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Red drupelet is a postharvest disorder of blackberries with several drupelets turning back to red. This affects
visual quality and thus marketability and consumers’ acceptance. However, the cause of this disorder as well as
metabolite changes during color reversion have not been fully understood. Anthocyanins, cyanidin 3-glucoside,
cyanidin 3-malonylglucoside, cyanidin 3-dioxalylglucoside, and total anthocyanin, were significantly lower in
red drupelets than in black drupelets after 7 days of storage. Sugars and organic acids, lipids, and free amino
acids also changed with storage and by color reversion. The untargeted metabolomics analyses indicated that red
drupelets were generally differentiated from berries at harvest or black drupelets at metabolite level. The results
of this study help better understand the red drupelet disorder. To our knowledge, this is the first study investigating red drupelet disorder by comparing black and red drupelets at metabolite level.

1. Introduction
Blackberries (Rubus spp.) are grown all around the world, being
North America and Europe the major producers (Clark & Finn, 2014).
Blackberry cultivation has increased rapidly during the last few decades
due to new cultivars, marketing efforts, year-round supply, and consumers’ interest in health benefits of berries (Clark & Finn, 2014).
Blackberries are a source of essential nutrients such as vitamins A, B9
(folate), C, E, and K as well as minerals like calcium, magnesium,
phosphorus and potassium (Kaume, Howard, & Devareddy, 2012). The
blackberry fruit also provides sugars, including glucose and fructose,
and organic acids such as malic and isocitric acids (Fan-Chiang &
Wrolstad, 2010; Kaume et al., 2012). These carbohydrates are the major
constituents of soluble solids in blackberry fruit, and soluble solids to
titratable acidity ratio is known to affect eating quality of blackberries
(Perkins-Veazie, Collins, & Clark, 1999).
Blackberries have been of interest, also due to their high level of
phenolic compounds, especially anthocyanins, which have shown

potential health benefits against cancer, inflammation, and age-related
neurodegeneration (Cuevas-Rodríguez et al., 2010; Seeram et al., 2006;
Shukitt-Hale, Cheng, & Joseph, 2009). For instance, cyanidin 3-glulcoside, the predominant anthocyanin in blackberries, was reported to
possess chemopreventive activity in mouse JB6 cells exposed to UV-B
radiation (4 kJ/m2) or 12-O-tetradecanolyphorbol-13-acetate by lowing
activity of NF-κB or AP-1 or suppressing cyclooxygenase-2 expression
(Ding et al., 2006). Blackberry extract also inhibited proliferation of
human cancer cell lines HT-29 (colon), HCT-116 (colon), LNCap
(prostate), MCF-7 (breast), KB (oral), and CAL-27 (oral) in a concentration-dependent manner (Seeram et al., 2006). Shukitt-Hale et al.
(2009) reported improved motor and memory performances in Fischer
344 rats fed with a 2% blackberry-supplemented diet for 8 weeks
compared to the control group. As shown here, blackberries have demonstrated potential health benefits in cell culture and pre-clinical
studies, and these health-promoting properties are highly likely related
to phenolic compounds. However, blackberry composition including
phenolic compounds can change during storage (Kim, Perkins-Veazie,
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Ma, & Fernandez, 2015; Perkins-Veazie et al., 1999).
Blackberries are highly perishable and can only be stored up to
about 3 weeks at low temperature (Perkins-Veazie et al., 1999). But it
was also shown that the shelf life of blackberries depended on cultivar
and storage condition (Kim et al., 2015). Leakage and decay differed
between shiny black and dull black ripeness stages of ‘Natchez’, ‘Ouachita’, and ‘Navaho’ blackberries (Kim et al., 2015). Additionally, Kim
et al. (2015) showed that leakage and decay increased in the berries
exposed to room temperature for two days.
Blackberry is an aggregate fruit formed from a flower containing
100–125 pistils and two ovules (Bushway, Pritts, & Handley, 2008).
During ripening, they undergo color change, from green to red, and
then finally to black. Although blackberries are harvested when fully
black for commercial purposes, it has been found that a few drupelets
can turn back to red during storage (Kim et al., 2015; Perkins-Veazie,
Collins, & Clark, 1996). This is called red drupelet disorder, or color
reversion, and has been of concern for blackberry postharvest quality.
Although the cause and mechanism of red drupelet incidence have not
been fully understood to date, it has been reported that the incidence of
this disorder differs among cultivars (Kim et al., 2015). Fertilization of
nitrogen was also reported to affect the incidence of color reversion
(Edgley, Close, & Measham, 2018). Additionally, Salgado and Clark
(2016) reported that crispy genotypes were lower in red drupelet disorder incidence and generally firmer than noncrispy genotypes. The
former were found to maintain cell structures while the latter lost cellular integrity. It has also been observed that berries exposed to higher
frequency of transport vibration (10 Hz for 30 min) cause a significantly
higher rate of red drupelets (Pérez-Pérez et al., 2018). They also reported that the reverted red drupelets had lower cellular integrity under
transmission electron microscopy than black drupelets.
Because color reversion greatly affects color and appearance and
thus consumers’ acceptance of blackberry fruit, this disorder is a major
concern for fresh market blackberries (Clark & Finn, 2011). As a consequence, it is important not only to find out the causes of this disorder,
but also to understand what happens in drupelets affected by this disorder. Moreover, chemical changes such as changes in color occurring
during color reversion might greatly affect fruit quality such as appearance. Therefore, the objective of this study was to determine differences between red and black drupelets at metabolite level to better
understand postharvest red drupelet disorder. In order to achieve the
goal, we induced red drupelet disorder and collected black and red
drupelets separately. Then, we compared chemical composition between black and red drupelets.

method of Kim et al. (2015). Fruit warmed to room temperature were
rated for the presence or absence of leak and mold. Red drupelet was
positive when three or more drupelets of a berry turned back to red.
Then all fruit were sorted into 5 groups based on a subjective scale to
evaluate softness, where 1 was very firm, 3 was marginally marketable,
and 4 and 5 were disintegrated and thus non-marketable. Mold, leak,
and red drupelets were calculated as a percentage of berries with those
defects to the total number of berries in each clamshell. Softness was
calculated as the percentage of berries rated as 4 or 5 per clamshell.
Following the quality evaluation, red and black drupelets were separated and frozen at −20 °C. All berry samples were then freeze-dried
(condenser temperature −43 °C; vacuum pressure 200 mTorr, 7 days)
and ground to a fine powder using a mortar and pestle. Pyrenes (seeds)
and receptacles were removed using a mesh sieve. Three replications
were used all metabolites analyses. Each replicate consisted of a
clamshell per cultivar for berries at harvest and 5–7 clamshells (avg.
21.5 berries per clamshell) per cultivar for black and red drupelets
collected.
2.3. LC-MS based untargeted metabolomics
Freeze-dried blackberry powder (50 mg) was extracted in 1 mL of
70% methanol using Retsch MM400 mixer mill (Retsch GmbH & Co,
Haan, Germany) at 30 Hz/s for 10 min. The mixtures were then sonicated in an ultrasonic water bath (Power Sonic 305, Hwashin
Technology Co., Seoul, Korea) for 5 min, and centrifuged at 17,000 rpm
for 15 min at 4 °C. The supernatant was filtered using a 0.2 μm polytetrafluoroethylene (PTFE) filter and transferred to Eppendorf tubes for
drying in a speed vacuum concentrator (Biotron, Seoul, Korea). For
ultra-high performance liquid chromatography-linear trap quadrupoleion trap mass spectrometry/mass spectrometry (UHPLC–LTQ-IT-MS/
MS) and ultra-performance liquid chromatography-quadrupole-time of
flight-mass spectrometry (UPLC-Q-TOF-MS) analyses, dried extracts
were re-dissolved in methanol and syringe-filtered. Three biological
and two analytical replicates were subjected to LC-MS analyses.
The LTQ XL™ ion trap mass spectrometer consisted of an electrospray interface (Thermo Fisher Scientific, San Jose, CA, USA) coupled
with a Dionex 3000 RS Pump, RS autosampler, RS column compartment, and RS diode array detector (Dionex Corporation, Sunnyvale, CA,
USA). Sample with an injection volume of 10 μL at a constant flow rate
of 0.3 mL/min was separated on a Thermo Scientific Syncronis C18
UHPLC column [100 mm × 2.1 mm (i.d.) × 1.7 μm (particle size)]. The
mobile phase consisted of water (A) and acetonitrile (B) with 0.1%
formic acid (v/v) with the flow rate of 0.3 mL/min. The gradient system
was 0–15 min, 5% B; 18 min, 100% B; 21 min, 100% B; 22 min, 5% B;
25 min, 5% B. The instrument was operated in a full-scan mode with a
mass scan range of 150–1500 m/z. The capillary temperature was set at
275 °C. The sheath and aux gas flows were 40 and 20 arbitrary units,
respectively. The conditions in positive-ion (and negative-ion) mode for
ESI were: capillary voltage of 45 V (-31 V), source voltage of 5 kV
(4.5 kV), and tube lens voltage of 120 V (−60 V). The temperature of
the column during analysis was maintained at 35 °C. Additionally,
analytes were scanned using a photodiode array detector between 200
and 600 nm, managed by a three-dimensional (3D) field. Tandem MS
analyses were performed using scan-type turbo data-dependent scanning (DDS) under the same conditions used for MS scanning.
UPLC analysis was performed on a Waters Micromass QTOF Premier
using a UPLC ACQUITY system (Waters, Milford, MA) equipped with a
binary solvent delivery apparatus, an auto-sampler, and a tunable UV
(TUV) detector. The chromatographic operations were performed using
an ACQUITY UPLC BEH C18 column [100 mm × 2.1 mm
(i.d.) × 1.7 μm (particle size)] at a flow rate of 0.3 mL/min. The operation parameters were set as follows: injection volume, 5 μL; flow
rate, 0.3 mL/min; column temperature, 37 °C. The mobile phase consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The mobile phase gradients were increased from 5% to

2. Materials and methods
2.1. Plant materials
Freshly harvested berries of ‘Apache’, ‘Ouachita’, and ‘Triple Crown’
cultivars were obtained from a commercial farm in Bedford, PA
(Pennsylvania), in August 2017. The blackberry field was established in
2011. Fruit at fully black stage were collected and transported to the
laboratory in Morgantown, WV (West Virginia) (about 2 h) held under
10 °C. Fruits without leak and other defects were placed in vented 170-g
clamshells and stored at 4 °C for 7 days. Clamshells were placed in a
cardboard master and additionally covered with plastic to keep above
90% of relative humidity. Berries representing day 0 (no storage) were
immediately frozen, freeze-dried (condenser temperature −43 °C; vacuum pressure 200 mTorr, 7 days) and kept at −20 °C.
2.2. Postharvest quality evaluation and sample collection
All clamshells were weighed before and after storage in order to
determine weight loss during postharvest storage as described by Kim
et al. (2015). After 7 days of storage, all berries were subjectively rated
for incidence of mold, leak, red drupelets, and softening following the
2
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100% B during 10 min, held at 100% B for 1 min, reduced to 5% B over
2 min, and then held constant for 1 min. The MS data were collected in
the range of 100–1500 m/z. The capillary and cone voltages were set at
3 kV and 60 V, respectively. The source temperature was set at 100 °C,
with 700 L/h of the desolvation gas (nitrogen) flow rate.

for 10 min. Inlet and ion source temperatures were set at 250 °C and
300 °C, respectively. Mass spectra were obtained by electron impact
ionization mode with the scan range of 50–600 m/z. Metabolites found
to differ between black and red drupelets or among black and red
drupelets, and berries at harvest were identified by comparing with
NIST library and authentic standards.

2.4. Targeted anthocyanin analysis using UHPLC

2.7. Targeted lipid analysis (Lipidomics)

Anthocyanins were extracted following the method of Kim et al.
(2015). Filtered samples of 1 μL was injected into a Nexera-i, LC 2040C
ultra-high performance liquid chromatography (UHPLC) (Shimadzu,
Kyoto, Japan) equipped with photo diode array detector. A
100 mm × 2.1 mm i.d., 2.7 μ m, Ascentis® Express Biphenyl C18
column (Sigma-Aldrich, St. Louis, Mo, USA) was used to analyze anthocyanins. Deionized distilled water with 2% formic acid (mobile
phase A) and 100% acetonitrile with 2% formic acid (mobile phase B)
were used with the following gradient conditions: 0 min 5% B, 1.5 min
15% B, 6 min 20% B, 8 min 35% B, 10 min 35% B, 12 min 95% B,
16 min 95% B, 17 min 5%, 22 min 5% with a flow rate of 0.5 mL/min.
The oven temperature was maintained at 35 °C. Anthocyanins were
detected at 510 nm and quantified as cyanidin 3-glucoside equivalent.
The major anthocyanins were identified using Q Exactive high resolution quadrupole and orbitrap LC-MS/MS (Thermo Scientific,
Waltham, MA). A 100 mm × 2.1 mm i.d., 2.7 μm, Ascentis® Express
Biphenyl C18 column was used (Sigma-Aldrich, St. Louis, Mo, USA) for
separation. Mobile phase condition above was used and 1 μL of extract
was injected. Anthocyanins were analyzed in the positive full scan
mode in the range of 100.0–900.0 m/z. The ion spray voltage was
3.5 kV with 320 °C of capillary temperature. Compounds were identified based on characteristic fragmentation and their exact mass, and by
comparing with previously reported data (Cho, Howard, Prior, & Clark,
2004).

Lipids were extracted from 15 mg of freeze-dried blackberry powder
in 300 μL of ice-cold methanol containing 0.1% of butylated hydroxytoluene (BHT). After adding 100 μL of deionized distilled water and
stainless steel beads, samples were homogenized using a Mixer mill (30
sec × 3 times). Then stainless steel beads were removed from each tube
and 1 mL of methyl tert-butyl ether (MTBE) containing 0.1% BHT was
added. After 1 h of shaking at room temperature, 250 μL of deionized
distilled water was added followed by 10 min of incubation at room
temperature. The samples were then centrifuged twice at 14,000g for
15 min at 4 °C. The upper and lower phases were separated and then
220 μL of the upper phase and 100 μL of the lower phase were mixed in
a clean tube. Contents were dried and then reconstituted in 90 μL of
chloroform: methanol (1:9, v/v) and 10 μL of a mixture of internal
standards. Lipids were analyzed using a LC-MS/MS (LCMS 8060,
Shimadzu, Kyoto, Japan) and Kinetex C18 column (100 × 2.1 mm,
2.6 μm, Phenomenex, Torrance, CA). Ten millimole of ammonium
acetate in water/methanol (10:90, v/v) (A) and 10 mM of ammonium
acetate in isopropanol/methanol (50:50, v/v) (B) were used as mobile
phases with the flow rate of 200 μL/min. Gradient system consisted of
0 min, 30% B; 15 min, 95% B; 20 min, 95% B; 20.1 min, 30% B; 25 min,
30% B. One microliter of sample was injected and chromatograms were
obtained by positive mode with selective reaction monitoring (SRM)
mode (Supplementary Table 2). Nitrogen was used as a nebulizer, dry
and auxiliary gas and collision gas was argon. Capillary temperature
was set at 350 °C. The flow rate of sheath (nebulizer) and drying gases
were 3 and 15 L/min, respectively.

2.5. pH measurement and UV–visible spectrum scanning
Freeze-dried blackberry powder (10 mg) was dissolved in 10 mL of
deionized distilled water. After 5 min of sonication at 40 °C, extracts
were centrifuged at 2500g for 5 min. Supernatant was filtered through a
33 mm syringe filter (0.22 µm, polyvinylidene difluoride, Fisher
Scientific, Waltham, MA USA). The pH was measured using a pH meter
(Mettler Toledo, Columbus, OH). The same sample was used to scan
UV–vis spectrum between 240 nm and 650 nm using BioTek Epoch 2
microplate reader (Biotek Instruments Inc., Winooski, VT).

2.8. Targeted free amino acids analysis
To quantify the free amino acids content in the sample, EZ:faast free
amino acid for GC–MS kit (Phenomenex, Torrance, CA, USA) was used.
Freeze-dried blackberry powder (20 mg) was incubated in 1 mL deionized distilled water for free amino acids extraction. After 30 min of
incubation at room temperature, the samples were centrifuged at
12,000g for 3 min. Amino acid purification and derivatization were
conducted following the manufacturer’s instructions. The samples were
injected into a gas chromatography (Trace 1310 GC, Thermo Fisher
Scientific, Waltham, MA, USA) coupled to a flame ionization detector
(FID) and an autosampler (Triplus RSH, Thermo Fisher Scientific,
Waltham, MA, USA). A capillary column (ZebronTM EZ-AAA amino
acid GC, Phenomenex, Torrance, CA, USA; 10 m, 0.25 mm) was used.
The injection volume was 1.5 µL with the injection ratio of 1:15. The
temperature of the injection port was set at 250 °C. Helium was used as
a carrier gas at the flow rate of 1.1 mL/min. The column oven temperature was set at 110 °C and increased to 320 °C at 30 °C/min. The
temperature of the FID was set at 220 °C. The flow rate of the air and
hydrogen was 450 mL/min and 45 mL/min, respectively. Amino acids
were identified by comparing with authentic standards. Norvaline was
used as an internal standard.

2.6. GC–MS based untargeted metabolomics
Water soluble primary metabolites were analyzed using gas chromatography following the method of Chiu, Juvik, and Ku (2018) with
modifications. Freeze-dried blackberry powder (20 mg) was extracted
in 1 mL of deionized distilled water. After centrifugation at 13,000g for
5 min, 50 μL of extract were diluted to 1 mL with deionized distilled
water. An aliquot of 100 μL and 10 μL of adonitol (1 mg/mL, internal
standard) were transferred to a 1.5 mL microcentrifuge tube and water
was removed by freeze-drying. Then, samples were incubated with
50 μL of methoxyamine hydrochloride (40 mg/mL in pyridine) at 37 °C
for 90 min followed by additional incubation with 100 μL of N-methylN-trimethylsilytrifluoroacetamide (MSTFA) with 1% trimethylchlorosilane (TMCS) at 50 °C for 20 min.
Samples were analyzed using a gas chromatography (GC) coupled
with a mass spectrometry detector system (Thermo Fisher Scientific,
Waltham, MA) and an autosampler (Triplus RSH, Thermo Fisher
Scientific, Waltham, MA, USA). A capillary column (DB-5MS, Agilent
Technologies, Santa Clara, CA; 30 m × 0.25 mm × 0.25 μm capillary
column) was used for separation with helium as a carrier gas at 1.2 mL/
min of flow rate. After an initial temperature held at 70 °C for 5 min, the
oven temperature was increased to 310 °C at a rate of 5 °C/min and held

2.9. Statistical analyses
All analyses were done in triplicate. Univariate analysis of variance
(ANOVA), Tukey’s HSD, and Pearson’s correlation analysis were performed using JMP Pro 12 (SAS, Cary, NC, USA). Metabolite data were
also analyzed using MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/
).
3
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The UHPLC–LTQ-IT-MS/MS data were converted to netCDF (*.cdf)
format using Xcalibur software (version 2.2, Thermo Fisher Scientific,
Waltham, MA, USA). After conversion, the MS files were aligned with
the MS date using Metalign (http://www.metalign.nl) to evaluate the
retention times, normalized peak intensities, and accurate masses. The
resulting data were then processed using MetaboAnalyst 4.0 (http://
www.metaboanalyst.ca/). Principal component analysis (PCA) and
partial least square discriminant analysis (PLS-DA) were performed to
compare the different groups of blackberries. The variable importance
in the projection (VIP) value and ANOVA methods were used for the
tentative evaluation of significantly different metabolites identified
from UHPLC–LTQ-IT-MS/MS (at VIP > 1.0, p < 0.05). The metabolites were tentatively identified by comparing their retention time,
molecular weight, ultraviolet absorption, and MSn fragment patterns
with authentic standards and published references. Accurate mass and
elemental compositions were determined using MassLynx (Waters
Corporation, Milford, MA, USA) in UPLC-Q-TOF-MS.

major anthocyanin cyanidin 3-glucoside, total anthocyanin content in
red drupelets after 7 days of storage was 56.6, 63.6, and 60.9% of that
in black drupelets in ‘Apache’, ‘Ouachita’, and ‘Triple Crown’ blackberries, respectively. The concentrations of anthocyanins also changed
with the storage. Anthocyanin concentrations in black drupelets after
storage was higher than or similar to that in berries at harvest.
3.4. GC–MS based untargeted and targeted metabolomics
We analyzed water-soluble metabolites such as sugars and organic
acids using GC–MS untargeted metabolomics approach. Some of these
compounds differed among black and red drupelets after storage and
berries at harvest. From the PLS-DA scores plot, sample groups were not
clearly separated (Fig. 4A). PLS-DA loading plot (Fig. 4B) shows that
the distribution of metabolites in berries at harvest differentiated from
stored berries. PLS-DA component 1 (22.2%) and 2 (32.7%) were not
directly associated with separation of sample groups. Using untargeted
GC–MS approach, we identified two significantly different metabolites
among sample groups. From targeted metabolomics approach, we
identified major peaks by comparing with NIST library and authentic
standards. Malic acid, isocitric acid, fructose, glucose, and sucrose were
identified (Supplementary Table 3), and their relative concentrations
are shown in Supplementary Table 4. Isocitric acid was the predominant organic acid in the investigated cultivars and major sugars
were glucose and fructose. From the ANOVA test, isocitric acid was the
significantly different compound among different sample groups (At
harvest, Black, and Red) as well as sample groups within individual
cultivar (Fig. 4C). Sucrose showed significantly different levels among
different sample groups while ‘Ouachita’ only showed significance
among sample groups. Glucose and fructose were not significantly
different among samples groups.

3. Results
3.1. Postharvest quality evaluation
After 7 days of storage at 4 °C, weight loss ranged between 1.2 and
1.4%, regardless of cultivar (Table 1). After 7 days of storage, we found
12.5–37.5 and 4.1–8.7% of leak and mold, respectively, from the three
blackberry cultivars used in this study. There was no difference in mold
incidence among cultivars but ‘Triple Crown’ had the highest leakage
(%) and ‘Ouachita’ the lowest. Fruit softening determined as the percentage of unmarketable soft berries was numerically highest for ‘Triple
Crown’ but there was no significant difference among cultivars. ‘Triple
Crown’ blackberries showed a significantly higher incidence of red
drupelet than the fruit from the ‘Apache’ and ‘Ouachita’ cultivars.

3.5. Targeted lipid analysis (Lipidomics)

3.2. LC/MS based untargeted metabolomics

We analyzed a total of 84 lipids including 48 phospholipids and 36
glycolipids. Among analyzed compounds, we found that lysophosphatidylcholines (LPCs) and lysophosphatidylethanolamines (LPEs)
were significantly higher in red drupelets than in black drupelets or
berries at harvest (Fig. 5 and Supplementary Fig. 3).

We found separate clustering patterns among berries at harvest and
black and red drupelets after 7 days of storage by PLS-DA component 1
which explained 40% of total variance (Fig. 1A). In particular, red
drupelets after 7 days of storage were clearly separated from the other
two groups, indicating that they had a distinguishable chemical composition compared to berries at harvest or black drupelets after 7 days
of storage. Based on loading plot (Fig. 1B) and VIP values, we selected
peaks that differed among treatments and tentatively identified 1 anthocyanin and 5 lipids (Fig. 2). Therefore, we extracted berries again
focusing on analyzing these groups of compounds.

3.6. Targeted free amino acids analysis
We detected a total of 15 amino acids alanine, glycine, valine, αaminobutyric acid, leucine, allo-isoleucine, isoleucine, threonine,
serine, proline, asparagine, phenylalanine, histidine, tyrosine, and
tryptophan (Supplementary Fig. 4). Among them, asparagine, glycine,
histidine, isoleucine, proline, threonine, and valine were found to have
over 1.0 of VIP value and statistically significant by ANOVA, indicating
distinguishable among three groups. However, glycine, asparagine, and
proline were only significantly different between black and red drupelet
by Student’s t-test (p ≤ 0.05). Most amino acids, except for proline,
decreased during storage. After storage, glycine and proline tended to
be lower in red drupelets than in black drupelets. To our knowledge,
amino acid composition of blackberry fruit has not been extensively
studied. The PLS-DA score plot showed that berries at harvest were in

3.3. Targeted anthocyanin analysis using UHPLC
We detected cyanidin-based anthocyanins such as cyanidin 3-glucoside, cyanidin 3-rutinoside, cyanidin 3-xyloside, cyanidin 3-malonylglucoside, and cyanidin 3-dioxalylglucoside. In general, anthocyanin concentrations were significantly higher in the black than in the
red drupelets (Fig. 3). Particularly, cyanidin 3-glucoside in red drupelets was 54.0, 62.7, and 58.3% of that in black drupelets in ‘Apache’,
‘Ouachita’, and ‘Triple Crown’, respectively. With a reduction of the

Table 1
Weight loss, leakage, mold, softness, and red drupelets of ‘Apache’, ‘Ouachita’, and ‘Triple Crown’ blackberries after 7 days of storage at 4 °C.
Cultivar
Apache
Ouachita
Triple Crown

Weight loss (%)
z

1.4 ± 0.4a
1.2 ± 0.1a
1.2 ± 0.1a

Leakage (%)

Mold (%)

Softness (%)

Red drupelets (%)

26.1 ± 6.0ab
12.5 ± 3.4b
37.5 ± 2.3a

4.1 ± 1.8a
8.7 ± 0.3a
5.6 ± 1.7a

3.5 ± 0.9a
6.2 ± 0.9a
7.1 ± 0.7a

7.4 ± 0.9b
4.4 ± 0.3b
35.9 ± 2.6a

z
All values are based on percentage. Data are expressed as means ± standard error (n = 3). Different letters indicate significant difference among cultivars by
Tukey’s HSD at p ≤ 0.05.
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Fig. 1. PLS-DA scores plot (A) and loadings plot (B) from LC-MS based untargeted metabolomics of blackberries at harvest (Day 0) and black and red drupelets from
berries after 7 days of storage at 4 °C. AP, OU, and TC indicate ‘Apache’, ‘Ouachita’, and ‘Triple Crown’ at harvest, respectively. B and R following the cultivar name
indicate black and red drupelets, respectively. LysoPC, lysophosphatidylcholine; LysoPE, lysophosphatidylethanolamine. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

general separated from stored berries and stored berries except for red
drupelets of ‘Apache’ clustered together. This result indicates that
amino acid concentration significantly changes with storage but was
not affected by red drupelet disorder.

temperature for 2 days, indicating potentially higher respiration rate
and water loss at room temperature than at constant 1 °C. A lower
weight loss found in this study is possibly because the berries were
stored only for 7 days constantly at 4 °C. Leak and mold incidence and
fruit softening are the primary factors determining postharvest quality
and marketability of blackberries (Perkins-Veazie et al., 1999). This
might be related with firmness. Berries of ‘Triple Crown’ were softer
than ‘Ouachita’ and ‘Apache’, and Perkins-Veazie et al. (1996) also
reported that ‘Navaho’, which was the cultivar with the firmest blackberries after 7 days of storage at 2 °C, had the lowest % leakage

4. Discussion
Compared to 1.2–1.4% of weight loss observed in this study, Kim
et al. (2015) reported 2–4% of weight loss after 15 days of storage. They
also reported a higher weight loss when berries were exposed to room

Fig. 2. Six identified metabolites selected based on
variable importance for projection (VIP) value. AP,
OU, and TC indicate ‘Apache’, ‘Ouachita’, and
‘Triple Crown’ at harvest, respectively. Values are
mean ± standard deviation (n = 3) and means
were separated by Tukey’s HSD at p ≤ 0.05. B and
R following the cultivar name indicate black and
red drupelets, respectively. LysoPC, lysophosphatidylcholine; LysoPE, lysophosphatidylethanolamine. (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 3. Anthocyanins in ‘Apache’, ‘Ouachita’, and
‘Triple Crown’ blackberries at harvest and black
and red drupelets after 7 days of storage at 4 °C.
Values are mean ± standard deviation (n = 3) of
anthocyanin content (mg of cyanidin 3-glucoside
equivalent g−1 DW) and means were separated by
Tukey’s HSD at p ≤ 0.05. (For interpretation of the
references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 4. PLS-DA scores plot (A) and loadings plots of (B) isocitric acid and sucrose (C) from untargeted metabolomics of blackberries at harvest (Day 0) and black and
red drupelets from berries after 7 days of storage at 4 °C. AP, OU, and TC indicate ‘Apache’, ‘Ouachita’, and ‘Triple Crown’ at harvest, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Supplementary Fig. 1). Although not measured in this study, polymeric
anthocyanins might also be related with the color reversion. PérezPérez et al. (2018) reported a lower concentration of monomeric anthocyanins but increased polymeric anthocyanins in red drupelets
compared to black drupelets. In addition, formation of polymeric anthocyanins was reported to be related with increased brown index
(Jiang et al., 2019). It is possible red or brown color of polymeric anthocyanins contributed to the color of red drupelet, not just total anthocyanin.
We identified malic and isocitric acids, and sugars of fructose, glucose, and sucrose in the investigated blackberry cultivars
(Supplementary Table 3). This result is in agreement with the reports of
Perkins-Veazie et al. (1999) and Fan-Chiang and Wrolstad (2010). In
general, isocitric acid increased during storage in all the cultivars while
sucrose decreased after storage in ‘Ouachita’ (Fig. 4; Supplementary
Table 4). Increased organic acid in red drupelets might be associated
with the decreased pH (Supplementary Fig. 2). Although non-significant, sucrose level numerically decreased in ‘Apache’ and ‘Triple
Crown’. Our results of sugar changes are similar to those reported by
Perkins-Veazie et al. (1999) who stored ‘Navaho’ and ‘Shawnee’
blackberries at 2 or 5 °C for 7, 14, and 21 days followed by 2 days at
20 °C. Regardless of storage regime, sucrose significantly decreased
with storage and eventually disappeared after 21 days. In contrast,
glucose slightly decreased and fructose increased (Perkins-Veazie et al.,
1999). However, we did not find an increase in fructose in any of the
cultivars, possibly due to genetic and storage conditions differences.
Compared to other compounds such as sugars, organic acids, and
anthocyanins, lipids have not been of much interest for blackberry fruit,
perhaps because they are not a major constituent of these fruit, representing only about 0.5% (Kaume et al., 2012; USDA, 2018). However, we found a significant difference in some lipids between black and
red drupelets from untargeted metabolomics analysis, and therefore, we
conducted targeted analysis to better understand the change in lipid
composition caused by red drupelet disorder.
LPCs can be produced by nonenzymatic oxidation of phospholipids
(Choi et al., 2011). LPCs are also produced by phospholipase A2 (PLA2),
which cleaves phospholipids into LPC and fatty acids with specificity on
sn-2 position (Narváez-Vásquez, Florin-Christensen, & Ryan, 1999).
Another key enzyme of lipid-signaling is lipoxygenase (LOX). LOX is a
dioxygenase, adding oxygen to linoleic and linolenic acids to produce
highly reactive lipid hydroperoxides (Alferez, Singh, Umbach,
Hockema, & Burns, 2005). Therefore, anthocyanin degradation might
have lowered antioxidant capacity in red drupelets compared to black
drupelets observed in this study, and eventually resulted in a higher
rate of phospholipid oxidation. Rapid increase of LPC and LPE has been
reported in a few plant species by wound stress (Lee et al., 1997;
Narváez-Vásquez et al., 1999). Pérez-Pérez et al. (2018) reported that
vibration during postharvest handlings such as transportation can cause
internal cellular damage and color reversion. Additionally, phospholipids are a major constituent of cell membranes (Furt, Simon-Plas, &
Mongrand, 2011) and therefore, the increased LPC content in red
drupelets found in this study might indicate reduced cell membrane
integrity. Salgado and Clark (2016) suggested that blackberries of
crispy genotypes had a lower rate of red drupelet incidence but were
firmer and maintained the cell structure better compared to noncrispy
genotypes. Therefore, a higher LPC content may be an important biomarker related to red drupelet incidence. To our knowledge, this is the
first study reporting differences in lipids in blackberries between berries
at harvest and after storage and between black and red drupelets. Taken
together, our results suggest that lipid composition might be related
with red drupelet incidence.

Fig. 5. Total lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine
(LPE) in blackberries. AP, OU, and TC, ‘Apache’, ‘Ouachita’, and ‘Triple Crown’,
respectively. Values are mean ± standard error (n = 3) and means were separated by Tukey’s HSD at p ≤ 0.05.

compared to other cultivars. The overall rating calculated following the
method of Perkins-Veazie et al. (1999) was > 83 in all the cultivars
used in this study (data not shown). The higher overall rating found in
this study is likely due to shorter storage duration.
Red drupelet disorder affects visual quality and thus marketability
of blackberries and has been reported from a few cultivars and different
storage regimes (Kim et al., 2015; Perkins-Veazie et al., 1996; Salgado
& Clark, 2016). It has also been suggested that firmness and cell
structure may be related with red drupelet disorder. Salgado and Clark
(2016) evaluated 4 crispy and 11 noncrispy blackberry genotypes and
reported a lower rate of red drupelet incidence in the crispy genotypes.
Firmness indices (compression force, skin drupelet penetration force,
and receptacle penetration force) were in general higher in crispy
genotypes than in noncrispy genotypes. Additionally, drupelet mesocarp cells, receptacle cells, and cell walls were maintained during ripening in crispy genotypes while noncrispy genotypes lost cell wall
integrity. The authors discussed that noncrispy genotypes, where cell
structures and cell wall integrity were not maintained, may have
leakage of acids stored in vacuoles into cytoplasm, resulting in cytoplasmic pH change and color reversion. However, the causes of red
drupelet disorder are not fully known yet.
Anthocyanins are the pigments responsible for the color of blackberry fruit. Cyanidin 3-glucoside has been reported to be the primary
anthocyanin in blackberries (Cho, Howard, Prior, & Clark, 2004, 2005;
Fan-Chiang & Wrolstad, 2005; Jordheim, Enerstvedt, & Andersen, 2011;
Kim et al., 2015). We also detected cyanidin 3-glucoside as the predominant anthocyanin in the investigated cultivars, representing
79–90% of the total anthocyanin content.
We found a significant difference in anthocyanin concentration
between black and red drupelets. In fact, we observed that the absorbance of red drupelets was lower than that of black drupelets, especially
at around 510 nm, where anthocyanins have the maximum absorbance

5. Conclusions
Red drupelet is a postharvest disorder of blackberries often found
after cold storage. The cause of this disorder has not been fully
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elucidated, but it has been found to differ among cultivars and storage
conditions. In this study, we also found different rates of red drupelet
incidence among three cultivars. Anthocyanins, sugars and organic
acids, lipids, and free amino acids generally changed with storage and
differed between black and red drupelets after 7 days of storage at 4 °C.
In particular, red drupelets were in general distinguished from black
drupelets or berries at harvest for most metabolites analyzed and
identified in this study, indicating that rapid metabolic changes could
be occurring during color reversion. Anthocyanins, the pigments of
blackberry fruit, were generally lower in red drupelets compared to
black drupelets, indicating that the color difference is perhaps more
related to the concentration rather than to compositional differences of
anthocyanin. LPCs were found to be significantly higher in red drupelets regardless of cultivar and this might be related with cell membrane
integrity and red drupelet incidence.
To our knowledge, this is the first study reporting comprehensive
primary and secondary metabolites of blackberries and how they
change with storage. Moreover, there has been no report on how these
metabolites change with color reversion. The cause of red drupelet
incidence has not been fully understood yet, but the result of this study
will help understand how the red drupelets are different from black
drupelets at metabolite level.
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