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Levels of sucrose and total fructooligosaccharides (FOS) were quantified in different phases of
banana ‘Prata’ ripening during storage at ambient (~19 °C) and low (~10 °C) temperature. Total
FOS levels were detected in the first days after harvest, whereas 1-kestose remained undetectable
until the sucrose levels reached approximately 200 mg/g (dry weight) in both groups. Sucrose levels
increased slowly but constantly at low temperature, but they elevated rapidly when the temperature
was raised to 19 °C. Total FOS and sucrose levels were higher in bananas stored at low
temperature than in the control group. In both samples, total FOS levels were higher than those
of 1-kestose. The carbohydrate profiles obtained by HPLC and TLC suggest the presence of
neokestose, 6-kestose, and bifurcose. The enzymes putatively involved in banana fructosyltransfer-
ase activity were also evaluated. Results obtained indicate that the banana enzyme responsible for
the synthesis of FOS by transfructosylation is an invertase rather than a sucrose-sucrosyl
transferase-like enzyme.
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INTRODUCTION

Fresh fruits and certain vegetables are major sources of
unprocessed sugars in the human diet (/). Banana is currently
indicated as a good source of carbohydrate and an important
source of fiber, vitamins, and minerals. To extend the shelf life,
particularly for maritime transport, bananas have been submitted
to low-temperature storage (2). However, low-temperature con-
ditions (nonfreezing) may cause chilling or unknown changes in
the metabolism of bananas during ripening. It is already known
that plant cells subjected to chilling temperatures accumulate
soluble sugars—mainly sucrose, followed by glucose and
fructose—in response to low temperatures (3, 4). Also, low
temperatures can trigger fructan synthesis in some monocotyle-
dons, depending on the amount of accumulated sucrose (3).

A strong correlation was proposed between a specific sucrose
level [~200 mg/g of dry matter (DM)] and the accumulation of 1-
kestose, the first member of the fructooligosaccharide (FOS)
series, in bananas (6). The synthesis and accumulation of
1-kestose and nystose levels in bananas were dependent on both
the cultivar in question and the ripening stage of the fruit. In eight
cultivars previously analyzed, 1-kestose accumulated during
ripening, but nystose (the second member of the FOS series,
resulting from further polymerization of fructose) was detected
solely in cultivar ‘Prata’. Total FOS levels, however, were not
measured (6).
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The precise role of fructans in the physiological adjustment to
low temperatures remains unclear. Fructans may play a role in
osmoregulation because they are osmotically inert and can be
rapidly converted into osmotically active monosaccharides (7).
Therefore, the accumulation of fructans may be an important
part of physiological acclimation and survival at low tempera-
tures (8).

Whereas other cultivars suffer severe chilling injuries at tem-
peratures below 14 °C (9), the cultivar ‘Prata’ tolerates storage
at temperatures lower than 12 °C. The factors that confer
temperature tolerance to this cultivar are unknown.

The ability to accumulate fructans is related to increasing
fructosyltransferase activities, mainly by sucrose-sucrosyltrans-
ferase (SST), during low-temperature exposure, as observed in
wheat (10). However, the synthesis of fructans could also result
from the transfructosylation activity of invertases (/7). There is
no information about which of these enzymes are involved in
fructan synthesis in bananas.

In this work, the sucrose and total FOS levels were quantified
in different phases of banana ‘Prata’ ripening, in fruits stored at
both ambient and low temperatures. Enzymes potentially in-
volved in their synthesis were also analyzed.

MATERIALS AND METHODS

Material. Mature green bananas (Musa acuminata X Musa balbisiana,
AAB, cv. ‘Prata’) were obtained at a local market within 1 day of harvest.
The fruits were separated into two groups and stored in separate chambers
at 19 °C (the control group) and 10 °C (the cold-stored group). After 15
days, the cold-acclimated fruits were elevated to 19 °C to complete their
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ripening. Samples were taken on a daily basis for ethylene and respiration
measurements, as described previously (6) (data not shown). Representa-
tive samples of control and cold-stored fruits were peeled, sliced, frozen in
liquid N», and stored at —80 °C for future analysis.

Carbohydrate Determination. Soluble sugars were extracted three
times with 80% ethanol, and the supernatants were combined and
adjusted to 25 mL. Aliquots of 1 mL were taken from each sample and
evaporated under vacuum (Savant model 110A). The residues were
reconstituted with water, filtered through 0.22 um membrane filters, and
analyzed by high-pressure liquid chromatography with pulse ampero-
metric detection (HPAEC-PAD; Dionex, Sunnyvale, CA), using a
Carbopac PA1 column (Dionex) and an isocratic run of 18 mM NaOH
over 25 min.

The total FOS were extracted three times from 0.5 g of banana samples
with deionized water (10 mL) at 80 °C for 15 min. The supernatants were
combined and adjusted to 50 mL. Analyses of FOS by HPAEC-PAD and
enzymatic methods were conducted after filtration through 0.22 um
membrane filters. For thin layer chromatography (TLC) analyses, a
1 mL aliquot of FOS extract was evaporated under vacuum and
reconstituted with water to a final volume of 250 uL.

Analysis of FOS by HPAEC-PAD was performed on a HPAEC-PAD,
using a Carbopac PA1 column. The flow rate was 1 mL/min with a 50 min
gradient composed of three solvents: 1 M NaOH (solution A), H,O
(solution B), and 1 M sodium acetate (solution C). The elution program
began at 10% A and 90% B (0—12 min), followed by 30% A and 70% B
(12—15min); 30% A, 50% B and 20% C (15—25min); 30% A, 20% B and
50% C (25—40 min); and then re-equilibration at 10% A and 90% B
(40—50 min).

The enzymatic analysis of total FOS was performed using the Fructan
Assay Kit (Megazyme Ltd., Wicklow, Ireland).

Analysis of FOS by TLC was done with the same FOS extracts
employed for the enzymatic analyses. Aliquots (10 uL) of FOS extract
and 3 uL of an extract from Helianthus tuberosus (40 ug/uL; made with the
same method and used as standard) were spotted on TLC foil (silica gel
on aluminum, 20 x 20; Merck), which was developed three times in
n-butanol/isopropanol/water (3:12:4) (v/v). The bands were stained with a
Fru-specific urea—phosphoric acid spray (12).

Protein Extraction and Invertase Activity. Banana samples (20 g)
were homogenized using a 1:2.5 tissue-to-buffer extraction ratio with
mechanical shaking. The extraction buffer (buffer A) contained 50 mM
MES buffer (pH 5.5), | mM DTT, 1| mM EDTA, 1 mM benzamidine,
50 mM cysteine, and 1% PVP (40000 MW). The homogenate was
centrifuged (10000g, 15 min), and the supernatant was collected. Ammo-
nium sulfate solution was added to a level of 40% saturation, and the
resulting mixture was centrifuged (10000g, 15 min). The pellet was
discarded, and additional ammonium sulfate was added to give a satura-
tion of 75%. The resulting precipitate (40—75% fraction) was dissolved
and dialyzed against buffer A without PVP (buffer B). After 24 h, the
dialysate was centrifuged again (10000g, 15 min) to clarify the protein
extract. All of these operations were conducted at approximately 4 °C.

For further purification, the protein extract was passed through a
DEAE-cellulose column, equilibrated with buffer B. The enzymes were
eluted with 0.5 NaCl in buffer B. The protein fraction was concentrated by
precipitation with 75% saturated ammonium sulfate solution. The preci-
pitate formed after 3 h of gentle stirring and was collected by centrifuga-
tion at 10000g for 5 min. The resulting residue was reconstituted with 2mL
of buffer B (pH 5.5) and dialyzed overnight. The resulting partially
purified protein extract was designated “treated extract.” Protein concen-
tration was estimated according to the method of Bradford (13) using BSA
as the standard.

Fructosyltransferase activity was measured in response to substrate
concentration, reaction time, and the presence of an inhibitor. Substrate
concentration effects were evaluated as follows: 200 uL of crude and
partially purified protein extracts was added to 200 uL of buffer (50 mM
MES, pH 5.5). Sucrose was added to the mixtures up to final concentra-
tions of 20 mM, 100 mM, 600 mM, 1.2 M, and 2 M. The reaction mixtures
were incubated at 28 °C for 6 h and then heated to 90 °C for 5 min in a
heating block to stop the reaction. The amount of fructosyltransferase
activity present in partially purified invertase samples was determined by
HPAEC-PAD, as described above, to measure the amount of trisacchar-
ides formed. The resulting reaction mixtures were diluted to a final
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Figure 1. Sucrose, 1-kestose, and total FOS profiles of banana 'Prata’ (A)
control and (B) cold-stored during ripening. Data presented are means of
triplicate assays =+ standard errors.

concentration of 50 mM sucrose (except for the 20 mM sucrose sample)
and filtered through a 0.45 um membrane. To construct a time course for
the production of trisaccharides, the fructosyltransferase assays were
performed using 600 mM sucrose. To test for an inhibitor effect, the
protein extract was added to MES buffer (pH 5.5) and sucrose (600 mM)
along with pyridoxal HCI (10 mM). The trisaccharide products were also
measured, using turanose as an internal standard.

To confirm that the trisaccharides formed are FOS, the mixture was
treated with fructanase (Megazyme) (454 U of exoinulinase/mL and
4.54 U of endoinulinase/mL) for 2 h at 40 °C in acetate buffer (pH 5.5).
The products were analyzed by HPAEC-PAD, according to the protocol
described above.

The hydrolysis activity of invertase was evaluated with 20 mM sucrose.
The enzyme reaction was the same as that established for transferase
activity. The sugars were analyzed by HPAEC-PAD using a Carbopac
PA1 column, 18 mM NaOH as the mobile phase, and a constant flow rate
of 1 mL/min.

RESULTS AND DISCUSSION

Total FOS and Sucrose Levels. In the low-temperature case, all
analyzed events were delayed by 15 days (Figure 1). Sucrose levels
increased slightly and constantly while bananas were stored at
low temperature, followed by a burst after 15 days when the
temperature was raised to the same temperature as the control
samples (19 °C). FOS were detected in the first days after harvest,
whereas 1-kestose remained undetectable until the sucrose levels
reached approximately 200 mg/g of DM, in both groups. After
that, both 1-kestose and total FOS accumulated continually until
the end of the experiment, when the signals of senescence in
bananas were evident (Figure 1).

Total FOS levels were higher in bananas stored at low
temperature than in the control group, and the levels of sucrose
were also higher (Figure 1). The FOS/sucrose ratios were similar
in both groups (control, 3692 ug/FOS/470 mg/g of sucrose = 7.8;
cold stored, 4345 ug/g FOS/554 mg/g sucrose = 7.8), indicating a
correlation between the syntheses of these carbohydrates; this is
to be expected, once sucrose becomes the substrate for FOS
synthesis. In both samples, total FOS levels were higher than
those of 1-kestose, suggesting the presence of higher oligofruc-
tans, because 1-kestose is just the first member of the FOS series
accumulated in banana (/4, 15). FOS levels in banana are
controversial among researchers: Campbell et al. found the
highest levels (~10 mg), in contrast with lower levels found by
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Figure 2. HPAEC-PAD chromatogram of soluble sugars in pulp extracts
for banana ‘Prata’ 10 days after harvest. The chromatogram of 1-kestose
and nystose standards (dashed line) are superimposed to the sample one
to indicate the presence of the peaks at the same retention time. A—D
correspond to peaks of possible fructans type between 1-kestose and
nystose.

other researchers (0.2—2.0 mg of DM) (6, 15). However, differ-
ences in cultivars, degree of ripening, and the presence of fructans
outside the inulin neo-series (e.g., neokestose, 6-kestose, and
bifurcose) could explain the discrepancies reported.

Generally, the identification of FOS other than 1-kestose in
banana fruit is difficult because of the lack of fructan-type
standards. This is one reason we analyzed the banana carbohy-
drates by HPLC and TLC, as well as by an enzymatic method.
For these analyses, we chose the sample in which we observed the
maximum level of total FOS: banana ‘Prata’ control 10 DAH
(Figure 1).

Analysis by HPAEC-PAD (Figure 2) showed two peaks—
coincident with 1-kestose and nystose standards that already had
their identity confirmed by GC-MS in banana (6)—along with
four additional peaks (Figure 2, A—D) between 1-kestose and
nystose. These had retention indices similar to 6-kestose, neokes-
tose, and bifurcose, already identified by Vijn et al. (/16) and
Kawakami et al. (/7) in onion and wheat, respectively. When the
same extract was submitted to enzymatic hydrolysis with fructa-
nase (exo- and endoinulinase; Megazyme) before chromato-
graphic analysis, all peaks disappeared (data not shown). This
confirms that all peaks corresponded to compounds containing a
FOS-type linkage.

Analysis by TLC, in which a sugar extract from H. tuberosus
was employed as a standard, revealed two fructose-containing
carbohydrates that generated spots (I and II) over sucrose
(Figure 3). Spot II was equivalent in terms of RF to the
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Figure 3. Thin layer chromatography in silica gel or sugar extract of
banana ‘Prata’ control 10 days after harvest (DAH). The standard
corresponds to Helianthus tuberosus extract. The system propanol/ethyl
acetate/water was developed three times and stained with a fructose-
specific staining (urea—phosphoric acid according to ref 12). F, fructose;
S, sucrose; K, 1-kestose.

H. tuberosus (H.T.) standard and was subsequently identified as
1-kestose. Spot I, between sucrose and 1-kestose, showed mobi-
lity identical to that of 6-kestose as described in a similar analysis
performed by Sims et al. (/8). This suggests the presence of this
sugar in the FOS extracted from banana pulp.

FOS Biosynthesis in Banana Fruit. The different types of
fructans found in bananas would seemingly require the same
enzymatic pathway present in species that utilize fructans as
primary stored carbohydrates. The presence of several fructans
with distinct glycosidic linkages depends on the consecutive
action of various fructosyltransferases enzymes (/9). Inulin that
iscomposed of linear 5-(2,1)-fructosyl linkages is generated by the
action of two enzymes: sucrose:sucrose 1-fructosyltransferase
(1-SST, EC 2.4.1.99), which catalyzes 1-kestotriose formation;
and fructan:fructan 1-fructosyltransferase (1-FFT, EC 2.4.1.100),
which catalyzes transfructosylation between fructans (20).
Members of the inulin neoseries are produced by 1-SST and
fructan:fructan 6-G-fructosyltransferases (6G-FT or 6G-FFT)
that transfer a fructosyl unit from a fructan to the six-position
of the glucosyl unit of sucrose, resulting in the formation of 6G-
kestotriose (21, 22). Bifurcose and extensions of sucrose through
B-(2,6)-linked fructosyl units, with and without branches of
f-(2,1)-linked fructosyl units, appear to be synthesized by 1-SST
and sucrose:fructan 6-fructosyltransferase (6-SFT) (19, 23).

Because several forms of FOS were found in banana ‘Prata’
pulp, we hypothesized that some of these frutosyltransferases are
present in banana fruit—namely, 1-SST and 1-FFT. After several
biochemical and molecular biology experiments failed to find
these classical fructosyltransferases in banana (data not shown),
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we sought to determine the impact of invertase transglycosyl
activity upon fructan synthesis.

Despite the lack of evidence pointing to the presence of known
fructan-producing enzymes, earlier studies had already suggested
that transferase activity by banana invertases could be involved in
the synthesis of fructans, but this assertion was not experimen-
tally confirmed (24).

Fructosyltransferase Activity in Banana Is Performed by an
Invertase. Crude and partially purified banana ‘Prata’ protein
extracts from 10 DAH samples were assayed for fructosyltrans-
ferase activity at different sucrose concentrations. Figure 4 shows
that transfructosylation activity was detected (measured through
the direction of FOS synthesis) at high sucrose concentrations.
This observation is more typical of an invertase than a fructosyl-
transferase: those fructosyltransferases that are classically asso-
ciated with FOS synthesis exhibit transfructosylation activity
even at small sucrose concentrations.
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Figure 4. Transglycosylation activity of invertase in crude and partially
purified extracts from banana ‘Prata’ (10 DAH) incubated at different
sucrose concentrations (100 mM, 600 mM, and 1.2 M). 1-Kestose was
quantified as sugar product by HPAEC-PAD after 0, 2, 4, 12, 36, and 60 h.

Agopian et al.

A general property of fructosyltransferases is the specific
transfructosylation between fructans, whereas invertases are able
to conduct both synthesis and hydrolysis, depending on substrate
concentration (25, 26). The HPAEC-PAD analysis of carbohy-
drates produced by banana protein extract (10 DAH) at different
sucrose concentrations showed FOS synthesis only from 100 mM
sucrose (Figure 5). (A discrete peak does appear at 17 min with a
20 mM sucrose concentration, but it does not appear to corre-
spond to a FOS-type product.) The enzyme activity was largely
dependent on sucrose concentration (Figure 4) and time of
incubation (Figure 5).

Due to the lack of pure FOS standards, it is difficult to
calculate the quantity of FOS-like substances indicated in the
chromatograms. Even the use an internal standard, such as
turanose (used in these analyses), is limited by the fact that the
pulsed amperometry detector responds differently to different
sugars. However, it is possible to use the area of peak correspond-
ing to turanose to normalize the other areas with the aim to
estimate the increase in FOS as a product of the protein extracts
incubated with different sucrose concentrations. This estimation
indicates that the four main peaks (indicated as I, I1, III, and IV in
Figure 5A) increased, respectively, 85-, 8-, 6-, and 28-fold when
compared to the areas of the chromatograms of the samples
incubated with 100 and 600 mM sucrose. Samples incubated with
1.2 M sucrose presented increments of 125-, 12-, 10-, and 49-fold
for each peak. Almost the same values were found for the samples
incubated with 2.0 M sucrose. This clearly indicates that synthetic
activity is selective for some FOS and, possibly, there is a sucrose
saturating limit.

This agrees with previous reports that invertase transfructosy-
lation activity is generally observed at or above a sucrose
concentration of 100 mM and that this activity increases with
higher sucrose concentrations. By contrast, relatively low sucrose
levels increase hydrolytic activity, which remains constant from
100 mM sucrose onward (/7). Moreover, fructosyltransferases do
not share the kinetic characteristics of invertases, as they synthe-
size FOS at low sucrose concentrations (26 —28). The ability of an
invertase to synthesize fructans appears to be associated with a
sucrose binding box motif present in the enzyme that is often
highly conserved in fructosyltransferases (29). A recent study on
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Figure 5. (A) Analysis of sugar products generated by protein extract of banana ‘Prata’ control (10 DAH) incubation during 6 h with different sugar
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onion vacuolar invertase showed that a relatively small change in
amino acid positions within the sucrose binding box significantly
increased the transglycosylation capacity of the enzyme (/7).

To investigate the influence of reaction time on FOS synthesis,
the partially purified extracts were incubated in the presence of
600 mM sucrose substrate, and the reactions were stopped at
different time intervals (Figure 6A). Chromatographic peaks were
observed at the same retention times as those of sugar products
(Figure 6A) shown in Figure 5, as well as the peaks A—D that
appeared in Figure 2. To confirm the identity of those peaks as
FOS, the extracts were incubated with fructanase (exo- and
endoinulinase, specific to FOS hydrolysis) (Figure 6B), and only
one peak failed to disappear (peak II, at 17 min), suggesting a
different sugar product as discussed earlier (Figure 5). Using the
same approach (based on peak areas) between 1 and 24 h of
incubation, FOS increased about 126-, 125-, 10-, 30-, and 32-fold
for peaks A, B, C, D, and E, respectively. As the sucrose con-
centration was the same for all samples, the results indicate that
FOS are differentially synthesized with time.

It should be noted that the FOS peaks detected after overnight
incubation were much higher than those obtained after a FOS
reaction time of up to 6 h (Figure 6A). However, the transfructo-
sylation action of invertase appears to reach maximum activity
only after 12 h of incubation (Figure 4). Furthermore, a significant
peak with a 20 min retention time emerges after a prolonged period
of invertase transfructosylation. This could explain the higher FOS
levels in banana proposed by previous papers (30). It is possible
that this peak corresponds to peak I noted on TLC analysis
(Figure 3), due to the low sensitivity of TLC as compared with
the HPAEC-PAD method. On the basis of TLC, this peak appears
to correspond to 6-kestose. Ritsema et al. (/7) observed that the
incubation of invertase with 100 mM sucrose over a short period of
time (20 min) resulted in 1.2% of its total activity being directed
toward transfructosylation. Overnight incubation completely hy-
drolyzed the sucrose and degraded the 1-kestose initially formed.
Furthermore, in the same experiment, overnight incubation of
invertase with 1 M sucrose resulted in 6.4% transglycosylation
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Figure 7. Analysis of the pyridoxal (10 mM) inhibition effect on transgly-
cosylation activity of the protein extract from banana ‘Prata’ (control
samples, 10 DAH).

activity. Our results with banana protein extracts are in accordance
with the observation that both time and sucrose concentration are
important parameters for invertase transfructosylation activity.
The central issue in developing the ability to synthesize fructans
is the evolution of transfructosylating enzymes from the hydro-



10770 J. Agric. Food Chem., Vol. 57, No. 22, 2009

lyzing invertases (25, 31, 32). However, fructosyltransferase and
invertase enzymes conserve specific features that can be used to
distinguish between their respective activities. For example, the
hydrolytic and transferase activities of purified yeast invertases do
not respond equally to changes in pH and temperature, giving a
false impression that there are two enzymes acting (33). Also, it
has been proved that both invertase activities may be inhibited in
parallel by pyridoxal (10 mM) (34, 35). In fact, inhibition by
pyridoxal is a useful way to differentiate between invertase and
SST activities (34). To gain further evidence of fructosyltrans-
ferase activity by invertase in banana samples, we have measured
the effect of pyridoxal on protein extracts from banana ‘Prata’
(control 10 DAH) (Figure 7). The results show a significant
decrease in FOS synthesis, indicating that fructosyltransferase
activity in banana can be attributed to invertases, rather than
other “classical” types of fructosyltransferases.

In conclusion, our results suggest that invertases have the
capacity to synthesize FOS in banana ‘Prata’. Moreover, the
analysis of FOS levels and sugar products indicates the presence
of structurally distinct trisaccharides; this observation could
explain the higher FOS levels found in banana in previous works.
The higher levels of FOS in banana samples stored at low
temperature could indicate that these carbohydrates play a role
in cold acclimation and that this might also hold true for other
tissues that have been observed to accumulate FOS. The higher
sucrose levels found in bananas stored at low temperature could
be the result of changes to the activity of biosynthetic and
degradative enzymes, for example, sucrose-synthase, sucrose-
phosphate-synthase, and invertases. The next steps of this work
should include the purification and structural analysis of the
FOS-like sugars detected in the banana pulp, as well as the
cloning and heterologous expression of banana invertases, to test
their ability to synthesize FOS in vitro.
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