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Abstract

Successful breeding programs need fast and reliable methods for analyzing sugar composition in new soybean (Glycine max (L.)
Merrill) lines. The efficiency to quantify the major sugars, including glucose, fructose, sucrose, raffinose, and stachyose, in five soybean
lines with two HPLC systems and an enzymatic procedure were compared. Soluble sugars in soybean were extracted with water at a
solvent-to-sample ratio of 5:1 at 50 �C for 15 min, and analyzed by high-performance size exclusion chromatography with refractive
index detection (HPSEC-RI), high-performance anion-exchange chromatography with pulsed-amperometric detection (HPAEC-
PAD), and a raffinose-series oligosaccharides assay procedure. All three methods produced comparable and reproducible results. The
HPAEC-PAD method was more sensitive, faster and capable of separating all five major sugars in soybean with improved peak reso-
lution compared with the HPSEC-RI method, and is recommended for soybean breeding programs. The enzymatic procedure required
no expensive instrumentation and less sample preparation, but could not quantify individual raffinose and stachyose.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The amount of total soluble sugars in soybean seeds var-
ies among varieties, ranging from 6.2% to 16.6%, and
sucrose, raffinose, and stachyose comprise almost 99% of
the soybean soluble sugars (Kawamura, 1967). Sucrose is
the most abundant sugar in soybean ranging from 3% to
10% and responsible for enhancing the sweet taste of soy-
foods (Taira, 1990), whereas stachyose (0.6–5.8%) and raf-
finose (0.1–1.8%) (Hymowitz & Collins, 1974; Trugo,
Farah, & Cabral, 1995) are not digestible. One way to
improve the sugar composition of soybean and thereafter
its marketability as food and feed is by breeding. For a suc-
cessful breeding program, breeders need efficient and reli-
able methods to analyze sugar composition in new
soybean lines.
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Several methods have been reported for the determina-
tion of sugars in soybean and other legumes. The colori-
metric method by Dubois, Gilles, Hamilton, Rebers, and
Smith (1956) gives a reliable, but only the total sugar con-
tent. Paper chromatography (Lineback & Ke, 1975; Pazur,
Shadaksharaswamy, & Meidell, 1962; Shallenberger &
Moores, 1957) and thin layer chromatography (Tanaka,
Thananunkul, Lee, & Chichester, 1975) provide qualitative
analysis, but the results are difficult to quantify. Gas chro-
matography is very sensitive; however, it is laborious due
to the need of sugar derivatization (Aman, 1979; Delente
& Ladenburg, 1972; Folkes, 1985; Molnar-Perl, Pinter-
Szakacs, Kovago, & Petroczy, 1984). High-performance
liquid chromatography (HPLC) has become the preferred
method because of its simple and efficient separation and
quantification of sugars (Black & Bagley, 1978; Ladish &
Tsao, 1978; Rabel, Caputo, & Edward, 1976; Reyes,
Wrolstad, & Cornwell, 1982). HPLC coupled with refrac-
tive index (RI) detection is commonly used in soybean

mailto:yjwang@uark.edu


E. Giannoccaro et al. / Food Chemistry 106 (2008) 324–330 325
and other plants for sugar analysis (Black & Bagley, 1978;
Frias, Hedley, & Price, 1994; Johansen, Glitso, & Knudsen,
1996; Kim, Kim, & Hwang, 2003; Knudsen, 1986). RI
detection offers a wide linear range for sugar analysis, but
is not very sensitive for low concentrations (Lis & Sharon,
1978; Martens & Frankenberger, 1990). More recently,
high-performance anion exchange chromatography cou-
pled with pulsed-amperometric detection (HPAEC-PAD)
becomes increasingly popular and has been extensively
employed for sugar analysis (Cataldi, Campa, Angelotti,
& Bufo, 1999; Cataldi, Margiotta, Lasi, & Di Chio, 2000;
Frias et al., 1999; Mohamed & Rayas-Duarte, 1995; Rock-
lin & Pohl, 1983; Townsend, Hardy, Hindsgaul, & Lee,
1988). PAD is highly selective and sensitive because only
reactive compounds will give response and at very low
concentrations.

Enzymatic analysis has also been routinely used for
sugar analysis due to the specificity and sensitivity of
enzymes. Maughan, Saghai Maroof, and Buss (2000) used
invertase and hexokinase to quantify the sucrose content in
149 soybean varieties. However, little work has been
reported to compare HPLC and enzymes for soybean sugar
analysis. The objective of this study was to compare three
methods, HPAEC-PAD, HPSEC-RI, and enzymes, for
quantifying soybean sugars. Their advantages and disad-
vantages with respect to sample preparation, and sugar
quantification and identification were addressed.

2. Materials and methods

2.1. Materials

Seeds of five soybean lines, namely Hutcheson, Camp,
SS-516, MFL-552, and 03CB-14, grown in Fayetteville,
Arkansas in 2002 were provided by the Department of
Crop, Soil and Environmental Sciences at the University
of Arkansas, Fayetteville, AR. Fifteen grams of each vari-
ety were ground in a mill for 20 s (Knifetec 1095, Foss,
Hoganas, Sweden) and the ground meal was screened
through a 150-lm sieve (W.S Tyler, Mentor, OH) and used
for sugar extraction. The moisture content of each ground
meal was determined according to Approved Method 44-
31 (AACC, 2000). Glucose, fructose, melibiose, sucrose,
raffinose, stachyose, and maltoheptaose were obtained
from Sigma Chemicals Co. (St. Louis, MO). A raffinose-
series oligosaccharides enzymatic assay procedure (RSO
8/98) was purchased from Megazyme (Megazyme Intl Ire-
land Ltd, Wicklow, Ireland). All other chemicals were ACS
grades.

2.2. Extraction and purification of soluble sugars in soybean

meal

Soluble sugars were extracted by the procedure previ-
ously optimized (Giannoccaro, Wang, & Chen, 2006).
One gram sample spiked with an internal standard, which
was used to check recovery and to assure an accurate quan-
tification of sugars (Black & Bagley, 1978; Li, Schuhmann,
& Wolf, 1985), and 5 mL of distilled water were placed in a
50-mL centrifuge tube. Melibiose was used as the internal
standard for a HPAEC-PAD system, while maltoheptaose
was used as the internal standard for a high-performance
size exclusion chromatography with RI detection
(HPSEC-RI) system. Different standards were chosen for
the efficiency of each individual analysis. The tube was
capped, placed horizontally, completely immersed in a
water bath at 50 �C, and shaken at 200 rpm for 15 min.
After the extraction, the tube was centrifuged at 20,000g

for 10 min and 2 mL of the supernatant were pipetted into
another centrifuge tube.

The same extract purification procedure was applied to
both systems, which followed the method of Black and
Glover (1980) with modifications. Three millilitres of ace-
tonitrile was slowly added into the centrifuge tube con-
taining the supernatant with constant shaking to
precipitate the residual protein, and then the tube was left
at room temperature for 30 min. The tube was centrifuged
at 1500g for 10 min, and 1 mL of the clear supernatant
was pipetted into a 1.7-mL microcentrifuge tube and
brought to completely dryness using a heat block at
80 �C for 60 min. For the HPAEC-PAD system, the resi-
due was re-dissolved in 1 mL of 90 mM NaOH, quantita-
tively transferred to a 100-mL volumetric flask, and
brought to volume with 90 mM NaOH. Ten millilitres
of the diluted solution was filtered through a 0.2-lm
membrane (HT Tuffryn Nylon) followed by a cartridge
(OnGuard II RP, Dionex, Sunnyvale, CA) to remove
residual lipids, surfactants, hydrocarbons, and high
molecular-weight carboxylic acids (Kadnar, 1998; Wicks,
Moran, Pittman, & Hodson, 1991) prior to injection.
For the HPSEC-RI system, the residue was re-dissolved
in 1 mL of 0.1 M NaNO3 containing 0.2% NaN3, quanti-
tatively transferred to a 10-mL volumetric flask, and
brought to volume with 0.1 M NaNO3 containing 0.2%
NaN3. The diluted solution was further purified as previ-
ously described prior to injection.

2.3. Separation and quantification of soluble sugars by

HPAEC-PAD and HPSEC-RI

The HPAEC-PAD system (Dionex DX500) consisted of
a GP-50 gradient pump, ED40 electrochemical detector, a
CarboPac PA-10 pellicular anion-exchange resin column
(250 � 4 mm i.d.) preceded by a CarboPac PA-10 guard
column (50 � 4 mm i.d.) and an AminoTrap column
(30 � 3 mm i.d.) (Dionex, Sunnyvale, CA). Samples were
injected via an AS40 automated sampler with a 25-lL sam-
ple loop, and sugars were eluted with 90 mM NaOH at a
flow rate of 1 mL/min. The mobile phase, 90 mM NaOH,
was prepared by diluting carbonate-free 50% (w/w) NaOH
solution in distilled water, which was previously filtered
with a 0.45-lm membrane and degassed with a sonicator
(Zenith Inc, T800-2H, Norwood, NJ) for 30 min. The
HPSEC-RI system consisted of a 515 HPLC pump with
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a 100-lL sample loop, an in-line degasser, a 2410 refractive
index detector maintained at 40 �C (Waters, Milford, MA).
Sugars were separated by two Shodex OHpak SB 802 HQ
(300 � 8 mm) maintained at 55 �C by a column heater, pre-
ceded by a Shodex OHpak SB-G (50 � 6 mm) guard col-
umn. The mobile phase was 0.1 M NaNO3 with 0.2%
NaN3 at a rate of 0.4 mL/min.

2.4. Standard curve for soluble sugar quantification with

HPLC

For both HPLC systems employed, identification and
quantification of the major sugars present in the samples
were achieved by comparing each peak retention time
and area with those of the standard. The quantity of each
sugar was corrected based on the recovery ratio of the
internal standard. A stock solution composed of glucose,
fructose, melibiose, sucrose, raffinose, and stachyose at
concentrations of 5, 5, 30, 80, 30, 80 lg/mL, respectively,
was prepared for the HPAEC-PAD system. A standard
curve for each sugar was prepared by injecting different
concentrations of the stock solution. A second stock solu-
tion composed of glucose, fructose, sucrose, raffinose,
stachyose, and maltoheptaose at concentrations of 35, 35,
1000, 600, 1000, and 800 lg/mL, respectively, were pre-
pared for the HPSEC-RI system. Both stock solutions were
passed through a 0.2-lm membrane (HT Tuffryn Nylon)
and stored at �20 �C until analysis. The correlation coeffi-
cients (r) for both detectors were also checked.

2.5. Quantification of soluble sugars by enzymes

The concentrations of glucose, sucrose, and the sum of
raffinose and stachyose were also determined following
the raffinose-series oligosaccharides assay procedure
(Megazyme RSO 8/98) with minor modifications. The
extraction of the soybean soluble sugars followed the
same procedure as described before. After the extraction,
the whole content of the centrifuge tube was quantita-
tively transferred to a 50-mL volumetric flask, brought
to volume with 50 mM sodium acetate buffer (pH 4.5),
and then thoroughly mixed. After standing at room tem-
perature for 15 min, 10 mL of the diluted extract was cen-
trifuged at 1500g for 10 min. An aliquot of 0.2 mL
solution was pipetted into a test tube, and glucose oxidase
and peroxidase were added as described in the procedure.
The absorbance of the solution was measured at 510 nm
with a spectrophotometer (Bechman DU-520, Fullerton,
CA), and the free glucose content was obtained using
the equation in the procedure. A second aliquot of
0.2 mL solution was pipetted into another test tube and
invertase was added, which hydrolyzed sucrose into glu-
cose and fructose. Thereafter, glucose oxidase and perox-
idase were added and the glucose content in the solution
was determined. In a third aliquot of 0.2 mL solution,
invertase and a-galactosidase were added, which con-
verted sucrose, raffinose, and stachyose into glucose, fruc-
tose, and galactose, and the total amount of free glucose
in the third solution was also measured. The amount of
sucrose was calculated by subtracting the glucose in the
first test tube from that of the second test tube. The
amount of raffinose and stachyose was derived by sub-
tracting the glucose in the second tube from that of the
third test tube. Glucose oxidase and peroxidase were also
added into the glucose standard solution (1 mg/mL) pro-
vided for the calculation of the conversion factor to con-
vert absorbance into glucose concentration. A solution
composed of glucose, sucrose, raffinose, and stachyose
at concentrations of 100, 500, 500, and 200 lg/mL,
respectively, was prepared and concurrently used as a
control and analyzed together with the soybean extracts
to check enzyme stability and method reproducibility.

2.6. Statistical analyses

Sample extraction was carried out for at least in dupli-
cate and two measurements were done for each extracted
sample for sugar quantification. Tukey–Kramer HSD test
was used to detect significant difference among soybean
sugars. A GLM procedure of ANOVA in version 9.0.1 of
SAS statistical software (SAS Institute Inc.) was applied
to detect significant differences between the extractions
and the three methods (HPACE-PAD, HPSEC-RI, and
enzymes) used to quantify soybean sugars.

3. Results and discussion

3.1. HPAEC-PAD

The correlation coefficients (r) of detector response vs.
standard concentrations were always greater than 0.99
for all sugar standards used. A complete separation of
major sugars present in the soybean extracts including
the internal standard was achieved in 20 min under the
condition used in the present study (Fig. 1a). Because of
the sensitivity of PAD, soybean meal was diluted 1250
times for quantification. Glucose was eluted first, followed
by fructose, melibiose, sucrose, raffinose, and stachyose,
respectively. The amount of each sugar in the five soybean
lines ranged 0.07–0.15% for glucose, 0.08–0.19% for fruc-
tose, 5.64–9.39% for sucrose, 0.25–1.35% for raffinose,
and 0.29–6.33% of stachyose (Table 1). SS-516 had the
largest amount of total sugars but the lowest raffinose,
whereas 03CB-14 had the lowest amounts of total sugars
and stachyose but the highest sucrose. Camp had the sec-
ond highest amount of total sugars and the highest stachy-
ose. Recoveries for all samples were checked and showed
an average of 90.63%.

Locher and Bucheli (1998) employed a similar system
with gradient elution to quantify soybean sugars in con-
trast to the isocratic elution in the present study. The quan-
tification of each sugar was achieved for both studies, but
isocratic elution generally encounters fewer problems of
baseline re-equilibration than gradient elution.
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Fig. 1. Separation of sugars in five soybean lines using two HPLC systems. (a) Glucose (1), fructose (2), melibiose (3), sucrose (4), raffinose (5), and
stachyose (6) with HPAEC-PAD. (b) maltoheptaose (1), stachyose (2), raffinose (3), sucrose (4), and glucose + fructose (5) with HPSEC-RI.

Table 1
Concentrations (%, db) of glucose, fructose, sucrose, raffinose, and stachyose in five soybean lines determined with HPAEC-PAD

Lines Glucose Fructose Sucrose Raffinose Stachyose Total sugars

Hutcheson 0.15 ± 0.00a* 0.08 ± 0.01d 5.64 ± 0.06e 1.09 ± 0.01b 5.97 ± 0.06b 12.93 ± 0.11d

Camp 0.12 ± 0.00c 0.12 ± 0.00b 6.24 ± 0.06d 0.84 ± 0.01c 6.33 ± 0.02a 13.65 ± 0.09b

SS-516 0.14 ± 0.00b 0.19 ± 0.00a 7.91 ± 0.01b 0.25 ± 0.01e 5.37 ± 0.03c 13.86 ± 0.03a

MFL-552 0.15 ± 0.00a 0.11 ± 0.01c 6.97 ± 0.07c 1.35 ± 0.02a 4.81 ± 0.03d 13.38 ± 0.07c

03CB-14 0.07 ± 0.01d 0.09 ± 0.00d 9.39 ± 0.04a 0.30 ± 0.01d 0.29 ± 0.01e 10.15 ± 0.03e

* Mean values of at least 4 measurements in the same column followed by the same letter are not significantly different (p < 0.05).
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3.2. HPSEC-RI

In order to improve separation, two analytical columns
and a slower flow rate were used in the HPSEC-RI system
based on preliminary results. Although PAD is sensitive
and specific for sugar analysis, RI detection and size exclu-
sion chromatography are universal and widely used in
many analytic laboratories. Therefore, it was attempted
to compare these two systems for their efficiency and repro-
ducibility in quantifying soybean sugars. The first peak
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(maltoheptaose) was eluted after 26 min and a total elution
time of 43 min was needed to complete the elution of all
sugars in the extracts (Fig. 1b). Because glucose and fruc-
tose have a similar molecular size, they were eluted at the
same time and could not be resolved by this HPSEC-RI
system. Therefore, quantification of the total amount of
glucose and fructose was achieved using a standard curve
comprising both glucose and fructose standards. The corre-
lation coefficients (r) of detector response vs. standard con-
centrations were always greater than 0.99 for all sugar
standards used, except for the standard curve prepared
using the mixture of glucose and fructose with a r-value
of 0.949. Because of a lower detection limit of the RI detec-
tor, samples were diluted only up to 125 times and the
resulting peaks were not as well defined as those obtained
with the HPAEC-PAD system.

The range of sugars quantified was 0.22–0.35% for glu-
cose and fructose together, 5.71–9.46% for sucrose, 0.37–
1.47% for raffinose, and 0.35–6.46% for stachyose (Table
2). The samples followed the same trend with respect to
the amounts of total sugars and individual sugars quanti-
fied as the HPAEC-PAD system. The recoveries for all
samples with this system showed an average of 91.76%,
which was slightly higher than those with the HPAEC-
PAD.

3.3. Enzymatic procedure

The range of sugars quantified using the specific com-
mercial enzymatic assay procedure was 0.05–0.13% for glu-
cose, 5.56–9.31% for sucrose, and 0.50–7.09% for
raffinose + stachyose (Table 3). The results followed the
same trend as the previous two HPLC systems. However,
this enzymatic procedure cannot quantify fructose nor
can it distinguish raffinose from stachyose. The control
solution analyzed together with the samples showed
Table 2
Concentration (%, db) of glucose + fructose, sucrose, raffinose, and stachyose

Lines Glucose + fructose Sucrose

Hutcheson 0.25 ± 0.01d* 5.71 ± 0.02e

Camp 0.28 ± 0.01c 6.29 ± 0.01d

SS-516 0.35 ± 0.01a 8.01 ± 0.04b

MFL-552 0.32 ± 0.01b 7.04 ± 0.07c

03CB-14 0.22 ± 0.01e 9.46 ± 0.08a

* Mean values of at least 4 measurements in the same column followed by t

Table 3
Concentration (%, db) of glucose, sucrose, and raffinose + stachyose in five so

Lines Glucose Sucrose

Hutcheson 0.13 ± 0.01a* 5.56 ± 0.05e

Camp 0.09 ± 0.01c 6.16 ± 0.05d

SS-516 0.11 ± 0.01b 7.83 ± 0.04b

MFL-552 0.12 ± 0.01ab 6.89 ± 0.02c

03CB-14 0.05 ± 0.01d 9.31 ± 0.03a

* Mean values of at least 4 measurements the same solution in the same col
98.77% of recovery, which indicated the accuracy of the
method and was used to correct for the final values. Previ-
ously, Maughan et al. (2000) reported sucrose content of 4–
8.15 % in soybean using invertase and hexokinase.

3.4. Comparison of two HPLC systems and enzymatic assay

The three methods used in this study were compared for
each individual sugar and the results are summarized in
Table 4. The two HPLC systems quantified statistically
an equal amount of sucrose for Camp, MFL-552, and
03CB-14 (p > 0.05). The same was observed for stachyose
in 03CB-14 (p > 0.05). The majority of the other sugars
were significantly different when quantified by the three dif-
ferent methods (p < 0.001). In general, the samples ana-
lyzed with the HPSEC-RI system showed larger sugar
contents than with the HPAEC-PAD system, probably
because of slightly lower resolution obtained with the
HPSEC-RI. The less specific and sensitive of RI detection
compared with PAD could be also responsible for the sig-
nificantly higher concentrations detected.

The experiment in this study confirmed the high specific-
ity and capability of separating and quantifying individual
sugars in soybean by HPAEC-PAD (Cataldi et al., 1999;
Cataldi et al., 2000; Frias et al., 1999; Mohamed &
Rayas-Duarte, 1995). Refractive index detector is widely
used for soybean sugar analysis when coupled with differ-
ent types of columns (Black & Bagley, 1978; Black & Glo-
ver, 1980; Johansen et al., 1996; Kennedy, Mwandemele, &
McWhirter, 1985; Knudsen, 1986; Kuo, VanMiddlesworth,
& Wolf, 1988; Shukla, 1987). Frias et al. (1994) compared
RI and PAD detectors for analyzing sugar in lentils, how-
ever, comparisons were made only regarding the detectors
efficiency of analyzing small sample sizes. The use of anion-
exchange column significantly decreased the elution time
required to separate all the sugars and improved the peak
in five soybean lines determined with HPSEC-RI

Raffinose Stachyose Total sugars

1.15 ± 0.02b 6.11 ± 0.03b 13.22 ± 0.04d

0.91 ± 0.02c 6.46 ± 0.06a 13.94 ± 0.05b

0.33 ± 0.01e 5.48 ± 0.04c 14.17 ± 0.07a

1.47 ± 0.01a 4.92 ± 0.02d 13.75 ± 0.07c

0.37± 0.02d 0.35 ± 0.01e 10.40 ± 0.01e

he same letter are not significantly different (p < 0.05).

ybean lines determined by the enzymatic procedure

Raffinose + stachyose Total sugars

6.94 ± 0.07b 12.63 ± 0.03d

7.09 ± 0.12a 13.34 ± 0.09b

5.48 ± 0.07d 13.43 ± 0.06a

6.08 ± 0.04c 13.10 ± 0.03c

0.50 ± 0.08e 9.85 ± 0.07e

umn followed by the same letter are not significantly different (p < 0.05).



Table 4
Comparison of sugar concentration means in soybean seeds obtained from HPAEC-PAD, HPSEC-RI, and enzymatic analysis

System comparison Sugars Soybean lines

Hutcheson Camp SS-516 MFL-552 03CB-14

HPAEC-PAD vs. HPSEC-RI Glucose + fructose * ** * ** **
Sucrose * — ** — —
Raffinose ** ** ** ** **
Stachyose ** ** ** ** —
Total sugars ** ** ** ** **

HPAEC-PAD vs. enzymes Glucose ** * ** ** **
Sucrose * * * * *
Raffinose + stachyose ** * * ** **

HPSEC-RI vs. enzymes Sucrose * * * * *
Raffinose + stachyose ** ** ** ** **

* p < 0.05.
** p < 0.001.

— p > 0.05.
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resolution. Nevertheless, the HPSEC-RI system could pro-
vide comparable results as did the HPAEC-PAD system,
except for the separation of glucose and fructose.

Although statistically different, enzymes also gave com-
parable results to both HPLC systems, particularly the
HPAEC-PAD, where similar amounts of sucrose and oli-
gosaccharides between these two systems were obtained.
With enzymes, sample preparation and quantification in
the assay procedure were simple and require no expensive
instrumentation. Thus, enzymatic analysis was a good
alternative for analyzing small numbers of samples. On
the other hand, although HPLC analysis required more
steps for sample purification, separation, and system cali-
bration, automatic sample injection allowed the continuous
analysis of a large number of samples.

4. Conclusions

Statistically significant differences were observed in most
soybean sugars quantified among the three systems,
HPAEC-PAD, HPSEC-RI, and enzymes. Nevertheless,
good estimates of the sugar contents in soybean can be
achieved with all three systems. The HPSEC-RI system
was shown to exhibit slightly lower capacity of separating
and quantifying sugars in comparison with the HPAEC-
PAD system. Enzymes presented the disadvantage of not
quantifying individual raffinose and stachyose. HPAEC-
PAD would be the preferred method for a complete quan-
tification of all five major sugars in soybean. For quantifi-
cation of only sucrose and the sum of raffinose
oligosaccharides in soybean, the enzymatic procedure was
a simple and satisfactory alternative. HPAEC-PAD is rec-
ommended for soybean breeding programs for its specific-
ity and efficiency of separating individual sugars.
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