observed in all the

samples, i.e., maltopentaose (IM5) and maltoheptaose

(IM7) in the samples collected during winter, spring, and

summer [Figs. 3(A), 3(B), and 3(C)]. The latter compound

was detected in autumn [Fig. 3(D)]. MOS were more

abundant during spring (10.40 nC/min) in the AM samples

collected from A. salmiana.

During the biological cycle of A. tequilana, changes

occur in the levels of reducing and total sugars, fructose,

and fructans with different DP, wherein these changes are

associated with the plant’s age. In addition, the internal

hydrolysis of fructans decreases the DP to facilitate

osmoregulation in plants as a method for surviving in

extreme environments, but this hydrolysis may also be

related to enzymes produced by the microorganisms pre-

sent in AM [35]. An irregular distribution of samples was

observed according to PCA (Fig. 4), which may be

explained by the presence or absence of saccharides (G, F,

and S), MOS, and FOS in the AM samples from A.

salmiana and A. atrovirens, which are directly influenced

by the plant age and season. However, two groups could be

distinguished, wherein samples 10p–12p were grouped and

characterized by the absence of sucrose in the AM samples

collected from A. atrovirens during spring according to

TLC (Fig. 3) and HPEAC-PAD (Table 2). The second

group contained samples 10v–12v, which corresponded to

the AM samples collected from A. atrovirens during

summer, wherein the absence of sucrose was also con-

firmed. Samples 2–9 V comprising the AM samples col-

lected from A. salmiana during summer were characterized

by the presence of 1-kestose and MOS. FT-IR analyses of

Table 2 Chemical profiles of AM samples collected during different season from two Agave species

Compound Agave Winter Spring Summer Autumn

pH A. salmiana 6.40 ± 0.37*a 4.91 ± 0.41a 5.59 ± 0.17a 6.02 ± 0.23b

A. atrovirens 6.93 ± 0.3a 4.53 ± 0.03a 5.53 ± 0.05a 7.02 ± 0.10a

�Brix A. salmiana 9.78 ± 2.21b 13.82 ± 1.78a 8.53 ± 0.13a 7.28 ± 0.22b

A. atrovirens 13.66 ± 0.12a 7.48 ± 0.09b 8.54 ± 0.11a 8.54 ± 0.31a

Proteins (g/L) A. salmiana 0.65 ± 0.12a 0.45 ± 0.10a 0.32 ± 0.07b 0.12 ± 0.01b

A. atrovirens 0.41 ± 0.10b 0.19 ± 0.02b 0.64 ± 0.05a 0.19 ± 0.01a

Total sugars (g/L) A. salmiana 219.09 ± 0.22a 247.31 ± 22.20a 158.63 ± 6.78a 78.50 ± 5.15b

A. atrovirens 254.15 ± 0.25a 201.57 ± 26.69a 164.73 ± 6.86a 130.7 ± 7.51a

Reducing sugars (g/L) A. salmiana 23.10 ± 1.60b 24.55 ± 3.56b 25.78 ± 2.35a 13.72 ± 0.96b

A. atrovirens 32.53 ± 2.76a 52.74 ± 2.99a 28.94 ± 3.19a 28.36 ± 1.80a

Glucose (g/L) A. salmiana 0.40 ± 0.00b 5.19 ± 0.04b 0.27 ± 0.00a 2.29 ± 0.00a

A. atrovirens 10.50 ± 0.05a 14.96 ± 0.02a 0.21 ± 0.00b 0.29 ± 0.00b

Fructose (g/L) A. salmiana 10.56 ± 0.01b 15.90 ± 0.00b 14.61 ± 0.01a 7.94 ± 0.01a

A. atrovirens 16.23 ± 0.00a 18.64 ± 0.08a 8.11 ± 0.00b 3.69 ± 0.01b

Sucrose (g/L) A. salmiana 17.87 ± 0.01b 26.80 ± 0.00a 7.04 ± 0.00a 18.68 ± 0.00b

A. atrovirens 38.33 ± 0.00a 0.61 ± 0.00b 5.45 ± 0.00b 38.63 ± 0.11a

FOS1 A. salmiana 6.30 9.27 3.45 2.93

A. atrovirens 5.34 4.24 3.61 7.26

MOS1 A. salmiana 6.24 10.40 7.42 6.55

A. atrovirens 4.72 5.65 5.39 3.69

1 FOS and MOS are expressed as nC/min, which represents the signal versus the retention time according to HPAEC-PAD

* Treatment mean and standard deviation. Treatments means with the same letter in the same column for each variable within each season are

not different at the 95% significance level according to Tukey’s multiple range test
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Fig. 3 Chemical profiles of

AM samples collected from A.

salmiana and A. atrovirens. AM

samples collected in different

seasons: winter (A), spring (B),
summer (C), and autumn (D).
The pattern of bluish

compounds (MOS) was similar

to that reported previously

[20, 34]

Fig. 4 Principal components

analysis of the chemical profiles

determined for the AM samples

collected from A. salmiana and

A. atrovirens during the four

seasons. Samples 1–9

correspond to the AM samples

collected from A. salmiana and

samples 10–12 correspond to

AM from A. atrovirens during

different seasons: winter (inv),

spring (p), summer (v), and

autumn (ot)
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AM samples showed that those collected during autumn

and winter were different from those collected during

spring and summer. In addition, Agave species affected the

chemical profiles determined for the AM samples

(Table 2).

Fructans have been popularized because of their prebi-

otic capacity, and diabetic and osteoporosis patients use

these compounds [19]. AM obtained from Agave plants is

an alternative source of FOS and MOS, which are impor-

tant energetic reserves for these plants and can be used in

culture media for enzyme production with potential

industrial applications. In addition, the microbial diversity

found in both types of AM suggests their use as probiotics

with health benefits and as inoculums for producing fer-

mented beverage, although it is still necessary to test the

probiotic effects of these lactic acid bacteria and the

effectiveness of the yeasts found in AM for fermenting

beverages.
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rera-Suárez T, Garcı́a-Mendoza A, Gschaedler-Mathis A. Yeasts

associated with the production of Mexican alcoholic non-distilled

and distilled Agave beverages. FEMS Yeast Research 8:

1037–1052 (2008).

8. Castro-Rodrı́guez D, Hernández-Sanchez H, Yánez FJ. Probiotic
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