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ABSTRACT 
The ability of Agave species to synthesize fructans has been poorly investigated in the past. Agave tequilana, a CAM plant of Mexican 
origin, accumulates fructans in their false stem or piña that are harvested and used as a source of sugars for the production of tequila. 
Synthesis of fructans occurs in the agave leaf and in the past it has been suggested that they are transported through the phloem to the 
storage organ. In this work the structural characteristics of oligosaccharides present in plant leaves are examined by different methods 
such as TLC, MALDI-TOF and HPAEC-PAD. Also, leaf protein extracts were tested for enzyme activities by incubation with different 
sugars to identify the machinery responsible for agave fructan structures. Results showed that sucrose represents the largest contributor 
(67%) followed by fructans (20%) up to DP 12 and monosaccharides (13%), respectively. Leaf oligofructan structures are comprised of a 
mixture of inulin, neoseries and branched fructans. All DP3 and DP4 fructans were linear molecules of the inulin and neoseries type, with 
the notable absence of 6-kestose or bifurcose, which is considered to be the primer oligosaccharide in grasses. Enzymatic assays 
confirmed the presence of the synthetic activities 1-SST, 1-FFT and 6G-FFT, but could not detect any 6-SFT activity, generally considered 
responsible of the branching fructans and synthesizer of 6-kestose or bifurcose that could not be found. From this study we conclude that 
the branching activity in Agave spp. is of different nature than 6-SFT already characterized in grasses. We proposed that an unknown 6-
FFT activity may be responsible for the branched structure in Agave fructan. 
_____________________________________________________________________________________________________________ 
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INTRODUCTION 
 
Plants containing fructans can be found in both monocots 
and dicots, which suggests that the enzymatic machinery 
involved in their synthesis and degradation has appeared 
independently many times in evolution (Hendry 1993). 
However, fructans are not the same in all plants, as they can 
exhibit strong differences in concentrations, sizes and struc-
tures between species (Cairns and Ashton 1993). Also, the 
physiological role that fructans play is different depending 
on the specie and the organ where they are shytetized and/ 
or stored. Even plants from the same species but at different 
developmental stages (such as age, flowering or growth 
season) grow in different environmental conditions (such as 
temperature, light conditions and nutrients in the soil) and 
can present large variations in their fructan concentrations 
(Pollock and Jones 1979; Demeulemeester et al. 1998; see 
Ritsema and Smeekens 2003 for review). 

Agave spp. are strong fructan accumulators during their 
life cycle, building an important reserve at the base of the 
plant, a false stem or piña. Fructans are remobilized from 
there and used to fuel the reproductive activities in this 
plant. In asexual reproduction, fructans are utilized for the 
establishment of clonal offspring or hijuelos derived from 
the rhizomes of the mother plant (Tissue and Nobel 1988). 
In sexual reproduction, fructans are used to build the inflo-
rescence, a tall central floral structure that serves for breed-

ing and the production of seeds, which requires such a large 
amount of resources that generally its formation implies the 
sacrifice of the whole plant (Arizaga and Ezcurra 1995; 
Mclaughlin et al. 2000). 

Agave tequilana is considered one of the most represen-
tative plants of the Mexican flora, because it is the source 
carbohydrate for the production of tequila, Mexico’s natio-
nal spirit. It is a member of the Agavaceae family, an arid 
adapted group of plants distributed along North and Central 
America (Gentry 1982). Historically, agaves from different 
species have been domesticated and grown by traditional 
Native American cultures and tribes due to their medicinal, 
nutritional and utilitarian properties (Colunga and Maypat 
1993). The carbon assimilation in these plants is based on 
CAM (Crassulacean Acid Metabolism) which allows them 
to obtain CO2 at night, thus reducing water loss due to trans-
piration by closing the stomata during the day(see Nobel 
1988 for review). The mature agave piña possesses a large 
concentration of fructans, which makes this crop a potential 
source for industrial purposes. A. tequilana’s cropping sys-
tem has been well developed in size and technology in the 
past decades and has advantages compared with other 
plants used for fructan production such as chicory or Jeru-
salem artichoke. For instance, A. tequilana is available all 
year long and can be grown in warmer environments with 
less of a requirement for water. Initial investigations on the 
prebiotic functionality of agave fructans provide evidence 
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to believe that it behaves similarly to other inulins in the 
market (Urias-Silvas et al. 2008; for a review in prebiotic 
effect of fructans see Roberfroid 2002). 

Although fructans only have three different types of lin-
kages: fru-�(2-1), fru-�(2-6) and glu-�(2-6), a large diver-
sity in types and structures can be found in plants (Pollock 
and Cairns 1991). For instance, fructan molecules con-
taining only fructosyl �(2-1) between fructose residues are 
known as inulin. Its simplest example and the precursor for 

all other inulin fructans is the trisaccharide 1-kestose (Fig. 
1A) followed by the tetrasaccharide nystose (Fig. 2A). 
Fructans containing only fructosyl �(2-6) are know as levan, 
and its simple case is the trisaccharide 6-kestose (Fig. 1C). 
Fructans containing a fructose unit attached to the glucose 
residue via a glucosyl �(2-6) linkage of the original sucrose 
acceptor are named as neoseries, independently if they have 
inulin and/or levan types of fructosyl linkages. The trisac-
charide neokestose is the simplest of all (Fig. 1B). Some 
plants only produce a single type of fructans such as chi-
cory (Cichorium intybus) or Jerusalem artichoke (Helian-
tum tubersum) which have only the inulin type, or the grass 
Poa ampla which has levan only (Chatterton and Harrison 
1997; van Laere and van Den Ende 2002). Some other 
plants, such as onion, garlic or asparagus (Allium cepa, 
Allium sativa and Asparagus officianalis, respectively) also 
have fructans with the neoseries internal glucosyl linkage, 
where fructans have fru-�(2-1) and glu-�(2-6) linkages 
these are commonly classified as the inulin neoseries type 
(Shiomi 1989; Shiomi 1993; Ernst et al. 1998). The simp-
lest examples of inulin neoseries are the oligosaccharides 
1&6G-Kestotetraose and 1,6G-Kestotetraose (Fig. 2B and 
2C, respectively). Interestingly, neoseries fructans can be 
elongated by the addition of new fructosyl residues in both 
directions of the original sucrose acceptor, while pure inulin 
or levan presents a single elongation point (see Fig. 2). 

Plant fructan pools can be composed of a mixture of 
different independent types of fructan molecules, but gene-
rally one is more abundant than the others. In Avena sativa, 
inulin and levan neoseries are present but the latter is more 
abundant (Livingston et al. 1993). Fructan molecules can 
also contain a mixture of fructosyl �(2-1) and �(2-6) lin-
kages in the same structure, with or without the neoseries 
internal glucose. It may be branched if the both fructosyl 
linkages types are present in the same single fructose resi-
due, allowing new elongation points for new fructose chains 
in the molecules (see examples in Fig. 2D and 2E). Well 
characterized examples of plants containing branched fruc-
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Fig. 1 Molecular structure of the three trisaccharide precursors to 
plant fructans. All structures results from the addition of a fructose 
residue to a sucrose molecule (in the box). (A) Inulin basic trisaccharide; 
(B) Neoseries basic trisaccharide, (C) Levan basic trisaccharide. Struc-
ture’s technical names using the Waterhouse and Chatterton (1993) nom-
enclature; peak identification tags (in parenthesis) following Ernst et al. 
(1998). Common names are written below each structure. Black numbers 
indicates linkage types. 
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Fig. 2 Structure of oligosacharides present in inulin, neoseries, branched inulin-levan and branched neoseries-levan fructan types. All structures 
result from the addition of fructose residues to a precursor trisaccharide (see Fig. 1). (A) Inulin, (B, C) neoseries, (D) branched inulin-levan, (E) branched 
neoseries-levan. Elongation points are described by x, y and z. Inulin presents only x; neoseries presents x and y; branched neoseries-levan presents x, y & 
z. Structure’s technical names using the Waterhouse and Chatterton (1993) nomenclature, peak identification tags (in parenthesis) adapting Ernst et al. 
(1998). Common names (if any) are written below each structure. 
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tan with an inulin-levan mixture are barley (Hordeum vul-
gare), wheat (Triticum aestivum) and Bromus tectorum 
(Chatterton et al. 1993a; Roth et al. 1997). The simplest 
example of a branched fructan is the tetrasacharide bifur-
cose (Fig. 2D). Other species, mainly in the gramineae and 
Asteraceae have branched fructans of the inulin-levan neo-
series type. Examples are Lolium temulentum, Lolium 
perene, Phleum pratense, Fetusca arundinacea, Fetusca 
novae-zelandie, Phormium tenax, Phormium cookianum, 
Cordyline australis, Dactylis glomerata and Urginea mari-
tima (Brasch et al. 1988; Chatterton et al. 1990; Sims et al. 
1992; Spies et al. 1992; Chatterton et al. 1993b; Sims et al. 
2001; Pavis et al. 2001b; Sims 2003; Clark et al. 2004). 
Agave spp. exhibit this last type of fructans in their piña, 
where all three types of linkages can be found (López et al. 
2003; Mancilla-Margalli and López 2006). 

The synthesis and degradation of plant fructans occurs 
by the participation of fructosyltransferases (FT) and fruc-
tan exohydrolases (FEH), respectively. FTs transfer fructo-
syl units from a donor to an acceptor molecule forming a � 
linkages bond to join them. FEHs release fructosyl units 
from fructan molecules, sequentially, by destroying the 
molecular � linkage and releasing free fructose (for a 
review see Ritsema and Smeekens 2003). Different fructan 
types are produced by the combined action of different FT 
activities events. In a few plants such as chicory (inulin type 
fructans), onion (inulin neoseries fructans), and barley 
(branched inulin-levan) enough FTs recombinant gene pro-
ducts and/or purified protein enzymes had been characte-
rized to explain their complete synthetic enzymology (Sim-
men et al. 1993; Duchateau et al. 1995; Sprenger et al. 
1995; van den Ende and van Laere 1996; van den Ende et al. 
1996; Sprenger et al. 1997; Ritsema et al. 2003; Fujishima 
et al. 2005; Shiomi et al. 2005; Ueno et al. 2005). However, 
in most others species and particularly in those presenting 
more complex fructan patterns such as branched inulin-
leavan neoseries containing species (mainly within the Poa-
ceae and Asteraceae orders) the enzymology behind their 
structure is not very well established yet. 

Only four enzymatic activities have been fully charac-
terized in purified and/or recombinant proteins: 1-SST (EC 
2.4.1.99), 1-FFT (EC 2.4.1.100), 6G-FFT (EC 2.4.1.243) 
and 6-SFT (EC 2.4.1.10; see abbreviations). 1-SST is res-
ponsible for the transfer of a fructosyl residue from a donor 
sucrose to another acceptor sucrose forming 1-kestose (see 
Fig. 1A), the simplest of all fructans. 1-FFT is responsible 
for the elongation of fructans by the transfer of additional 
fructosyl residues donated from a fructan molecule to an-
other fructan molecule that serves as an acceptor forming a 
�(2-1) linkage. The simplest example is the formation of 
nystose (Fig. 2A), obtained by the transfer of a fructosyl 
unit to a kestose acceptor molecule. 6G-FFT is responsible 
for transferring a fructosyl unit from a fructan donor to a 
sucrose or fructan acceptor molecule at the carbon 6 of the 
terminal glucosyl unit forming a �(2-6) linkage. The simp-
lest example is neokestose (Fig. 1B), were a sucrose mole-
cule served as an acceptor, forming a trisaccharide, but 
other examples having larger fructans as acceptors also oc-
curs (Fig. 2B). Finally, 6-SFT is responsible for the transfer 
of a fructosyl unit from a sucrose molecule to fructan or 
sucrose acceptor by the creation of a fructosyl �(2-6) lin-
kage and may produce branches. This enzyme has shown to 
synthesize both bifurcose and 6-kestose (Fig. 1C and 1D, 
respectively). Although all these activities have been pro-
duced by specific single proteins, they generally exhibit 
more than a single activity, with invertase being the most 
common secondary activity (for a review see Vijn and 
Smeekens 1999). 

Other FTs activities that have been postulated in some 
plant species are 6-SST, 6-FFT, however, their existence is 
still a matter of debate because no complete characteriza-
tion or purification of proteins presenting these activities 
has been done so far. These enzymes are believed to have 
the ability of transferring fructosyl residues to an acceptor 
molecule forming a �(2-6) linkage from and to sucrose or 

from and to fructan molecules (6-SST and 6-FFT, respec-
tively). The highly branching patterns in species such as 
some Lolium spp. and members of the order Asparagales 
(and of the synthesis linear levan in species such as Poa 
ampla where no 6-SFT activities seems to be present) could 
be explained by the action of these enzymes (Chatterton and 
Harrison 1997; Pavis et al. 2001a, 2001b; Sims 2003). 

So far it is not clear how synthesis of fructans occurs in 
agave leaves in terms of its enzymology and oligosac-
charides involved. The presence of fructan has been repor-
ted in the leaves of Agave deserti, Agave americana, and 
Agave veracruz (Dorland et al. 1977; Nandra and Bhatia 
1980; Wang and Nobel 1998). Although in most plants leaf 
fructans serve as a transient non-transported carbon pool 
(Amiard et al. 2004), mainly when sucrose concentrations 
are abundant (Cairns et al. 1997), in agave leaves substan-
tial amounts of fructans have been detected in phloem sap, 
suggesting that they are transported through the phloem 
(Wang and Nobel 1998) to other tissues, such as the piña. 
This unique feature implies that fructans are not fully syn-
thesized from sucrose in the storage organ as in most other 
fructan-accumulating plants, but that its synthetic pathway 
is distributed between the two organs. The complexity of 
Agave tequilana piña fructan is due to its highly branched 
structure which requires the action of different enzyme acti-
vities. Structural analysis of carbohydrates extracted from A. 
veracruz leaf showed the presence of oligosaccharides with 
a degree of polymerization (DP) higher than 5 that can have 
branching points, suggesting that branching activity can be 
present in the leaves, too (Dorland et al. 1977). 

This study investigates concentrations, sizes and struc-
ture types of basic oligofructans, as well as the enzymatic 
machinery responsible for their synthesis in the leaf. In this 
report carbohydrate composition of A. tequilana leaves 
growing in Sussex University’s greenhouse is presented. 
The naturally occurring leaf oligofructans are characterized 
by different chromatographic methods such as TLC, 
MALDI-TOF-MS and HPAEC-PAD and comparisons with 
other plant fructans with different structures are made. Also, 
this report analyzes the FTs and FEH activities present in 
desalted protein extracts from the leaves and compares in 
vitro synthesized oligosaccharides with those detected in 
vivo. Finally, we discuss the results considering previous in-
vestigations on Agave fructans and propose a model for the 
synthesis of agave fructans. 

 
MATERIALS AND METHODS 
 
Plant material and growth conditions 
 
Several Agave tequilana (Weber) var. ‘Azul’ plants were obtained 
from a commercial plantation located within the municipality of 
Atotonilco el Alto, in the state of Jalisco, Mexico (20° 28.500 N, 
102° 35.711 W). The greenhouse in the University of Sussex was 
prepared to receive 20 of these plants, which at the time of their 
arrival weighed between 15 and 20 kg. They were air freighted to 
the UK and placed to grow in the greenhouse within a total time 
period of 7 days. The plants were allowed to acclimatize to the 
new conditions for at least 6 months before any of these studies 
were performed. The agaves were placed in pots filled with a 3: 2: 
1 mix of John Innes soil: sand: expanded vocanic rock (Fargro 
Ltd., Littlehampton, West Sussex, UK) and watered with 0.2X 
Hoagland nutrient solution No. 1 once a week, allowing the soil to 
dry between each watering events. Average temperatures were 
maintained at 25°C/15°C at day/night with relative humidity 
varying between 45 to 70%. The photosynthetic photon flux (PPF) 
was variable throughout the year but artificial light was supplied to 
maintain acceptable PPF for the development of these plants in a 
controlled environment (13-25 mol m2 s-1). Only well illuminated 
exposed leaves presenting an angle of 40 to 60° were used in this 
study. 
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Extraction of Agave tequilana leaf carbohydrates 
for quantification and for chromatographic 
characterization 
 
To investigate the concentrations of the different carbon pools con-
tributing to the water-soluble carbohydrates in the agave leaf, nine 
leaf samples were taken at different times of the day from the 
upper half of leaves of plants growing in the greenhouse. Samples 
were frozen in liquid nitrogen, weighed and lyophilized in a freeze 
dryer chamber at -20°C. After this, dry weight was recorded and 
water content calculated. Samples were then pulverized using a 
mortar and pestle. A subsample of 100 mg DW was used for sugar 
extraction. The plant material was placed in a 15 ml centrifuge 
tube containing 250 μl methanol: chloroform: water (12: 5: 3) and 
tissue was strongly mixed. After homogenizing, 6 ml of boiling 
H2O was added and the tube was immediately incubated in a water 
bath at 100°C for 4 min. Heating destroys any enzyme activity in 
the sample ensuring no further sugar break down will occur. The 
samples were frozen in dry ice for 10 min and allowed to melt at 
room temperature to break down the tissue even more to maximize 
the extraction recoveries. The tubes were vigorously mixed and 
centrifuged at 7,000 × g for 15 min in a bench centrifuge and the 
supernatant collected. The samples were then passed through a C18 
cartridge (Alltech Associates, Deerfield, IL) to remove lipids and 
no polar components and filtered through a 0.2 μm nylon filter 
(Sigma-Aldrich, Poole, Dorset) to retain proteins. The extracts 
were stored at -20°C and until carbohydrates were quantified. 

A single and abundant leaf sugar extract was produced using 
leaf samples obtained from 3 randomly selected plants from the 
greenhouse at the end of the day (18 hrs), when maximal accumu-
lation of sugars is expected. All the harvested tissue was taken 
from the middle region of the leaves sampled. To make an average 
representative sample the leaf samples of both sets were chopped 
into small squares and extracted together (40 g approximately). 
The material was placed together into a kitchen blender with 100 
ml of distilled water and homogenized. Then, the homogenate was 
heated at 95°C for 15 min with constant mixing to extract the 
sugars. The extracted material was filtered through a 1mm sieve 
and the aqueous part kept apart. The blended tissue was re-extrac-
ted with 100 ml of ethanol by heating it to 70°C for 10 min with 
constant mixing, and the extract filtered as above. The water and 
ethanol extract were independently centrifuged at 10,000 × g 
during 15 min to remove any insoluble traces, and supernatant 
mixed together. Finally the total extract was concentrated almost 
to dryness in a vacuum-driven rotary evaporator system using a 
water bath at 70°C. The thick slurry obtained was resuspended in 
distilled water until a 30ml volume was reached and passed 
through a 0.2 μm filter membrane (Millipore Limited, Consett, 
UK) using a vacuum driven device. For Thin Layer Chromatog-
raphy (TLC) analysis, the extract was used with no further pro-
cessing. For matrix-assisted laser deabsorption ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) and for high-perfor-
mance anion exchange chromatography coupled with pulsed am-
perometric detector (HPAEC-PAD) analysis, an aliquot of 4 ml 
was desalted by passing the extract through anion and cation 
exchange cartridges (Alltech Associates, Deerfield, IL) using a 
syringe and following vendor specifications. Unsalted and filtered 
extracts were stored in a -20°C freezer until further analysis was 
performed. 
 
Quantification of total soluble carbohydrates, 
glucose, fructose, sucrose, oligosaccharides and 
total fructan content 
 
To measure monosaccharide glucose and sucrose, disaccharide 
sucrose and the oligosaccharides, kestose and neokestose in all 
leaf extracts sampled for sugar quantification, high-performance 
anion exchange chromatography with pulsed amperometric detec-
tion (HPEAC-PAD, Dionex Corp., USA) was used as previously 
described (Lüscher et al. 2000a). Samples integrated peak areas 
from chromatograms obtained were compared with commercially 
available standards from Fluka, Buchs, Switzerland and previously 
purified onion neokestose obtained in the lab as described by 
Duchateau et al. (1995). 10 μl of each sample was injected and 
passed through a Dionex CarboPac PA100 column (Dionex Corp., 

Olten, Switzerland) using a gradient program with two elution 
solvents: Solvent A, 1M NaOH and Solvent B, 1M Na-acetate, a 
flow rate of 1 ml min-1. Start (0 min), 10% A, 0% B; 0-5 min, 
linear increase to 30% A, 0% B; 5-15 min, linear increase to 30% 
A, 20% B; 15-25 min, 10% A, 0% B. The detector settings were: 
T1 = 0.0 sec, 0.05 V; 0.2 sec, 0.05 V; 0.4 sec, 0.05 V; T2=0.41 sec, 
0.75 V; 0.6 sec, 0.75 V; T3=0.61 sec, -0.15 V; 1.0 sec, -0.15 V; 
integration: 0.2-0.4 sec. 

To measure total soluble carbohydrates, complete acid hydro-
lysis with heat treatment was performed. A volume of 30 μl of all 
nine samples extracted for carbohydrate quantification was placed 
in Eppendorf tubes with screw caps and 735 μl of a 20 mM HCl 
solution added to all of them. The tubes were place in a heating 
block for 1 h at 98°C to produce the hydrolysis. After this, the 
tubes were allowed to cool down and 735 μl of a 20 mM NaOH 
solution was added to neutralize the pH. Controls were used in all 
hydrolysis procedures to ensure complete breakdown of polysac-
charides. Hydrolytically released monosaccharides were measured 
in a total volume of 250 μl of reaction media containing a final 
concentration of 125 mM HEPES pH 7.6, 2 mM NAD, 5 mM ATP 
and 4 mM MgCl2, 1 U hexokinase (EC 2.7.1.1). For glucose quan-
tification, baseline was measured, and then 1 unit of glucose-6-
phosphate dehydrogenase (EC 1.1.1.49) was added, the mix was 
incubated at 28°C for 15 min and the absorbance measured at 340 
nm. For fructose, 1 unit of phosphoglucose isomerase (EC 5.3.1.9) 
was added to the same reaction media after glucose quantification, 
incubated again at 28°C for another 15 min and final absorbance 
measured at 340 nm. Fructan content in the agave leaf extract was 
quantified by subtracting all other sugars (glucose, fructose and 
sucrose) from the total soluble carbohydrate value obtained. 
 
Qualitative analysis of leaf fructans by Thin Layer 
Chromatography (TLC) 
 
The analysis of fructan by TLC was performed following the indi-
cations described by Cairns (1988). An aliquot of the agave leaf 
extract was diluted 1 to 5, mixing 100 μl extract in 400 μl of dis-
tilled water. Firstly, linear regions for the separation of the fructans 
in 20 × 20 silica gel TLC plates (Merck Co., Darmstadt, Germany) 
were established with a ruler and a pencil. Because the relative 
proportion of fructans in the sample was unknown, the same sam-
ple was applied three times in different amounts (20, 40 or 60 μl of 
the diluted extract) and left to dry. As a standard for DP determi-
nation, Heliantum tuberosus inulin was analyzed next to the sam-
ple of interest. Secondly, the silica plate was placed in a glass 
chamber containing a separation solvent (butan-1-ol: propan-1-ol: 
water [3: 12: 4 v/v]) taking care not to allow a direct contact 
between the solvent and the area where the samples were placed. 
After the solvent reached the superior edge, the silica plate was 
taken out of the chamber and allowed to air-dry. The introduction 
in the chamber and the dry steps were repeated once more to im-
prove the separation of fructans. Finally the plate was developed 
by spraying phosphoric acid-urea solution containing 1 M phos-
phoric acid in butanol saturated water (�80% butanol, w/w), 4.5 g 
of urea and 7.5 ml of ethyl alcohol, in a uniform manner using a 
compress-air driven appliance. The plate was let to dry and treated 
with heated air using a hair drier. The separated fructans were then 
visualized and the chromatogram produced was immediately 
scanned into a digital format. 
 
Qualitative analysis of leaf fructans by MALDI-TOF 
 
The presence of DP of fructans by Matrix-Assisted Laser Desorp-
tion/ionization coupled with a Time of flight Mass Spectrometry 
(MALDI-TOF-MS) on the leaf sugar extract was analyzed. An 
OmniFLEX MALDI-TOF equipment was used (Bruker Daltonik 
GmbH, Bremmer, Germany) in the positive ion mode. DHB 
matrix (2,5-dihydroxybenzoic acid, Fluka, Buchs, Switzerland) 
dissolved 10 g L-1 in distilled water, was used as recommended by 
Stahl et al. (1997). The matrix and the leaf sugar extract (diluted 1: 
5) was serially applied to the metallic sample carrier by applying 
volumes of 1 or 2 μl and immediately drying with a warm air 
current. The equipment was previously calibrated with a variety of 
standards such as maltodextrins. The laser used operated at 74% of 
its maximum capacity (8 J) with a pulse width of 2.5 ns. The 
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spectrum obtained was the result of the accumulation of 25 single 
spectra independently obtained. 
 
Qualitative analysis by HPAEC-PAD and 
comparison of agave leaf fructan with others plant 
fructans of the inulin, neoseries and branched 
type 
 
Agave leaf fructans were compared with fructans from a variety of 
different plant sources. Chromatograms of fructans extracted from 
agave piña, chicory roots, onion and barley basal stem were ob-
tained using by HPAEC-PAD as previously described above. The 
agave piña fructans sample was a generous donation from the 
company Agaviótica S.A. de C.V (Guadalajara, Mexico). Chicory 
inulin was bought from Sigma Aldrich (UK). Onion fructans were 
obtained as described by Vijn et al. (1998). Barley fructans were 
extracted by grinding 100 mg of three week-old plants tissue in the 
presence of 1 ml of distilled water in an Eppendorf grinder and 
centrifuged at 15,000 × g for 5 min, supernatant was kept and ana-
lysed. Peak identification was made by running standards (Glu, 
Fru, Suc, Kest, Nystose, Bifurcose and Neokestose) in the chroma-
tographic equipment and/or by analysing mixtures of fructan sam-
ples analysed. Published patterns were also used to corroborate 
identification. The peak identification tags were adapted as pro-
posed by Shiomi (1991, 1993, 1997) and Ernst et al. (1998) and 
the nomenclature as proposed by Waterhouse and Chatterton 
(1993). 
 
Enzyme activity extractions and assays 
 
To elucidate the enzymatic machinery behind agave leaf fructans, 
enzyme activities in desalted protein extracts were investigated. 
Samples taken from the middle part of the leaf were obtained at 
the end of the day, when fructan concentrations are expected to be 
higher. Invertase, 1-SST, 1-FFT, 6G-FFT, KH and FEH activities 
were quantified as explained below. Approximately 20 mg of 
freeze-dried material was extracted with 250 μl of ice-cold 50 mM 
citrate (Na+) buffer (pH 5.8) by mechanical homogenization in a 
microfuge tube. The tubes were centrifuged for 10 min at 13,000 × 
g and an aliquot of 70 μl of supernatant was desalted through a 
micro-column (MoBiTec, Göttingen, Germany) filled with 1 cm3 
of Bio-Gel P-6 (Bio-Rad Laboratories, CA, USA) using centri-
fugal force of 5,000 × g for 1 min at 4°C. The column size and the 
conditions used were optimized to remove all sugars in the same 
purification step (Nagaraj et al. 2004). The volume of the final 
purified protein was diluted with 20 μl of extra citrate buffer and 
an aliquot was stored for protein quantification by the Bradford 
assay (Sigma protein assays reagent). 

The Invertase and 1-SST assay mixture (final volume 20 μl) 
consisted of 18 μl of the enzyme extract and 2 μl of 1 M Suc (final 
concentration 100 mM) and was incubated at 27°C. The reaction 
was stopped after 4 h by heating for 1 min at 97°C and analyzed 
by HPAEC-PAD as described above. The accumulated production 
of 1-kestose was used as a measure of 1-SST activity. The ac-
cumulation of free fructose was used as a measurement for Inver-
tase activity. The original extraction buffer (50 mM citrate, pH 
5.8) serves to keep reaction conditions right. 

For KEH and 1-FFT activities assays, 18 μl of the enzyme 
extract and 2 μl of 1 M kestose (final concentration 100 mM) were 
incubated together for 4 h at 27°C, and then heated for 1 min at 
97°C. 1-FFT activity was calculated on the basis of nystose ac-
cumulation and KH activity was estimated by quantifying the final 
concentration of fructose. The original extraction buffer (50 mM 
citrate, pH 5.8) serves to keep reaction conditions right. 

6G-FFT and 6-SFT were estimated in 16 μl of the extract 
which was mixed with 2 μl 1 M sucrose (final concentration 100 
mM) and 2 μl of 1 M 1-kestose (final concentration 100 mM), 
incubated and stopped as previously described. 6G-FFT activity 
was measured as the formation of glucosyl �(2-6) linkage in the 
assay, as the sum of the formation of neokestose and DP4 neo-
series FGFF. To quantify FGFF its chromatographic area per μmol 
of sugars was estimated by subtracting all other sugars from a 
sample where the total carbohydrate was known, except for FGFF. 
6-SFT activity is measured by quantifying the amount of bifurcose 
formed during the incubation, however no bifurcose was formed. 

For FEH activity assay, 18 μl of the enzyme extract and 2 μl 
of a 150 mg/ml high molecular weight agave fructans solution 
(>15 DP; final concentration 15 mg/ml) were incubated together 
for 4 h at 27°C and then heated for 1 min at 95°C. To estimate 
FEH the hydrolyzed fructose accumulation was quantified. The 
high molecular weight agave fructans substrate was prepared from 
commercially available food grade A. tequilana fructans gene-
rously donated by Mercantil Orgánica S.A. de C.V. (Guadalajara, 
Mexico) by ethanol precipitations (Ku et al. 2003). To ensure no 
small oligosaccharides were contaminating the substrate, the high 
DP fructans were precipitated 3 times and checked using HPEAC-
PAD. 
 
Statistical analysis 
 
The concentrations of the different carbon pools contributing to 
the water-soluble carbohydrates in the agave leaf are expressed as 
the mean of nine analysis performed (see carbohydrate extraction 
for quantification) as mg of carbohydrate per g of tissue (fresh 
weight and dry weight). Enzymatic activities where calculated as 
the mean of 8 independent leaf samples analyzed. All leaf samples 
for enzyme activities were obtained at dusk (18 hrs). The variabi-
lity between set of samples investigated is expressed as the Stan-
dard Error of the Mean (SEM). 
 
RESULTS 
 
Water-soluble carbohydrates and fructan content 
in the Agave tequilana leaf 
 
In the leaf, variations in sugar pools can be significant, due 
to changes in the general physiological plant framework or 
produced by environmental conditions. To have a better 
estimate of the leaf’s mean concentrations and variability of 
different WSC pools several leaves (n=9) at different times 
of the day (see materials and methods), were sampled. The 
data obtained, was averaged and variability analyzed (SEM 
is used a measure of variability). Table 1 shows the carbo-
hydrate concentrations of glucose, fructose, sucrose, total 
fructans and DP3 fructans such as kestose and neokestose. 
Values are presented on the basis of dry weight and fresh 
weight because of the high water content of the leaves. 

Sucrose was the most abundant carbon pool represen-
ting 67.54% ± 9.6 of WSC. The total fructan pool corres-
ponded to 20.19 ± 7.6% WSC, whilst the monosaccharides, 
glucose and fructose accounted for 11.78 ± 1.48% with glu-
cose being 1.81 times higher than fructose. While monosac-
charide concentrations were not very variable between 
samples, the sucrose and fructan pools were. Although fruc-
tan levels are variable in general, when sucrose concentra-
tion was high, the concentrations of fructans were also high. 
In a similar way, higher fructan concentrations presented 
higher DP. Of the total fructan pool, approximately 21.4 ± 
6.17% correspond to trisaccharides (kestose and neokes-
tose) while the rest correspond to higher DP fructans up to 

Table 1 Water-soluble carbohydrate (WSC) content in Agave tequilana 
leaves. Values are calculations of measurements taken in samples ob-
tained at random times during the day from 3.5 years-old plants growing 
at greenhouse conditions. Mean ± SEM are shown. n=9. 
Carbohydrates Concentrationa 

(mg g FW-1) 
Concentrationb  
(mg g DW-1) 

Simple carbohydrates   
Glucose 4.10 ± 0.68 15.23 ± 2.54 
Fructose 2.26 ± 0.44 8.38 ± 1.63 
Sucrose 36.07 ± 5.16 133.93 ± 19.15 

Fructans   
Kestose 1.07 ± 0.27 3.98 ± 0.99 
Neokestose 1.18 ± 0.41 4.38 ± 1.63 
Higher DP4~DP12 8.40 ± 4.12 31.19 ± 15.28 

Total fructans 10.65 ± 3.75 39.54 ± 13.91 
Total WSC 80.67 ± 15.33 299.56 ± 56.92 

a Expressed as a function of fresh weight tissue 
b Expressed as a function of dry weight tissue 
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12. Kestose and neokestose were found in almost the same 
concentrations, but neokestose was more variable between 
samples. Average total WSC was 80.67 ± 15.33 mg per g 
FW-1 or 299.56 ± 56.92 mg per g DW-1 in the leaves sam-
pled. Water content was very high accounting for 78.55 ± 
2.43%. 
 
Chromatographic analysis of Agave tequilana leaf 
fructans by TLC and MALDI-TOF 
 
Water-soluble carbohydrates (WSC) from leaves collected 
at dusk were extracted for analysis by TLC and MALDI-
TOF. The sampling time was selected at dusk because at 
this time maximal fructan concentrations are expected to 

occur in the leaf. Fig. 3 presents the TLC spot pattern of the 
agave leaf extract confirming the presence of fructans. The 
extract was applied at three different concentrations to 
allow a better detection of spots in the upper and lower 
range of detection and separation. Linear inulin from Jeru-
salem artichoke was used as a standard. While the lines 
with 1 and 1.5X concentration shows well-differentiated 
spots of sucrose and fructose in the sample, oligosac-
charides spots are difficult to visualize. In the line with 2X, 
neokestose and kestose (structures showed in Fig. 3.1A and 
B, respectively) were successfully separated; the presence 
of DP4 and DP5 oligosaccharides was confirmed. Small 
amounts of �DP5 were also present in the sample and no 6-
kestose (see Fig. 1C) was detected. In Fig. 4 a second chro-
matographic analysis performed by MALDI-TOF-MS also 
showed a similar picture. The integrated detection signal is 
very strong for sucrose and decreases as oligofructans in-
crease. Both chromatographic methods confirm the pre-
sence of fructans higher than >DP5 in leaves of A. tequilana 
plants. 
 
Fructan patterns from A. tequilana leaf compared 
with fructan from Agave piña origin, onion, barley 
and chicory 
 
The agave leaf extract was analyzed by a third method: 
HPEAC-PAD. The oligosaccharide present in the sample 
was identified and compared with those present in the piña 
and in other plants. Chromatograms from WSC extracted 
from agave leaf, agave piña, onion, barley and chicory are 
presented in Fig. 3A, B, C, D and E, respectively. Four 
structural types of fructans are compared: inulin (chicory), 
inulin neoseries (onion), branched inulin-levan (barley) and 
branched inulin-levan neoseries (agave piña). Only the 
levan (i.e. Poa ampla)-type of fructans was not analyzed in 
this report. 

The agave leaf fructans presented a chromatogram with 
a DP of approximately DP3 to 12 (Fig. 5A). Smaller oligo-
saccharides seem to be better separated than larger ones. 
However DP3 (1-kestose and neokestose) and DP4 (nystose, 
1&6G-kestotetraose and 1,6G-kestotetraose) oligosaccha-
rides are fully and clearly resolved in independent peaks 
that show a correct differentiation between isomers. DP5 
fructans and other larger ones cannot be resolved com-
pletely; nevertheless certain co-elutions were established 
based on the other species chromatograms. No 6-kestose or 
bifurcose was detected in the agave leaf extracts. 
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Fig. 3 Analysis of water-soluble carbohydrates (WSC) extracted from 
Agave tequilana leaves by thin-layer chromatography. The same sam-
ple was analyzed at 1, 1.5 and 2 times the original extract concentration 
and was compared with inulin; (H) used as standard to determine degree 
of polymerization. Markers represent the mobilities of fructose (F), 
sucrose (S), neokestose (N), 1-kestose (1K), inulin tertasacharide (DP4), 
pentasaccharide (DP5) and >DP5. 
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Fig. 4 Analysis of water-soluble carbohydrates (WSC) extracted from Agave tequilana leaves by matrix-assisted laser desorption time-of-flight 
mass spectrometry (MALDI-TOF-MS). The different degree of polymerization are indicated, the M/Z values correspond to the molecular weight of the 
signal detected. 
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Agave piña fructans have been reported to be highly 
branched in structure like the inulin-levan neoseries type 
fructan (López et al. 2003). All oligosaccharides from DP3 
and DP4 were coincident with those found in the leaf with 
the exception of a peak detected just before neokestose (N3, 
in Fig. 1B) named NI (not identified) in Fig. 5B. This NI 
peak was carefully analyzed to establish if it was 6-kestose 
or not, as the elution time was very similar to this compo-
nent (see Bif in Fig. 5D). By analyzing chromatograms of 
mixtures of agave piña fructan + 6-K standard and agave 
piña + barley fructan it was finally established that this 
peak does not correspond to 6-kestose as they elute as two 
clearly differentiated peaks (data not shown). The DP5 
oligosaccharides 1,1,1-kestopentaose (I5) of the inulin type 
and those of the neoseries type (N5) seem also to be present 
in both, leaf and piña, however for other DP5 fructans and 
larger ones this is impossible to establish because separation 
becomes unclear and different components elute together. 
Fructans DPs go up to a maximal ~DP35, based on the DP 

and elution times detected for the chicory inulin (see Fig. 
5E). Larger fructans are present in the agave piña in con-
siderable amounts. 

Onion inulin and neoseries oligosaccharides reach an 
approximate maximal DP of 13 (see Fig. 5C). Interestingly 
all the onion oligosaccharides that go up to DP5 (I3, N3, I4, 
N4, N4, I5, N5) are also present in agave piña and agave 
leaf fructans. Onion fructans can contain internal glucose 
residues (all neoseries) having two elongation points (see 
Fig. 2B). In the chromatogram elution peaks corresponding 
to onion fructans from DP6 to DP13 present significant dif-
ferences from those found in the agave leaf. 

In barley, only branched inulin-levan type fructans are 
present (Roth et al. 1997; see Fig. 5D for chromatogram). It 
contains 6-ketose (6-K) and bifurcose (Bif) oligosaccha-
rides (see Fig. 1C and Fig. 2D, respectively for structures). 
Nystose (I4) is also present in small amounts. All other 
fructans with DP5 to ~DP11 present complex thick peaks 
that do not differentiate between oligasaccharides. The 
shapes of these peaks have similar properties to the ones 
detected in agave leaf, such as their irregularity and thick-
ness, what may be a signal of co-elution. 

Finally, chicory fructans were analyzed. Peaks represent 
a single linear inulin-type DP. All 1-kestose (I3), nystose 
(I4) and 1,1,1-kestopentaose (I5) were identified in the 
agave leaf. The chromatogram presents a clear DP pattern 
up to an approximate DP. 
 
Characterization of enzymatic synthetic and 
degradative activities in protein extracts from A. 
tequilana leaf 
 
To understand the enzymatic machinery involved in the 
agave fructan metabolism of the leaf, desalted protein ex-
tracts were assayed to identify the major fructans synthetic 
and degrading enzymes activity present. The in vitro assays 
need to be considered with caution as in vivo conditions 
such as enzyme-substrate concentrations relationships, pH, 
and compartmentalization are destroyed by extraction. In 
Table 2 all different activities found are listed with the ave-
rage activities detected at dusk, when sugar concentrations 
are expected to be the highest. Different FTs such as 1-SST, 
1-FFT and 6G-FFT were detected, all of them being neces-
sary enzymes for the synthesis of inulin- and neoseries-type 
fructans. Nevertheless, the enzyme activity traditionally res-
ponsible for pattern via �(2-6) linkage type (levan structure), 
the 6-SFT was not detected in any of the leaves sampled. 
With the exception of a DP5 fructan that could not be iden-
tified, all products generated during the enzyme assays were 
confirmed to be only of the inulin and neoseries types (Fig. 
6). Fructan exohydrolase activity was investigated in two 
substrates: 1-kestose and high molecular weight agave fruc-
tans and both KH and FEH activities were detected. Finally, 
acid invertase was also detected. 

All sucrose-utilizing enzymes were investigated toge-
ther by analyzing their products in chromatograms obtained 

Fig. 5 High-performance anion exchange chromatography with 
pulsed amperometric detection of fructan extracted from different 
plants. (A) A. tequilana leaf (at noon), (B) A. tequilana pine, (C) onion 
bulb, (D) barley base leaf, and (E) chicory root. Peak annotation adapted 
from Ernst et al. (1998): I3, 1, kestotriose (1-kestose); N3, 6G-kestotriose 
(Neokestose); I4, 1,1-kestotetraose (Nystose); N4, 1,6G-kestotetraose; N4, 
1&6G-kestotetraose; I5, 1,1,1-kestopentaose; N5, 1,1,6G-kestopentaose; 
N5, mixture of DP5 fructans elongated on both sides of the sucrose; I6, 
1,1,1,1-kestohexaose; N6, mixture of DP6 fructans with chain elongation 
on both sites of the sucrose; N6, 1,1,1,6G-kestohexaose; N7, mixture of 
neo-series inulin DP7; 6-K, 6-kestotriose; 6-K, 6-Kestose; Bif, 1&6-
kestotetraose (Bifurcose). In agave pine fructan chromatogram we detec-
ted a NI, not identified peak. Although the elution point of NI is very simi-
lar to 6-K they are different compound, as we found by coelunting mixed 
samples of fructan (data not shown). 

Table 2 Enzyme activities detected in Agave tequilana leaves. Enzyme 
activities were obtained from desalted protein extracts obtained from 
leaves sampled at dusk (18:00 hrs). Mean ± SEM are presented in the 
table. n=8. 
 Enzyme activitya 

(nmol g FW-1 min-1) 
Enzyme activityb 
(nmol g DW-1 min-1) 

Degrading enzymes   
Acid Invertase 20.71 ± 1.80 76.9 ± 6.68 
KH 5.33 ± 0.35 19.8 ± 1.31 
FEH 1.57 ± 0.16 5.8 ± 0.59 

Synthesis enzymes   
1-SST 6.29 ± 0.90 23.3 ± 3.34 
1-FFT 5.37 ± 0.41 19.9 ± 1.51 
6G-FFT 1.31 ± 0.31 4.9 ± 1.14 
6-SFT undetected undetected 
a Expressed as a function of fresh weight. Protein content: 9.79 ± 0.86 μg g FW-1 
b Expressed as a function of dry weight. Protein content: 36.3 ± 3.20 μg g DW-1 
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at 4 and 18 hrs of reaction (see Fig. 6A). In the reaction, 
sucrose can be hydrolyzed via acid invertase or used for the 
synthesis of 1-kestose by 1-SST. Invertase activity showed 
to be 3.29 times stronger than 1-SST activity. As the reac-
tion time increases, the reaction products in the media also 
increase (in this case 1-kestose) becoming available to other 
enzymes activities present in the crude extract assayed. As 
we can see at 18 hrs of reaction time, when very high con-
centrations of sucrose are still present and a relatively small 
amount of 1-kestose can be found, a new product of a sec-
ondary enzyme can be seen: neokestose (N3). 

To evaluate 1-FFT and FH the desalted protein extract 
was incubated in 1-kestose (see Fig. 6B). Fructan synthesis 
activity via 1-FFT was measured as the rate of synthesis of 
nystose (I4) in the reaction. Degradation of 1-kestose via 
KH was established by determining the fructose release in 
the reaction. Both activities showed to have similar strength 
in vitro (see Table 2). Also, 6G-FFT activity using 1-kes-
tose as both donor and acceptor was detected at 4 hrs incu-
bation time as 1&6G-kestotetraose (N4) was synthesized. 
Later on, after 18 hrs of incubation, important concentra-
tions of neokestose (N3) were detected, most probably syn-
thesized by the utilization of new available sucrose as 
acceptor and the donation of fructosyl units from 1-kestose. 
Similarly, small amounts of 1,6G-kestotetraose (N4) were 
detected, which implies that 1-FFT activity was elongating 
the glucose chain of 1&6G-kestotetraose (N4) previously 
synthesized. Neoseries fructans were mostly represented 
after 18 hrs, with some nystose (I4) and a DP5 fructan that 
could not be identified. 

To establish the existence of 6G-FFT and 6-SFT acti-
vities in the leaf, incubations with 1-kestose and sucrose 
were performed (see Fig. 6C). No 6-SFT activity was det-
ected as no bifurcose (Bif, 1&6-Kestotetraose) or 6-kestose 
(6-K) were found at any time of the incubation. Neverthe-
less, the formation of neoseries fructans such as neokestose 
was clearly demonstrated. A very similar oligosaccharide 
pattern to the one observed in incubation with kestose alone 
was observed, however it seems that overall concentrations 
of fructans were higher in kestose incubation than in kes-
tose + sucrose incubation after 18 hrs. 

Finally, FEH activity was analyzed in purified high DP 
agave fructan isolated by ethanol precipitation (see mate-
rials and methods; chromatograph is not shown). FEH acti-
vity in the crude extract released 3.39 times less fructose 

molecules per unit of time than the KH previously des-
cribed (see Table 2). Interestingly the hydrolase activity on 
both substrates kept this proportionality among all indivi-
dual samples analyzed. 
 
DISCUSSION 
 
Branched fructans of the inulin-neoseries type are common 
in the Asparangales order (Sims 2003) where A. tequilana is 
grouped. Analysis of sugars showed that sucrose is the most 
abundant sugar in the leaves of A. tequilana at all times ac-
counting for 65.7%, followed by fructans with 21.5% and 
monosaccharides with 12.9% (see Table 1). Fructan content 
was variable between samples analyzed. In A. americana 
plant growing in similar conditions, sucrose accounted for 
the highest WSC measured, representing 75.9% of the car-
bohydrates in the extract, followed by glucose with 18.8% 
and fructose with 5.25% (calculated from Raveh et al. 
1998). Unfortunately no fructan measurements were per-
formed in this study. In A. deserti tissue specific analysis 
showed that on the chlorenchyma, the most abundant in the 
leaf sections sampled, sucrose accounted for 66% of WSC, 
followed by glucose and fructose representing 32% of WSC. 
A small amount of oligofructans were detected in this tissue, 
only accounting for 2%. In the vascular tissue however, suc-
rose had lower relative concentrations and fructan concen-
trations were as high as 44% (Wang and Nobel 1998). Suc-
rose has been shown to serve as the main source for the 
regeneration of phosphoenolpyruvate in Crassulacean Acid 
Metabolism (CAM) in agaves (Christopher and Holtum 
1996; Raveh et al. 1998; Wang and Nobel 1998). This 
molecule serves as an acceptor during nocturnal fixation in 
this plants (see Dodd et al. 2002 for a review). 

Chromatographic techniques provided different infor-
mation on WSC extracted from A. tequilana leaf. Fructan 
content in this plant’s leaf was confirmed by MALDI and 
TLC. While TLC has been traditionally used for characteri-
zation of fructans in many species with different types of 
fructans (Cairns and Ashton 1993; Bonnett et al. 1997; 
Sims 2003), MALDI-TOF technology has not been exten-
sively used to study fructan polysaccharides until recently. 
MALDI fructan characterization of onion, garlic and chi-
cory has been previously reported (Losso and Nakai 1997; 
Stahl et al. 1997) as well as for A. tequilana piña fructans 
(López et al. 2003), showing that it can be a suitable tech-
nique to elucidate qualitatively the different DPs present in 
a mixed fructan pool. Nevertheless, this technology has 
limitations. MALDI cannot distinguish between fructans of 
the same DP and normally it does not provide quantitative 
information. Also, MALDI signal strength can become wea-
ker in the presence of certain ions and salts (Stahl et al. 
1997) which can reduce the accuracy and strength of the DP 
pattern detected. TLC has advantages such as resolution, 
which is mostly limited to DP3 oligosaccharides. Using 
HPAEC-PAD analysis it is possible to resolve agave oligo-
fructans in a clearer way. This analysis showed that leaf and 
piña fructan patterns were similar but differences in DP 
were clear. 

While agave piña’s fructans presented a maximal DP of 
around 30 units, based on inulin elution, the agave leaf’s 
fructans presented a maximal length of only up to DP12. 
HPAEC-PAD was more sensitive to higher DP/lower con-
centration oligofructans than MALDI, as DP6, DP7 and 
larger fructans were almost unresolved by this technique. 
Fructan oligosaccharide patterns obtained from chicory, 
onion and barley fructans by HPAEC-PAD where used as 
comparative examples of inulin, inulin neoseries and 
branched inulin-levan fructans, respectively. The patterns 
achieved corroborated those previously reported in the 
literature (Roth et al. 1997; Sprenger et al. 1997; Ernst et al. 
1998; Ritsema et al. 2003). None of the fructan types ana-
lyzed showed complete similarity with leaf or piña agave. 

The comparison of chromatographic peaks up to DP4 
obtained from the agave leaf extract were equivalent to 
onion, which demonstrates that agave DP3 and DP4 

 
Fig. 6 High-performance anion exchange chromatography with 
pulsed amperometric detection of in vitro synthesized fructans by 
desalted protein extracts of Agave tequilana leaves. Incubation during 4 
and 18 hrs with (A) sucrose, (B) 1-kestose, and (C) sucrose + kestose are 
presented. Peak annotation adapted from Ernst et al. 1998: G, glucose; F, 
fructose; S, sucrose; I3, 1, kestotriose (1-kestose); N3, 6G-kestotriose 
(neokestose); I4, 1,1-kestotetraose (nystose); N4, 1,6G-kestotetraose; N4, 
1&6G-kestotetraose and a DP5 of unknown identity. 
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oligosaccharides are of the neoseries and inulin type. 
Oligosaccharides of DP�5 showed more complex and less 
defined peaks in HPAEC-PAD, not following the onion 
pattern. These peak irregularities are typical for branched 
structures such as the ones found in barley indicating an 
incremental branched pattern in larger oligofructans (Fig. 
6A and 6D). 

Agave fructans have been reported as highly branched 
structures (Dorland et al. 1977; López et al. 2003; Man-
cilla-Margalli and Lopez 2006). In this study no 6-kestose 
or bifurcose was identified (structures in Fig. 1C and 2C), 
typical products of the 6-SFT enzyme considered responsi-
ble of the branching activity in some monocot plants such 
as barley (Sprenger et al. 1997). 

Dorland et al. (1977) analyzed the linkage present in 
specific DP fractions pools of naturally occurring fructans 
from A. veracruz piña. Using paper and thin-layer chroma-
tography they were able to successfully separate and purify 
DP3 to DP15 fructans. Methylation analysis of linkages 
occurring in each DP fraction was reported. This data was 
quantitatively analyzed to establish the amount of oligo-
fructan molecules at each DP fraction belonging to different 
fructan types. Fig. 7 integrates these calculations with those 
found in this study. This shows how structures and fructan 
types become dominant as DP increases. While DP3 and 
DP4 are formed by linear molecules only, branching struc-
tures become more and more abundant from DP5 (25%) to 
DP7 (73%) to DP8 when all oligofructans present have at 
least 1 branching point in their structure (Fig. 7A). Simi-
larly, inulin oligosaccharides become less common as neo-
series incremented (Fig. 7B). From DP6 upward all fructan 
molecules found presented an internal glucose residue. DP3 
to DP5 inulin molecules seems to be efficiently utilized as 
fructosyl acceptors by 6G-FFT. These findings maintain 
coherence with data presented here on A. tequilana fructans 
(Fig. 7C). Firstly, no 6-kestose or bifurcose was detected in 
A. vercruz as in the leaf and piña extracts analyzed in this 
report. Secondly, the branched molecules found in A. vera-
cruz from DP5 upwards correspond well with the irregular 
peak detection we obtained by HPAEC-PAD. It is highly 

possible that �DP5 A. tequilana and other members of this 
genus exhibit similar structures. 

There are other examples in the order Asparangales that 
resemble agave fructans, formed by �(2-1) fructosyl linkage 
but with an strong branching �(2-6) linkages (Sims et al. 
2001; Sims 2003). Phormium tenax and Phormium cookie-
num, as well as Cordyline australis and Urginea maritima 
have shown to have inulin and neoseries oligofructans up to 
DP4 and then to present branching linkages in other larger 
fructans (Brasch et al. 1988; Spies et al. 1992; Sims et al. 
2001; Sims 2003). Unfortunately no enzymatic studies in-
vestigating their synthetic pathways have been reported in 
these species. 

All FTs activities responsible for the synthesis of inulin 
and neoseries fructans were detected in protein leaf extracts 
and the in vitro synthesized oligofructan patterns showed all 
DP3 and DP4 molecules in similar proportions as found in 
vivo including a neokestose derived DP5. 1-SST, 1-FFT and 
6G-FFT activities were detected but no 6-SFT activity was 
detected. This evidence, together with the absence of 6-kes-
tose and bifurcose in naturally occurring fructan, strengthen 
the idea that this enzyme may not be present in these plants 
or that its function may be modified. Invertase activity was 
found to be strong in agave leaf extracts, which could have 
a physiological explanation as at dusk, when leaf tissue was 
sampled, CAM metabolism demands a high amount of 
carbon structures derived from the sucrose pool (Wang and 
Nobel 1998). Enzyme FTs assays performed in A. veracruz 
piña tissue do not exhibit hydrolase activity (Satyanarayana 
1976; Dorland et al. 1977), even when high concentrations 
of sucrose were used in the assay (more than 1 M). Never-
theless, the protein extract assayed was capable of synthe-
sizing de novo fructans with maximal DP6, all of them of 
the inulin or neoseries types (Dorland et al. 1977) with no 
branched pattern detected. In vitro patterns in A. tequilana 
seems to be the same than A. veracruz products with a 
maximal DP5 and not being able to synthesize branched 
fructans. KH and FEH hydrolytic activities present impor-
tant differences in leaf protein extracts, this may be explain 
by the affinity of the exohydrolases to substrates (1-kestose 
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Fig. 7 Oigosaccharides presenting different structures in specific DP pools of fructans isolated from Agave tequilana and Agave veracruz. Infor-
mation presented here was integrated from Dorland et al. (1977a, 1977b) and from this study. The figure shows the abundance of (A) linear or branched 
structure; and (B) inulin or neoseries composition of the oligosaccharides separated by specific DP pools in A. veracruz. The table (C) present results on 
oligosaccharides detected and/or quantified in this study. A and B were calculated as relative percentage values based on linkage quantification made by 
Dorland et al. (1977a, 1977b). 
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and High DP Agave fructans). 
Agave species are not the only plant species where 

branched fructans without the presence of measurable 6-
SFT activity and/or the absence of their adjudicated initial 
products (6-kestose and/or bifurcose) has been reported. In 
Lolium species, where bifurcose does not naturally occur 
(although 6-kestose does) it is unclear how �(2-6) linkages 
are synthesized (Pavis et al. 2001b) as this activity has not 
been detected in protein extracts (Pavis et al. 2001b), as it 
has in A. tequilana and A. veracruz. The authors suggest 
that the branching activity may not be a product of 6-SFT, 
but of the hypothetically proposed 6-FFT. They also specu-
late on the existence of a different form of 6-SFT which 
does not have the ability of using sucrose or DP3 fructans 
as fructosyl acceptors, probably due to low affinity to these 
substrates, but have the capacity of utilizing larger ones. 
Fructan products with a maximal DP6 have been obtained 
from Lolium rigidum protein extracts incubations with a 
variety of substrates such as 1-kestose, neokestose and 
1,1,1- kestopentaose (St. John et al. 1997). All products did 
not have a branched structure after linkage analysis; in con-
trast to naturally occurring oligosaccharides where branches 
are detected in �DP5. Despite the unsuccessful utilization 
of any of these substrates the possibility that an existing 6-
SFT can perform a branching reaction �(2-6) on larger fruc-
tans but not on smaller ones is still open Considering the 
high proportion of DP4 and DP5 fructan of the neoseries 
type over inulin. found in A. veracruz, it may be possible 
that a 6-SFT activity may prefer this type of acceptors than 
those of inulin type. 

FT in vitro assays must always be interpreted with cau-
tion because activities are not necessarily related to a single 
protein (more than one 1-SST in barley, Lüscher et al. 
2000a) and a single protein is not necessarily responsible 
for one single activity (i.e. Onion 6G-FFT enzyme shows 1-
FFT activity; Ritsema et al. 2003; Fujishima et al. 2005) as 
has been extensively documented in purified and recombi-
nant proteins (Sprenger et al. 1995; van den Ende and van 
Laere 1996; van den Ende et al. 1996; Hochstrasser et al. 
1998; Vijn et al. 1998; Lüscher et al. 2000b; Chalmers et al. 
2003). For this reason activities in this study are conceptu-
alized as the plant capability to perform certain FTs reac-

tions, and not as specific proteins acting alone. In vivo phy-
siological context is destroyed during the extraction process, 
meaning that the results can only represent tendencies based 
in the measurable potential of protein extracts to achieve 
certain reactions. The physiological significance of in-vitro 
FT assays has also been questioned as ineludible evidence 
showing invertases ability to synthesize fructans in high 
concentrations of sucrose has been well documented 
(Cairns and Ashton 1991). 

Based on what has been discussed here, a general hypo-
thetical model is proposed for the synthesis of fructans in 
Agave spp. (see Fig. 8). This model may also describe what 
could be occurring in other members of Asparagales pre-
senting similar structural characteristics and enzymatic �(2-
6) branching dilemmas. We propose 1-SST to be responsi-
ble of the synthesis of 1-kestose, from which neoseries and 
inulin fructans are initially elongated. Inulin oligosaccha-
rides tend to disappear as DPs becomes larger (see also Fig. 
7A), due to the action of 6G-FFT (bold arrows), while 1-
FFT activity increases the size of fructosyl chains at the 
elongation points available on both sides of the internal 
glucose residue and on introduced branches. 

Although �(2-6) linked fructosyl units of the levan type 
with no branching have also been detected in agave (Dor-
land et al. 1977; López et al. 2003), their relative amount is 
small (6% of all fructosyl units), which is half of the bran-
ching fructosyl units detected in A. veracruz fructans (Sims 
et al. 2003) based on Dorland et al. (1977) what suggests 
that continous chains of levan are very improbable. The 
activity of 1-SST, 1-FFT and 6G-FFT has been corroborated, 
however it is not clear if the �(2-6) activity corresponds to a 
6-SFT insensitive to DP3 and sucrose molecules or to an-
other hypothetical 6-FFT, as suggested in Lolium spp. 
(Pavis et al. 2001a, 2001b). The enzymatic mechanism that 
produced �(2-6) needs further investigation. 

All DP3 and DP4 oligofructans presented in this model 
have been identified in naturally occurring and in vitro syn-
thesized fructans. Linear DP5 oligosaccharides have been 
identified in vivo and DP5 products presumably of neo-
series unbranched type were also synthesized. Additional 
information based on previous reports show identical results 
in A. veracruz than the ones obtained in A. tequilana and 

Fig. 8 Schematic proposed model of fructan syntetic pathway for Agave species. Arrows represent a fructosyltransferse event and are named by the 
fructosytranferse involved (1-SST, 1-FFT, 6G-FFT, 6-SFT and/or 6-FFT). Linear DP3, DP4 and DP5 are represented as proposed by Ernst et al. (1998). 
GF, sucrose; GFF (I3), 1-kestose; FGF (N3), 6G-kestotriose; GFFF (I4), 1,1-kestotetraose; FFGF (N4), 1,6G-kestotertaose; FGFF (N4), 1&6G-kesto-
tetraose; GFFFF (I5), 1,1,1-kestopentaose; FFFGF (N5), 1,1,6G-kestopentaose; FGFFF (N5a), 1,1 and 6G-kestopentaose; FFGFF (N5b), 1 and 1,6G-
kestopentaose. Branched fructans and linear DP6 neoseries specific names are not presented. Note that all DP6 fructans are either neoseries or branched 
neoseries, but not inulin is present. All �DP8 fructans have at least one branching point. The utilization of GFFF(I4) for the generation of branched inulin 
is unclear (see ? symbol and discontinues lines) as all other reactions are based on neoseries fructans. 
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provide data that establishes the structure presents in oligo-
saccharides in vivo. The model proposes that the ability to 
produce branched fructans using inulin DP4 inulin fructans 
is a possibility but it is not confirmed (see interrogation 
symbol in Fig. 8). Nevertheless, the data available clearly 
demonstrates that the branching activity must have the abi-
lity to use �DP4 neoseries fructans as acceptors branching 
fructosyl units, as from DP6 to DP8 implies the activity in 
fructan pool that corresponds to neoseries only. Further-
more, the relative concentrations of branched fructans 
found in DP5 and DP6 fructan pools in A. veracruz (25 and 
60%, respectively) could be produced from neoseries ac-
ceptors only, as the DP4 and DP5 concentrations of this 
fructan type is sufficiently abundant (70 and 75% of neo-
kestose, respectively). Despite its limitations, this model 
may serve as a theoretical framework to understand agave 
fructan synthesis. 
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