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ABSTRACT: Fructo-oligosaccharides (FOSs) and malto-oligosaccharides (MOSs) in cured tobacco leaves (Nicotiana tabacum)
were detected and quantified using high-performance liquid chromatography (HPLC) coupled with electrospray ionization (ESI)
tandem mass spectrometry (MS/MS). These oligosaccharides were present in several tobacco materials including flue-cured
tobacco, sun/air-cured tobacco, and cut filler of commercially available tobacco products, but were not detected in air-cured
tobacco. The changes in these oligosaccharides during storage were also investigated. The results revealed that MOSs simply
decreased under a warm atmosphere and FOSs increased. In addition, the formation of FOSs in cured tobacco leaves occurred in
the presence of sucrose. With regard to FOSs, it has been reported that green tobacco leaves do not contain FOSs such as
kestose, nystose, and fructosyl-nystose. The results of a model test suggested that the changes in FOS amount were caused by
enzymatic reactions.
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■ INTRODUCTION
Sugars are one of the main components of tobacco leaves. In
addition, the sugar composition in tobacco leaves is directly
related to the taste and aroma of cigarette smoke.1−4 Therefore,
investigating the composition is the first step toward a
comprehensive understanding of the relationship between the
sugars in tobacco leaves and the taste/aroma of cigarette smoke.
To date, studies have revealed that certain types of cured tobacco
leaves, such as flue-cured tobacco and sun/air-cured tobacco,
contain abundant fructose, glucose, and sucrose. Furthermore,
studies have also been carried out to identify the sugars in green
tobacco leaves, cured tobacco leaves, and tobacco products.5−12

However, these studies have predominantly focused on mono-, di-,
and polysaccharides. There is a limited amount of information on
oligosaccharides; planteose in tobacco seeds, raffinose and
stachyose in green tobacco leaves, and erlose and theanderose
in cured tobacco leaves have been reported.6,13,14

Many different oligosaccharides are widely distributed in
plants, algae, and bacteria. Among them, fructo-oligosaccharides
(FOSs) are a condensate of fructose in which fructose residues
are bound by β-linkage with or without a single glucose unit in
each molecule. FOSs are divided into three main types: inulin,
levan, and graminan, on the basis of the glycosidic linkage
between fructose residues.15 Highly polymerized FOSs, which
are fructans, have also been found in plants, algae, and bacteria.
Approximately 15% of flowering plants accumulate fructan.
Inulin-type (β2-1 linkage) fructans primarily occur in dicoty-
ledon plants as typified by Asterales, whereas levan-type (β2-6
linkage) and graminan-type (mixed linkage, branched structure)
fructans typically occur in monocotyledon plants.15,16 Although
fructans are widely distributed in plants, tobacco is classified
as a non-fructan-storing plant, and several studies have re-
ported that tobacco did not produce fructan in the absence of

transformation.17,18 On the other hand, MOSs are a condensate
of glucose in which glucose residues are bound by α1-4 linkage.
Maltose, which consists of two glucose units and is regarded as an
MOS (degree of polymerization (DP) 2), is one of the sugars
contained in tobacco leaves.5,6,9 However, there are few reports
about MOSs measuring more than DP 2.19 In cured tobacco
leaves, the presence of MOSs resulting from the hydrolysis of
starch during the curing stage was expected at the beginning of
this research.1 The structures of FOSs and MOSs are shown in
Figure 1.
Various methods for analyzing the oligosaccharides mentioned

above have been reported. Today, the most commonly used
technique for analysis of oligosaccharides is high-performance
anion-exchange chromatography with pulsed amperometric
detection (HPAEC-PAD).20−22 Although HPAEC-PAD is very
helpful for the separation and quantification of oligosaccharides,
it does not provide much structural information and often
requires extensive sample purification. Several methods based on
MS detection (MSD) have recently been reported.23−26 MSD
has some advantages compared to PAD, particularly in terms of
providing information on molecular weight, peak purity, and
partial structure. Furthermore, matrix-assisted laser desorption/
ionization (MALDI) coupled with time-of-flight mass spectrom-
etry (TOF-MS) or Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR-MS) often provides information
about DP, composition, and concentration without chromato-
graphic separation.27,28
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In this paper, we focus on oligosaccharides in which the
constituent sugars are glucose or fructose and report (i) a new
technique that enables the simultaneous analysis of MOSs and
FOSs in cured tobacco leaves; (ii) the content of FOSs and
MOSs in typical tobaccomaterials including green tobacco leaves
and cut filler of commercially available cigarettes; and (iii)
changes in the content of these oligosaccharides during storage.

■ MATERIALS AND METHODS
Materials. Green tobacco leaves were harvested from a field

managed by Japan Tobacco Inc. and were immediately lyophilized.
Cured tobacco leaves were stored in a warehouse of Japan Tobacco Inc.
Commercial cigarettes were purchased at a Japanese market.
Acetonitrile was purchased from Wako Pure Chemical Industries, Ltd.
(Tokyo, Japan). D-Glucose, D-fructose, sucrose, kestose, nystose,
fructosyl-nystose, and ammonium acetate were also purchased from
Wako Pure Chemical Industries, Ltd. Maltotriose, maltotetraose,
maltopentaose, maltohexaose, and maltoheptaose were purchased
from Hayashibara Biochemical Laboratories, Inc. (Okayama, Japan).
All solvents for sample preparation, standard solutions, and mobile
phase in liquid chromatography were prepared using 18.2 MΩ·cm
deionized water produced by a Milli-Q system (Millipore Co., Bedford,
MA, USA).
Moisture Measurement. Approximately 1 g of cut tobacco filler

was weighed and then dried using a rotary oven (Tsukasa Co., Ltd.,
Tokyo, Japan) at 100 °C for 1 h. After drying, the sample was cooled to

room temperature in a desiccator for 1 h and then weighed. The
reduction in weight was taken to be the moisture content, which was
used to evaluate the oligosaccharide content on a dry weight basis (DB).

Effects of Storage on Tobacco Materials. The effects of storage
on the tobacco materials were investigated under the following
conditions: temperature, 7, 22, 30, and 40 °C; storage period, 12
weeks; tobacco materials, cut filler of commercial cigarettes.

Sample Preparation. Approximately 20 g of cured tobacco leaves
was pulverized into 1−2mmmesh powder using aMiniBlender (Melitta
Japan Ltd., Tokyo, Japan). The 1.000± 0.001 g of powder was placed in
50 mL vials, extracted with 40 mL of 50 v/v % acetonitrile at room
temperature for 30 min using a shaker (200 rpm), and then further
extracted by ultrasonication using Bransonic cleaner (Branson Ultra-
sonic Co., Danbury, CT, USA), keeping extract below room
temperature for 30 min. The subsequent supernatant was decanted
and centrifugally filtered using Amicon Ultra 10000 Da cutoff filters
(Millipore Co.). Filtrate of 20 mL was evaporated for complete removal
of acetonitrile (to approximately 5 mL). The total volume of collected
solution was adjusted to 10 mL and filtered with a Whatman PVDF
membrane with a pore size of 0.20 μm (GE Healthcare U.K. Ltd.,
Buckinghamshire, U.K.) to remove the insoluble components in
deionized water.

With regard to the measurement of monosaccharides and
disaccharides, the ultrafiltrate was directly injected into the device.

When acquiring product ion chromatography for identification of
oligosaccharides, the ultrafiltrate was passed through an Oasis MCX
cartridge (6 cm3/150 mg, Waters Co., Milford, MA, USA) after
evaporation of the acetonitrile. Then, the liquid that passed through the
cartridge was concentrated to 2 mL and filtered with a Whatman PVDF
membrane with a pore size of 0.20 μm (GE Healthcare).

Measurement of Monosaccharide and Disaccharides. The
analyses of glucose, fructose, and sucrose were performed using an
Agilent 1200 HPLC system coupled with a G1362A refractive index
detector (Agilent Technology, Santa Clara, CA, USA) set at 35 °C.
Chromatographic separations were carried out using a high performance
carbohydrate column (250 × 4.6 mm i.d., 4 μm, Waters Co.).
Acetonitrile (75 v/v %) was used as the mobile phase at a flow rate of 1.0
mL/min. The injection volume was 20 μL. The determination of
concentration was performed using the absolute calibration method.
The calibration range was from 0.1 to 10 g/L. Standard solutions were
prepared with 50 v/v % acetonitrile.

Measurement of Oligosaccharides. The analyses of MOSs and
FOSs were performed using an Agilent 1200 HPLC system coupled
with a 6410 triple-quadrupole MSD (Agilent Technology). Chromato-
graphic separations were carried out using a Develosil RP Aqueous
column (150 × 1.5 mm i.d., Nomura Chemical Co., Ltd., Japan). Mobile
phase A (5 mM ammonium acetate) and mobile phase B (acetonitrile)
were used for elution under the following conditions: flow rate,
0.1 mL/min; A, 100% at 0 min; A, 100% holding until 15 min; A, 85% at
30 min (linear gradient); and A, 85% holding until 40 min; post run
time, A, 100% 20 min. The column temperature was set at 30 °C. The
injection volume was 5 μL. Ionization using ESI/MS was performed
under the following conditions: negative ion mode; capillary voltage,
4000 V; drying gas temperature, 350 °C; gas flow, 11 L/min; nebulizer
pressure, 35 psi. The other MS parameters of fragmentor voltage,
precursor ion (m/z), collision energy (CE), product ion (m/z), and

Figure 1. Structures of fructo-oligosaccharides (FOSs) and malto-
oligosaccharides (MOSs).

Table 1. MS/MS Paramaters and Retention Time of Each Analyte

compd DPa fragmentor (V) precursor ion (m/z) CEb (V) product ion (m/z) dwell time (ms) RTc (min)

FOS 3 140 503 20 323 50 5.6
FOS 4 160 665 25 485 100 13.2
FOS 5 160 827 30 647 200 31 ± 0.3
MOS 4 140 665 10 161 200 4.8−6.2
MOS 5 140 827 10 665 200 7.0−8.6
MOS 6 140 989 10 827 200 9.5−11.1
MOS 7 140 989 10 827 200 12.0−13.6

aDP, degree of polymerization. bCE, collision energy. cRT, retention time.
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dwell time were switched at time segments corresponding to the retention
time of each compound. Tandem mass spectra on product ion
chromatography were obtained under various conditions: injection volume,
2−10μL; collision energy, between 5 and 35V; and scan time, 500−1000ms.
The other conditions were the same as those for the quantification method.

■ RESULTS AND DISCUSSION

Detection and Quantification of Oligosaccharides in
Cured Tobacco Leaves. We expected it to be difficult to
identify the oligosaccharides by LC-MS due to the possible
presence of several oligosaccharides with the same molecular
weight in the analyte. It was also expected that various impurities
as typified in the brown pigment of cured tobacco leaves might
prevent the analysis of oligosaccharides. Thus, analysis of
oligosaccharides by a LC-MS/MS system was selected on the
basis of its high selectivity, possibility of fragmentation analysis,
and non-necessity of perfect chromatographic separation
compared to a LC-MS system. The MS/MS parameters and
retention time of each standard oligosaccharide used in this study
are shown in Table 1.
The preliminary ionization experiment was carried out using

the standard and a sample in which the standards were spiked. As
a result, the ionization of FOSs and MOSs was achieved in the
negative-ion mode. Ionization of underivatized oligosaccharides
using ESI in the positive-ion mode has achieved significant
results through the formation of alkali-cationized ions.25,26,29

However, when the tobacco extract was analyzed, the negative-
ion mode gave a better signal-to-noise ratio and higher
reproducibility. Deprotonated ion [M − H]− could basically be
monitored as precursor ion. With regard to maltoheptaose,
fragmentation occurred concurrently with ionization; therefore,
the fragment ion (m/z 989), with good ionic yield, was selected
as the precursor ion. Although maltotriose was able to be ionized
through this method, quantitative results with scarce reprodu-
cibility were obtained for the tobacco extract (data not shown).
Subsequently, MS/MS conditions were investigated to raise the
peak purity and to differentiate FOSs from MOSs eluting at the
same time. The precursor ion of each oligosaccharide tended to
fragment with regularity (shown in Figure 2). MS spectra on
product ion chromatography (PIC) of MOS standards
commonly showed some dominant losses appearing at intervals
of 162 amu. The fragmentation of deprotonated ions of MOSs

may be the result of preferential cleavage of glycosidic linkage.
This behavior coincided with the results of fragmentation
patterns by negative ion fast atom bombardment found in the
literature.30 On the other hand, MS spectra of FOSs exhibited
different rules from MOSs. That is, FOSs consistently showed
dominant losses of 180 amu. Even if the collision energy were
changed between 5 and 30 V, typical losses of other glycosidic
ring cleavages, such as 18, 30, 60, and 90 amu, were not
observed.29,30 The trace of a loss of 162 amu was marginally

Figure 2.MS spectra of the standard oligosaccharides used for ESI/MS/MS in negative-ion mode: (A) FOS DP3; (B) FOS DP4; (C) FOS DP5; (D)
MOS DP4; (E) MOS DP5; (F) MOS DP6; (G)MOS DP7. ◆ indicates precursor ions.

Figure 3. Chromatograms of multiple-reaction monitoring (MRM).
Tobacco extract sample and sample with spiked standard were overlaid:
(A) all monitored ions of MRM; (B) FOS DP3; (C) FOS DP4; (D)
FOS DP5; (E) MOS DP4; (F) MOS DP5; (G) MOS DP6 and MOS
DP7. The peak in which the intensity increased in each extracted
chromatogram was based on the latter sample.
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detected. For this reason, the dominant loss of 180 amu may be
caused through dehydration occurring almost simultaneously
with a loss of 162 amu. Moreover, oligosaccharides with the same
DP (i.e., in this case, the molecular weight is the same) were able
to be separated on chromatography. Fragmentation was
accelerated by increasing the collision energy (CE). CE was
adjusted to the most efficient voltage for generating the objective
ions (conditions are shown in Table 1) in quantitative analysis.
Consequently, all FOSs and MOSs were able to be measured
independently by monitoring specific precursor ions and product
ions at each retention time. The chromatograms of multiple-
reaction monitoring (MRM) of cured tobacco extract are shown
in Figure 3. Identification of each oligosaccharide in the sample
solutions was based on the increase in peak intensity by spiking
the standards and the consistency of precursor ions and product
ions using the standards. Furthermore, each FOS was identified
by comparison of MS spectra on PIC as described below.
To evaluate the difference between the samples, quantitative

analysis was carried out. Signal abundance of some oligosac-
charides that appeared at a short retention time on the
chromatogram, such as kestose and maltotetraose, did not
sufficiently recover toward the spiked amount of standard.
Instead, the signal intensity increased linearly in proportion to
the added quantity. The determination of concentration of each
analyte was performed using the standard addition method. The
concentration range of oligosaccharides in prepared sample
solution was as follows: FOS DP3 (kestose), 1.0−50 μg/mL; the
other oligosaccharides, 0.05−5.0 μg/mL. The linearity of all

oligosaccharides exhibited favorable values with coefficients of
determination >0.999 in the range of sample intensity from 5 to
10 times the intensity. The recovery tests were performed by
comparing the peak intensity between addition of the standards
before extraction and addition of the corresponding amounts of
standards after sample preparation. All oligosaccharides
exhibited favorable recoveries between 80 and 120%.
Quantification of oligosaccharides was conducted for typical

tobacco leaves and cut filler of commercial cigarettes.
Oligosaccharides in green tobacco leaves were also measured.
Quantitative results are shown in Table 2. The composition of
oligosaccharides was characterized by leaf type and growing
district. FOSs and MOSs could not be observed in burley-type
leaves. Burley-type leaves are usually dried through a lengthy air-
curing process. Thus, it was considered that oligosaccharides in
burley-type leaves were distinguished during air-curing like other
sugars.1 On the other hand, FOSs were observed in some cured
tobacco leaves despite the fact that no FOSs were detected in
green tobacco leaves. Because the tobacco plant (Nicotiana
tabacum) is classified as a non-fructan-storing plant, the absence
of FOSs in green tobacco leaves is expected.17,18 In light of these
facts, FOSs in cured tobacco leaves and cut filler were expected to
increase during the curing process or storage period.

Change of Oligosaccharides in Cured Tobacco Leaves
during Storage. According to the methods described under
Materials andMethods, the effects of storage were investigated to
confirm the change in oligosaccharide composition in tobacco
materials. Figure 4 shows variations in the amount of

Table 2. Quantitative Value of Oligosaccharides in Tobacco Leaves

leaf type: flue-cured Virginia burley Orient green leaf cut f illerb

compd/DPa growing district: USA Brazil USA, Brazil Greece Turkey Japan Japan sample A sample B

FOS DP3 av (ppm)c 31.45 41.31 ND 51.55 224.4 ND ND 283.3 70.89
SD (ppm) ±0.96 ±2.84 ±3.47 ±5.15 ±16.57 ±3.52
RSD (%) 3.0 6.9 6.7 2.3 5.8 5.0

FOS DP4 av (ppm) trace trace ND 2.16 10.00 ND ND 19.09 2.77
SD (ppm) ±0.07 ±0.63 ±0.58 ±0.29
RSD (%) 3.3 6.3 3.0 10.3

FOS DP5 av (ppm) ND ND ND trace 1.18 ND ND 4.97 trace
SD (ppm) ±0.14 ±0.27
RSD (%) 11.7 5.5

MOS DP4 av (ppm) 4.63 6.74 ND 7.41 46.62 11.79 1.84 72.21 10.23
SD (ppm) ±0.64 ±0.78 ±0.09 ±1.43 ±1.01 ±0.10 ±3.38 ±0.16
RSD (%) 13.7 11.6 1.2 3.1 8.6 5.3 4.7 1.5

MOS DP5 av (ppm) 2.46 3.75 ND 3.08 26.12 12.66 1.73 53.58 5.34
SD (ppm) ±0.04 ±0.23 ±0.35 ±0.46 ±0.82 ±0.16 ±3.15 ±0.41
RSD (%) 1.8 6.1 11.4 1.8 6.5 9.2 5.9 7.7

MOS DP6 av (ppm) 6.11 8.07 ND 3.36 31.83 29.8 3.64 58.55 10.44
SD (ppm) ±0.58 ±0.21 ±0.17 ±3.22 ±1.52 ±0.32 ±4.27 ±0.19
RSD (%) 9.5 2.5 5.1 10.1 5.1 8.9 7.3 1.8

MOS DP7 av (ppm) 7.89 7.04 ND 4.63 37.11 31.24 5.58 45.55 8.51
SD (ppm) ±0.38 ±0.24 ±0.14 ±3.57 ±0.87 ±0.33 ±0.96 ±0.56
RSD (%) 4.8 3.4 3.0 9.6 2.8 5.9 2.1 6.6

aDegree of polymerization. bCut filler of the product was taken from commercial cigarettes. Samples A and B were purchased at Japanese markets.
cAmounts of analytes in extract were converted to the amounts in tobacco leaves. Average (ppm) was evaluated on a dry weight base (method
described under Materials and Methods). Analyses including preparation of tobacco extract were repeated three times.
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oligosaccharides in the tobacco materials during storage
examination. MOSs simply decreased at warm temperatures.
Because MOSs have a reducing end, they might decompose
chemically or react with nitrogen compounds, causing amino
carbonyl reactions.31 On the contrary, FOSs increased depend-
ing on the temperature of the storage environment. The
generation of FOSs would not be based on the hydrolysis of
carbohydrate, because tobacco does not accumulate fructan as
previously described. It was also considered unlikely that other
new kinds of sugars would be generated by chemical
condensation reaction of sugar under this mild environment.
FOSs did not necessarily increase in some of the materials tested
for the same examination. Thus, we conjectured that FOSs had
been produced by an enzyme reaction with sucrose as the
substrate.
Origin of Fructo-oligosaccharides. An additional exami-

nation to confirm our hypothesis was carried out using three
samples prepared by the method described below. The first
sample was a burley-type leaf that hardly contains any sugars. The
second sample was a burley-type leaf to which approximately
5 wt % sucrose was added. The sample was dried as quickly as
possible without the application of heat, after the sucrose

solution was sprayed. The third sample was a burley-type leaf
heat-treated before sucrose was added. Heat treatment was
performed at 120 °C for 10 min. Sucrose was added according to
the same method as for the second sample. The three samples
were stored at 40 °C concurrently and then the change of
components was analyzed at fixed intervals.
Figure 5 shows PICs and MS spectra of the standard and

sample extract. The phenomenon of FOS formation was
confirmed in a burley-type leaf spiked with sucrose, although
burley leaves naturally do not have and do not generate FOSs.
MS spectra of each peak on PIC coincide with the pattern of the
standard (shown in Figure 2). These results strongly suggest that
FOSs were generated in tobacco leaves by enzymatic reaction
under the conditions used in this study. In addition, the enzyme
associated with the increase in FOSs was thought to be included
in the leaves.
Figure 6 shows the behavior of fructose, glucose, sucrose, and

FOSs during storage. When burley-type leaves without sucrose
were stored, FOSs were not produced, and no other sugars were
generated (data not shown). As described above, the enzyme
related to FOSs increasing might exist in burley-type leaves;
however, the leaves did not contain sucrose, the substrate of the

Figure 4. Changes in oligosaccharides in tobacco material before and after storage.

Figure 5. Product ion chromatogram and MS spectra of sample extract. The sample was a burley-type tobacco leaf spiked with or without sucrose and
stored for 4 weeks at 40 °C. Peaks (A−C) on PIC correspond to the same letter indicated on the MS spectra.
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enzyme. Thus, in the case of sugar-free burley-type leaves, the
formation of FOSs was not observed. On the other hand, in
the case of the leaf with added sucrose, various changes were
observed. Whereas sucrose decreased according to the storage
time, fructose and glucose increased simultaneously (Figure 6C).
However, increased amounts of fructose and glucose were not
equivalent. We had expected that these sugars could be reacted
by another enzymatic reaction or chemical reaction in cured
tobacco leaves. Then, an increase in FOSs could also be observed
(Figure 6A). These results indicated that sucrose was the origin
of FOSs. It should be noted that this series of changes did not
occur on the heat-treated sample despite the presence of sucrose
(Figure 6B,D). This difference was ascribable to the deactivation
of the related enzymes in sucrose.
From the results obtained in this study, the reaction is

considered to a transfructosylation reaction by the enzyme.
Sucrose:sucrose 1-fructosyltransferase (1-SST) is known as an
enzyme that produces 1-kestose (FOSDP3) from sucrose.32 SST
is an important enzyme for accumulating fructan. Certain plants
such as Asteraceae and Gramineae contain SST, but this type of
enzyme was not contained in the tobacco plant.33−35 However,
the tobacco plant (N. tabacum: Solanaceae) contains invertase,
which converts sucrose into fructose and glucose, and the
survival of invertase activity in cured tobacco leaves was obvious
from this examination. SST-like activity found in the present
study was possibly caused by the side reaction activity of
invertase. Several studies have already clarified that invertase
partially acts like SST.36−38 In the low-moisture environment of
cured tobacco leaves, the side reaction may be predominant

rather than hydrolysis.39 In summary, the potential change in
FOSs during storage will be dependent on the concentration of
sucrose and the remaining enzyme activity in the cured tobacco
leaves.
In this paper, we demonstrated that oligosaccharide analysis

using LC-MS/MS can be used to determine the composition of
FOSs and MOSs in various tobacco materials. We also reported
the variability and one of the factors for the variability of sugars
including FOSs and MOSs. We are presently attempting to
purify the enzyme responsible for generating FOSs from cured
tobacco leaves to better understand the details of the mechanism.
This type of knowledge is indispensable for advancement of
quality control in food science.
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