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formation, pigment composition,
and quality of fresh-cut yam (Dioscorea opposita)
slices

Lei Zhao,†ab Dan Wang,†b Yue Ma,b Yan Zhangc and Xiaoyan Zhao *ab

Fresh-cut yam (Dioscorea opposita) slices brown easily and can turn yellow under certain storage

conditions. The formation conditions of yellow pigment, pigment composition, and quality of yellow

fresh-cut yam slices were investigated in this study. The results showed that storage temperature, gas

ratio of packaging, and slice thickness affected the formation of yellow pigmentation. The highest

content of yellow pigment was found in 0.1 cm-thick yam slices stored at 25 �C for 18 h and packaged

in 20% O2 and 80% N2. Yellow pigments were composed primarily of bisdemethoxycurcumin (73.7%)

and two other unknown compounds that were not attributed to microorganisms. Yellow fresh-cut yam

exhibited good quality, and the alcohol and ester extracts of yellow yams had higher oxygen radical

adsorption capacity and 2,2-diphenyl-1-picrylhydrazyl radical scavenging ability compared to white

fresh-cut yam.
1. Introduction

Yam (Dioscorea opposita) is an annual or perennial climbing
plant.1 The edible tubers of various species of Dioscorea2 include
many functional components, including mucin, allantoin,
polysaccharides, avonoids, choline, and polyphenols,3,4 which
can reduce blood glucose, aid digestion, and relieve coughs.
These components also exhibit anticoagulant, anti-cancer, and
antioxidant activities.5 As yams provide a low-cost source of
dietary energy in the form of carbohydrates, fresh-cut yams are
popular with consumers in developing countries.6,7 However, it
is difficult to remove the peel of yams because the resulting
liquid can cause itching.

Processing of fresh-cut yam has some advantages related to
convenience and nutritional value. Fresh-cut yam could be
directly cooked for eat in family or central kitchen, and supplied
for drying processing.8 However, trimming, peeling, and cutting
increase the physiological deterioration of yams.9 The color
change of fresh-cut vegetables is an important problem in the
produce industry because it affects the avor, appearance, and
nutritional value of vegetables and shortens its shelf life.10

Browning is the most typical color change observed in fresh-cut
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yam.11 During the browning of fresh-cut yam, polyphenols are
oxidized to quinones. However, in our experiments, yellowing is
observed in fresh-cut yams under certain processing conditions.

Some vegetables, such as Chinese water chestnuts, tend to
etiolate aer the cutting process.12 Few studies in the literature
have reported yellowing of fresh-cut yams and the chemicals
responsible for the yellowing process. In this study, the
formation conditions, pigment composition, and quality of
yellow fresh-cut yam slices were investigated. The results
provide useful information for the processing of fresh-cut yams.
2. Materials and methods
2.1 Chemicals

Chromatography-grade acetonitrile was purchased from Dima
Technologies (Beijing, China). Analytical-grade methanol and
anhydrous ethanol ($99.8%) were obtained from Beijing Chem-
istry Co. (Beijing, China). 2,2-Diphenyl-1-picrylhydrazyl (DPPH)
was obtained from TSI AI Chemical Industry Development
(Shanghai, China). Folin-phenol was obtained from Solarbio
(Beijing, China). Nutritive agar was obtained from Aoboxing
Biotechnology (Beijing, China). Sodium uorescein, 2-amino-
propane, sodium hypochlorite, potassium hypophosphite, dipo-
tassiumphosphate, and vitamin E (Ve) were obtained fromMclean
Biochemical Technology (Shanghai, China). Bisdemethox-
ycurcumin standard was obtained from Solarbio (Beijing, China).
Macroporous resin (XAD-7) was obtained from Abol Biotechnology
Co., Ltd (Beijing, China). Solid-phase extraction (SPE) cartridges
(Sep-Pak C18; 12 mL, 2000 mg) were obtained from Waters (Mil-
ford, USA). Syringe lter units (0.22 mm) were supplied by Hercules
(Beijing, China). Distilled water was used throughout.
This journal is © The Royal Society of Chemistry 2020
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2.2 Plant material and treatments

One variety of yam, “Tiegun”, was purchased from a super-
market, Guoxiangsiyi, in Zhanghua Road, Haidian District
(Beijing, China) and kept for 24 h at 4 �C before being used in
experiments. Fresh samples with uniform shape and size were
selected; specimens that showed physical damage or signs of
disease were discarded. Aer washing with tap water and
peeling, fresh yams were cut into 0.1, 0.5, 1, 3, 5, and 10 cm-
thick slices using a slicer.

2.3 Packaging

Yam slices were packed separately in polyethylene (PE; thick-
ness¼ 4.25 mm, dimensions¼ 41 cm� 29 cm) plastic bags. The
oxygen and carbon dioxide transmission rates of the PE bags
were 1113.66 and 3669.42 cm3 m�2 24 h 0.1 MPa, respectively.

2.4 Experimental design

For each treatment, approximately 1000 g of fresh-cut yam was
immersed into 1% and 0.5% solutions of sodium hypochlorite
at 6.5 pH and 15 �C for 2 min each.13 A vegetable dehydrator was
then used to remove water from the surfaces of the samples.
Subsequently, approximately 120 g of selected slices were
packed randomly into packing bags.

The fresh-cut yamswere allocated randomly into three groups.
For the rst group, samples were stored at different tempera-
tures: 4 �C, 10 �C, 15 �C, 20 �C, or 25 �C. The samples in the rst
group were analyzed at different time points (9, 18, 27, 36, and 45
h). In the second group, samples were packaged in atmospheres
with different gas compositions: 0% oxygen (O2) and 100%
nitrogen (N2) (0% O2–100% N2); 20% O2 and 80% N2 (20% O2–

80%N2); 40%O2 and 60%N2 (40%O2–60%N2); 60%O2 and 40%
N2 (60% O2–40% N2); 80% O2 and 20% N2 (80% O2–20% N2);
100% O2 and 0% N2 (100% O2); 20% carbon dioxide (CO2) and
80% N2 (20% CO2–80% N2); 40% CO2 and 60% N2 (40% CO2–

60%N2); 60% CO2 and 40%N2 (60% CO2–40%N2); 80% CO2 and
20% N2 (80% CO2–20% N2); or vacuum-packed. The samples in
the second group were stored at 25 �C for 18 h. In the third group,
samples were cut into slices with different thicknesses: mud
paste (beating fresh yam with Philips beater into a homogenate)
or 0.1, 0.5, 1, 3, 5, or 10 cm. The samples in the third group were
stored at 25 �C for 18 h. Three replicate values were used for all
treatments on each storage period.

2.5 Color assessment

A colorimeter (Konica Minolta CM-3700; Japan) was used to
assess the colors of fresh-cut yam slices. L*, a*, and b* values at
10 sites on each of the 20 yam slices in each treatment group
were measured.

2.6 Purication

Yellow fresh-cut yams were extracted with methanol. The ratio
of yam (mass) to methanol (volume) was 1 : 1, and the extrac-
tion time was 30 min. The resultant extract was passed through
an Amberlite XAD-7 column (60 cm � 1.6 cm; Sigma, Santa
Clara, USA) within a chromatography system (AKTA Explorer;
This journal is © The Royal Society of Chemistry 2020
GE, Faireld, USA). The injection volume was 250 mL, and the
column was washed with water at a ow rate of 5 mL min�1 to
remove sugar and protein until the electrical conductivity
became stable. Subsequently, methanol was used to elute the
pigment, and the eluent with an absorption peak at 410 nm was
collected. The extraction solution was concentrated using
a rotary evaporator (BUCHI R-215, Flawil, Switzerland) and then
ltered through a 0.22 mm syringe lter.
2.7 Fractionation

The puried sample was cleaned further using a Sep-Pak C18

SPE cartridge. The cartridge was loaded successively with ten
times the column volume of methanol and ten times the
column volume of water. Next, an 1.5 mL aliquot of the sample
was injected into the SPE cartridge and eluted with 45 mL of
water to remove impurities. The yellow pigment was then eluted
with methanol. The methanol eluent was collected and
concentrated using a rotary evaporator. The yellow pigment
solution was then analyzed by ultra-high performance liquid
chromatography/tandem mass spectrometry (UHPLC-MS/MS).
2.8 UHPLC-MS/MS analysis

Puried yellow pigments were analyzed by UHPLC-MS/MS using
an Agilent 1290 liquid chromatograph (Agilent, Santa Clara,
USA). The sample (2 mL) was injected onto an analytical-scale
Zorbax SB-C18 column (particle size ¼ 5 mm, 4.6 � 250 mm;
Agilent, Santa Clara, USA). The UHPLC elution conditions were
as follows: 50% B (0–10 min), 50–100% B (10–35 min), and
100% B (35–45 min). The ow rate was 0.5 mL min�1. The
temperature of the column was held at 25 �C. The injection
volume of the sample was 2.0 mL. MS analysis was performed
using an Agilent QTOF-MS mass spectrometer (Agilent, Santa
Clara, USA) equipped with an electrospray ionization (ESI)
source operating in negative ionization mode. The collision
energy was set at 10, 20, and 40 eV. The capillary voltage and
cone voltage were 2500 and 45 V, respectively. The sheath gas
temperature was 375 �C. The drying gas was owed at a rate of
12 L min�1 at a temperature of 325 �C. The sheath gas ow rate
was 12 L min�1. The MS acquisition rate was 1.5 spectra per s.
Dynamic range enhancement of the cone voltage was applied
throughout MS analysis to ensure the accurate mass measure-
ment over a wide dynamic range. Data were collected and
acquired using MassLynx B2.1 soware (Agilent, Santa Clara,
USA).
2.9 Microbiological analysis

Each yam slice sample (25 g) was macerated in 225 mL aseptic
physiological saline (0.85 g NaCl dissolved in 100 g water), as
described by the International Commission on Microbiological
Specications for Foods.14 The mixture was then shaken with
sterile glass rods for 3 min. The total bacterial count was
determined using plate count agar plates, and the colony-
forming units (CFUs) were counted aer incubation at 37 �C
for 48 h. The microbiological count was expressed as log (CFU
g�1 fresh-cut yam).
RSC Adv., 2020, 10, 1104–1113 | 1105
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2.10 Texture analysis

Hardness of fresh-cut yam slices were evaluated using a texture
analyzer (TA-XT Plus, Stable Systems Ltd., UK) equipped with
a cylindroid P2 probe. Yam samples were xed on the model
platform to prevent the samples from slipping. Pre-test, test,
and post-test compression rates of yam tissue were 10, 2, and
10mm s�1, respectively. The trigger force strain was 5 g, and the
temperature was 25 �C. Hardness was determined as the
maximum force needed to puncture the fresh-cut yam sample to
a depth of 0.5 mm. The results were expressed in N. For each
sample, three measurements were performed at each storage
time.
2.11 Overall visual quality analysis

Samples were transferred to closed plastic boxes coded with
random numbers. Overall visual quality analysis was carried out
according to the previously reported procedure for fresh-cut
lotus root15 with some modications to assess freshness,
appearance, color, uniformity, and brightness. Sensory evalua-
tion criteria were as follows: 9 (excellent, no defects), 7 (good
quality, minor defects), 5 (fair, slightly to moderately objec-
tionable defects), 3 (poor, excessive defects), and 1 (unusable).
2.12 Determination of total phenolic content

The Folin–Ciocalteu method was used to quantify phenolic
compounds.16 Briey, the sample (5 g) was homogenized with
20 mL of 80% ethanol (ethanol-to-water volume ratio¼ 4 : 1) for
1 min. Subsequently, the extract was ltered and centrifuged at
10 000� g for 15 min. The supernatant (1 mL) was mixed gently
with 1 mL of Folin–Ciocalteu reagent and 10 mL of 7% sodium
carbonate (mass ratio of sodium carbonate to aqueous solution
¼ 7 : 100). The volume was increased to 25 mL with distilled
water, and the mixture was le to settle for 1 h. Total phenolic
content was measured by recording the adsorption at 760 nm
using a spectrophotometer (UV-1800, Shimadzu. Japan). The
standard curve of gallic acid was constructed to quantify the
total phenolic content.
2.13 Determination of DPPH radical scavenging activity and
oxygen radical adsorption capacity (ORAC)

Yellow fresh-cut yam slices (500 g, packaged in 20% O2 and 80%
N2, and stored at 25 �C for 18 h) were extracted with 500 mL
water, methanol, or ethyl acetate. White fresh-cut yam slices
(packaged in 20% O2 and 80% N2 and stored at 4 �C for 18 h)
served as the control. The extraction conditions were as follows:
ratio of yam slice (mass) to extracted solution (volume) ¼ 1 : 1;
temperature ¼ 30 �C; and extraction time ¼ 1 h. The collected
ltrate was centrifuged at 12 000 � g and 4 �C for 20 min. The
supernatants were analyzed for antioxidant activity (based on
free DPPH radical scavenging activity) and ORAC.

DPPH radical scavenging activity was measured according to
the method of Duan et al.17 with slight modication. Water,
methanol, and ethyl acetate extracts (10 mL) were each mixed
with 3 mL of a solution of 0.1 mM DPPH in methanol. In the
control, the extract was replaced with methanol. The blanks
1106 | RSC Adv., 2020, 10, 1104–1113
contained methanol instead of DPPH solution. Aer the solu-
tion was shaken vigorously and le to incubate for 30 min in the
dark at room temperature, the absorbance at 517 nm was
measured and expressed as the value of the OD. The DPPH
radical scavenging ability was calculated according to the
following equation: DPPH radical scavenging activity (%)¼ [1�
(ODsample � ODblank)/ODcontrol] � 100.

The extract was subjected to ORAC according to the previ-
ously described method18 with slight modication. 2,20-Azobis
(2-amidinopropane) dihydrochloride (AAPH; 0.41 g) was
prepared rapidly in 10 mL 75 mM phosphate buffer (pH 7.4) to
a nal concentration of 153 mM. Water, methanol, and ethyl
acetate extracts were diluted to 10, 100, 1000, and 10 000 times
with the corresponding solvent. Sodium uorescein diluent
(200 mL, 4.19� 10�3 mM) and 20 mL of extract were placed in the
wells of 96-well polystyrene white microplates. Water, meth-
anol, and ethyl acetate (200 mL) without extract served as the
blank samples. Aer incubation at 37 �C for 10 min, 20 mL of
AAPH solution was added rapidly to begin the reaction. The
uorescence value was recorded at the excitation wavelength of
485 nm and emission wavelength of 535 nm. The uorescence
value was recorded every minute. The uorescence quenching
curve of the extract was quantied based on the abscissa as the
measurement time and the ordinate as the uorescence. The
area under the uorescence decay curve (AUC) was integrated
approximately as the sum of the trapezoidal area using the
following formula:

AUC ¼ 0.5 � (f0 + f1) � Dt + 0.5 � (f1 + f2) � Dt + . + 0.5 � (fx
+ fx+1) � Dt + . + 0.5 � (fn�1 + fn) � Dt, (1)

where f0 is the initial uorescence value recorded at 0 min, f1
and f2 are the uorescence value of 1 and 2 minute, fx and f x+1
are the uorescence value of x and x + 1 minute, and fn are the
uorescence value at n min.

Data were analyzed using a Microso Excel macro program
(Microso, Roselle, USA) to calculate AUC using eqn (1). The net
AUC of the sample was calculated by subtracting the AUC of the
blank. ORAC and DPPH radical scavenging activity was
expressed as Trolox (Ve of 0.1 mg mL�1), which was determined
according to the standard curve of Trolox.
3. Results and discussion
3.1 Formation of yellowing of fresh-cut yams under different
storage conditions

Storage temperature affected yellow pigment formation in
fresh-cut yam (Table 1). The color parameters of the samples
stored at 25 �C for 18 h, 20 �C for 24 h, 15 �C for 60 h, 10 �C for
168 h, and 4 �C for 360 h were determined because visible color
changes were observed in the fresh-cut yam slices at these time
points. The L* value represents brightness, with a high L* value
indicating high brightness (whiteness).19 The L* values for
fresh-cut yams stored at different temperatures were signi-
cantly lower (p < 0.05) than those of the control group (fresh-cut
yam stored for 0 h). The yam samples stored at 4 �C, 10 �C, and
15 �C had higher brightness (higher L* values) than the samples
This journal is © The Royal Society of Chemistry 2020
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stored at 20 �C and 25 �C. The a* value increased with
decreasing storage temperature. Compared with the control
group, a* values of the samples stored at 15 �C, 10 �C, and 4 �C
were higher, while those of the yams stored at 25 �C and 20 �C
were lower. These results indicate that the fresh-cut yam slices
stored at temperatures # 15 �C turned brown. The b* value is
the most important index for evaluating yam yellowing. The
b* value in this study decreased gradually with decreasing
storage temperature. All stored samples exhibited higher
b* values compared with the control group, indicating that
yellowing occurred during storage. In this study, fresh-cut yam
stored at 25 �C for 18 h had the highest b* value, indicating the
formation of the most yellow pigment. The above results indi-
cate that browning occurred mainly in fresh-cut yam stored at
4 �C, 10 �C, and 15 �C, but yellowing occurred in the samples
stored at 20 �C and 25 �C. Temperature regulates reaction speed
and enzymatic activity.20 The yellowing and browning of fresh-
cut yams may have proceeded through two different reaction
pathways, with 15 �C being the threshold temperature sepa-
rating these two reactions.

The storage of fresh-cut yams in different packaging atmo-
sphere had signicant (p < 0.01) effect on the occurrence of
yellowing (Table 1). The L* values of samples packaged in
atmosphere containing CO2 were higher than those of the
vacuum-packed and air-packed samples, indicating that storage
in CO2 contributed to the preservation of brightness. These
results agree with previous studies nding that the storage of
fresh-cut yam in atmosphere with high CO2 content and low O2
Table 1 Color parameters (L*, a*, b*) of fresh-cut yam slices stored und

Treatments L*

Temperature–time Control–0 h 83
4 �C–360 h 76
10 �C–168 h 78
15 �C–60 h 76
20 �C–4 h 72
25 �C–18 h 70

Modied atmosphere
packaging

Air 73.8
100% N2 74.7
20% O2 73.8
40% O2 74.1
60% O2 76.8
80% O2 75.3
100% O2 74
Vacuum 77.5
20% CO2 80.3
40% CO2 81
60% CO2 82.5
80% CO2 82.5
100% CO2 82.7

Thickness Mud 91.1
0.1 cm 95.8
0.5 cm 97.0
1 cm 97.0
3 cm 97.1
5 cm 97.1
10 cm 97.2

a Different lowercase letters indicate signicant differences at P < 0.05.

This journal is © The Royal Society of Chemistry 2020
content was benecial for maintaining quality.21 All stored
samples exhibited lower a* values compared to the control with
the exception of the sample packaged in 100% CO2; the a* value
of that sample was not different compared to the control,
indicating that browning did not occur. The b* values of fresh-
cut yam are shown in Table 1. All stored samples exhibited
higher b* values compared to the control group, indicating the
formation of yellow pigment in all stored samples. The b* value
increased, that is yellowing gradually lightened with increasing
O2 and CO2 concentrations in the storage atmosphere. The
samples packaged in atmospheres containing different
concentrations of O2 generated more yellow pigment than the
samples stored in atmospheres with equivalent concentrations
of CO2. The b* value of the sample packaged in 100% N2

exhibited the highest content of yellow pigment, followed by the
sample packaged in 20% O2 and 80% N2 and the samples
packed in air and under vacuum. However, the fresh-cut yam
packaged in 100% N2 exhibited an obvious peculiar smell aer
yellowing. Therefore, the atmosphere containing 20% O2 and
80%N2 was selected as the best for producing yellow pigment in
fresh-cut yam.

Fresh-cut yam samples with different thicknesses exhibited
different degrees of yellowing under the same storage condi-
tions. The colorimetric parameters of fresh-cut yam slices with
different thickness are compared in Table 1 for samples stored
in 20% O2 and 80% N2 at 25 �C for 18 h. Fresh-cut yam paste
displayed the lowest brightness, as evidenced by the lowest L*
value, while the 10 cm-thick sample had the highest brightness.
er different conditionsa

a* b*

.7 � 0.19a �1.19 � 0.06c 7.9 � 0.08e

.5 � 0.19b 0.79 � 0.21a 10.06 � 0.09d

.0 � 0.13b 0.79 � 0.09a 10.97 � 0.02c

.8 � 0.01b �0.74 � 0.27b 11.28 � 0.26c

.4 � 0.10c �1.5 � 0.15d 13.62 � 0.21b

.2 � 0.18c �2 � 0.23e 15.58 � 0.11a

3 � 0.32f �2.13 � 0.01g 33.88 � 0.40c

1 � 0.21cdef �1.97 � 0.03e 41.89 � 0.52a

5 � 0.35def �2 � 0.003e 38.61 � 0.27b

2 � 0.33ef �2.21 � 0.01g 27.10 � 0.89de

6 � 0.09bcdef �2.32 � 0.03h 24.8 � 0.62de

4 � 0.01f �2.44 � 0.01i 22.07 � 0.36f

.2 � 0.34f �2.89 � 0.01j 19.97 � 0.43g

4 � 0.35bcde �2.44 � 0.01f 27.84 � 0.65d

1 � 0.29bcde �1.88 � 0.04d 25.4 � 0.80ef

.7 � 0.18f �1.69 � 0.03c 18.39 � 0.69g

6 � 0.29b �1.49 � 0.03b 17.47 � 0.46gh

9 � 0.35bcd �1.45 � 0.03b 15.81 � 0.45h

7 � 0.05a �1.2 � 0.01a 10.68 � 0.04i

4 � 0.01b �0.12 � 0.03a 0.57 � 0.01d

9 � 0.01ab �12.89 � 0.02d 39.52 � 0.08a

6 � 0.01ab �1.63 � 0.01c 4.26 � 0.01b

6 � 0.01ab �1.48 � 0.05c 4.13 � 0.08b

9 � 0.01ab �0.3 � 0.08a 1.035 � 0.08cd

9 � 0.01ab �0.72 � 0.07b 2.01 � 0.01c

2 � 0.01a �0.36 � 0.08a 1.2 � 0.09cd

RSC Adv., 2020, 10, 1104–1113 | 1107
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Fig. 1 UHPLC and UV-Vis analysis of the purified yellow pigment fraction of fresh-cut yam. (A) UHPLC chromatogram of the yellow fraction
detected at 410 nm and UV-Vis spectra of (B) peak 1, (C) peak 2, and (D) peak 3.
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No signicant differences in L* were observed among the fresh-
cut yam samples with other thicknesses. The a* value of the
sample with a thickness of 0.1 cm was signicantly lower than
those of the other samples, while the b* value was notably
higher, indicating that thickness affected the yellowing process
during storage. Fresh-cut yams were still on respiration, causing
O2 to be absorbed and CO2 to be released. Different slicing
processes lead to different degrees of damage and different
effects on respiration.22 In addition, the internal gas ratio
differed greatly among the treatments, and the contents of
phenolic acids and amino acids along with enzymatic activity
also differed. These factors all affected the formation of yellow
pigment in the fresh-cut yam samples.

Based on the above results, the optimum storage conditions
for yellow pigment formation in fresh-cut yam are as follows:
thickness ¼ 0.1 cm; atmosphere containing 20% O2 and 80%
N2; and storage at 25 �C for 18 h.
3.2 Separation and characterization of yellow pigment from
fresh-cut yam

The yellow pigments from fresh-cut yam were extracted using
water, methanol, ethyl acetate, and trichloromethane. Meth-
anol was found to be the best extraction solvent for yellow
pigment. The UHPLC results of the puried yellow pigment
fraction are shown in Fig. 1A. The detection wavelength of
410 nm was conrmed through an ultraviolet-visible (UV-Vis)
1108 | RSC Adv., 2020, 10, 1104–1113
full-wavelength scan (200–800 nm). The yellow fraction con-
tained three peaks with retention times of 10.58 min (peak 1),
11.34 min (peak 2), and 17.59 min (peak 3). Peak 3 was the
major peak (peak area ratio ¼ 73.7%) followed by peak 2 and
then peak 1. Based on the retention times, peak 3 had the
weakest polarity, while peak 1 exhibited the strongest polarity.
The UV-Vis spectra of the three yellow pigment compounds
corresponding to peaks 1–3 are displayed in Fig. 1B–D, indi-
cating UV-Vis absorption wavelengths of 400, 350, and 420 nm,
respectively.

The molecular masses and structures of the yellow pigment
compounds were evaluated by MS. HPLC-MS with ESI is widely
used for the sensitive and reproducible analyses of complex
sample matrices.23–25 For UHPLC peak 1, one compound with
a protonated molecular ion peak at m/z 291 [M � H]� was
observed in the mass spectrum (Fig. 2A). Since the compound
was detected in negative ion mode, the molecular weight of the
compound was determined to be 292. The proposed molecular
formula andmass spectral information are given in Table 2. The
number of carbon atoms was calculated from the observed
intensity of the M + 1 peak (Fig. 2B).26 These data agree with the
chemical formula C19H16O3. Increasing the cone voltage may
provide sufficient energy to break molecules into fragments;
thus, adjusting the cone voltage can control the degree of
fragmentation.27 At low cone voltage (10 V), only one prominent
peak was observed atm/z 291, suggesting that this is the mother
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Mass spectra of the purified yellow pigment fraction of fresh-cut yam. (A) MS spectrumof peak 1. (B) Molecular ion isotope analysis of peak
1. (C) MS spectrum of peak 1 at cone voltages of 10, 20, and 40 V. (D) Comparison of the MS spectra of the samples and spectral library
information of bisdemethoxycurcumin at cone voltages of 10, 20, and 40 V (the red lines represent the ions of peak 3, while the black lines
represent the spectral library ions of bisdemethoxycurcumin).

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 1104–1113 | 1109
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Table 2 Mass spectral information of yellow pigment

Proposed formula
Molecular ions
(m/z) Fragmentation ions (m/z)

Peak 1 C19H16O3 291 171, 145, 117
Peak 2 C19H18O3 293 187, 119
Peak 3 C19H16O4 307 187, 143, 119
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ion for UHPLC peak 1 (10.58 min). At a cone voltage of 20 V, the
mother ion produced two daughter ions atm/z 171 and 145. One
new peak at m/z 117 appeared when the cone voltage was
increased to 40 V. Similarly, for UHPLC peak 2, the mother ion
in the mass spectrum was observed at m/z 293 [M � H]� (Table
2), corresponding to a molecular weight of 293 and a molecular
Fig. 3 Images and quality analysis results of yellow and white fresh-cut ya
yam, and (C) yellow fresh-cut yam. (D) Quality analysis results for the fr
Different letters indicate significant differences among mean values (P <

1110 | RSC Adv., 2020, 10, 1104–1113
formula of C19H18O3. The fragmentation ions were m/z 187 and
119. Peaks 1 (10.58 min) and 2 (11.34 min) had no matches in
the mass spectrometry library; thus, their chemical structures
require further study through nuclear magnetic resonance and
infrared spectroscopy. UHPLC peak 3 (17.59 min) corresponded
to the major yellow pigment component. At a collision energy of
10 V, one protonated molecular ion peak at m/z 307 [M � H]�

and three fragment ions (m/z 187, 143, and 119) were found in
the MS spectrum, indicating a molecular weight of 308. Upon
increasing the cone voltage to 20 V, themother ion atm/z 307 [M
� H]� disappeared, the intensities of the fragment ion peaks at
m/z 187 and 143 decreased, and the intensity of the fragment
ion peak at m/z 119 increased. When the cone voltage increased
to 40 V, the fragment ion peak at m/z 187 disappeared, and the
m slices. Images of (A) fresh-cut yam stored for 0 h, (B) white fresh-cut
esh-cut yam slices. Data presented are the means of three replicates.
0.05).

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Antioxidant activities of fresh-cut yam slices. (A) ORAC values of fresh-cut yam slices and (B) DPPH radical scavenging activities of fresh-
cut yam slices. Data presented are the means of three replicates. Different letters indicate significant differences among mean values (P < 0.05).
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intensities of the other fragment ion peaks decreased. The
molecular formula indicated by the MS results was C19H16O4,
consistent with the mass spectrum of bisdemethoxycurcumin
in the spectral library (Fig. 2D). Peak 3 was conrmed as the
peak of bisdemethoxycurcumin based on standard sample
This journal is © The Royal Society of Chemistry 2020
analysis. Since the intensity of peak 3 was much greater
compared with other peaks, bisdemethoxycurcumin had the
greatest contribution to the production of yellow pigment in
fresh-cut yams. In contrast, the primary components of yellow
pigment from Chinese water chestnuts were found to be
RSC Adv., 2020, 10, 1104–1113 | 1111
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eriodictyol, naringenin, sucrose, and ethyl glucoside.28 This
study represents the rst time that bisdemethoxycurcumin was
identied in fresh-cut yam with yellow pigment. These results
are consistent with the inuence of gas ratio on yellow pigment
formation. The bisdemethoxycurcumin was biosynthesized
through several steps. In one of these steps, p-
coumaroyldiketide-CoA and CO2 were produced by the reaction
among p-coumaroyl-CoA, malonyl-CoA, and diketide-COA syn-
thase.29,30 This reaction would be inhibited by high concentra-
tions of CO2. Therefore, storage in CO2 hindered the formation
of yellow pigment. In contrast, low concentrations of O2

inhibited respiration and reduced the concentration of CO2 in
the storage bag, which favored the formation of yellow pigment.
3.3 Quality of yellow fresh-cut yam

Fig. 3 compares the qualities of yellow fresh-cut yam (thickness
¼ 0.1 cm, packaged in 20% O2 and 80% N2, and stored at 25 �C
for 18 h) and white fresh-cut yam (thickness¼ 0.1 cm, packaged
with 20% O2 and 80% N2, and stored at 4 �C for 18 h) with the
control group (fresh-cut yam stored for 0 h). Images of the
control, white, and yellow fresh-cut yam slices are shown in
Fig. 3A–C, respectively. The total bacteria count of the yam
samples increased during storage. Although the total bacteria
count of yellow fresh-cut yam increased by 1.1 log (CFU g�1)
during storage, the bacteria count did not exceed the limit that
prevents their sale [5 log (CFU g�1)]. Fresh-cut yam samples
were also treated with a high concentration of sodium hypo-
chlorite on a sterile table (initial bacteria count ¼ 0) and stored
at 4 �C and 25 �C. The fresh-cut yam stored at 25 �C still turned
yellow aer 18 h, demonstrating that the yellowing was not
caused by microorganisms (data not shown). The total phenol
content of white fresh-cut yam was 5.63 g/100 g, higher than in
the control group but lower than for yellow yam. The higher
total phenolic content of white yamwas attributed to the cutting
process and can be considered as a defense mechanism.31 Many
studies have found signicant increases in the phenolic
contents and antioxidant activities aer the cutting of fruits and
vegetables, including broccoli,32 mangoes,33 celery,34 carrot,35

lettuce,36 mushroom,37 and welsh onion.38 The formation of the
polyphenol bisdemethoxycurcumin also contributed to the high
total phenolic content of yellow fresh-cut yam. The hardness
and overall visual quality of yellow yam were consistent with
those of white yam (Fig. 3D). The antioxidant activities of yellow
and white fresh-cut yams were compared (Fig. 4) based on
ORAC and DPPH radical scavenging activity, which are the most
commonly used measures for evaluating the antioxidant
capacities of foods.39–41 The ORAC and DPPH radical scavenging
activity of the water extract were signicantly higher for white
yam than for yellow yam; the opposite trend was observed for
the methanol extracts. The aqueous extract of yams contain
mucins, amino acids, water-soluble proteins, polysaccharides
and other compounds with biological activity which increase its
antioxidant activity.42,43 The contents of some amino acids such
as phenylalanine and tyrosine may have decreased during
storage because of their involvement in bisdemethoxycurcumin
formation, leading to the lower antioxidant activity of yellow
1112 | RSC Adv., 2020, 10, 1104–1113
fresh-cut yam compared to white fresh-cut yam. However, the
alcohol extract, which contained bisdemethoxycurcumin and
presented obvious yellow color, exhibited a higher antioxidant
activity in the yellow yam than in the white yam. Moreover, the
ORAC of the ethyl acetate extract of yellow yam was higher than
that of white yam, whereas the DPPH radical scavenging activity
was not signicantly different between white and yellow yam.
Therefore, the alcohol and ester extracts of yellow fresh-cut yam
displayed higher antioxidant activities than the corresponding
extracts of white fresh-cut yam.

4. Conclusion

The optimum storage conditions that favor yellow pigment
formation in fresh-cut yam were determined as follows: slice
thickness ¼ 0.1 cm; packaging in atmosphere containing 20%
O2 and 80% N2; and storage at 25 �C for 18 h. The primary
components of the yellow pigments were bisdemethox-
ycurcumin and two unknown compounds. The yellow yam sli-
ces exhibited good quality, and their alcohol and ester extracts
exhibited higher ORAC and DPPH radical scavenging activity
compared to the white yam slices. The results provide useful
information for the processing of fresh-cut yam.
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