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In contrast to the detailed molecular knowledge available on anthocyanin synthesis, little is known about its catabolism in plants.
Litchi (Litchi chinensis) fruit lose their attractive red color soon after harvest. The mechanism leading to quick degradation of
anthocyanins in the pericarp is not well understood. An anthocyanin degradation enzyme (ADE) was purified to homogeneity
by sequential column chromatography, using partially purified anthocyanins from litchi pericarp as a substrate. The purified ADE,
of 116 kD by urea SDS-PAGE, was identified as a laccase (ADE/LAC). The full-length complementary DNA encoding ADE/LAC
was obtained, and a polyclonal antibody raised against a deduced peptide of the gene recognized the ADE protein. The anthocyanin
degradation function of the gene was confirmed by its transient expression in tobacco (Nicotiana benthamiana) leaves. The highest
ADE/LAC transcript abundance was in the pericarp in comparison with other tissues, and was about 1,000-fold higher than the
polyphenol oxidase gene in the pericarp. Epicatechin was found to be the favorable substrate for the ADE/LAC. The dependence of
anthocyanin degradation by the enzyme on the presence of epicatechin suggests an ADE/LAC epicatechin-coupled oxidation
model. This model was supported by a dramatic decrease in epicatechin content in the pericarp parallel to anthocyanin
degradation. Immunogold labeling transmission electron microscopy suggested that ADE/LAC is located mainly in the vacuole,
with essential phenolic substances. ADE/LAC vacuolar localization, high expression levels in the pericarp, and high epicatechin-
dependent anthocyanin degradation support its central role in pigment breakdown during pericarp browning.

Anthocyanins are one of the most abundant pig-
ments in the plant kingdom, responsible for red, purple,
and blue colors of flowers, fruits, and seeds. They play a

central role in attracting pollinators and seed dis-
persers, as well as protecting plant tissues from biotic
and environmental stress factors. Anthocyanin content
in plants is dependent on the rate of their synthesis,
their stability in the vacuoles, and the rate at which they
are degraded. In contrast to the detailed molecular
knowledge available on anthocyanin synthesis, there is
little information on the catabolic pathway of antho-
cyanins in plants (Oren-Shamir, 2009).

Numerous color-changing phenomena in plants,
which occur in different tissues and during diverse
plant development processes, were found to be related
to anthocyanin degradation (Oren-Shamir, 2009). An-
thocyanins are often produced to protect young leaves,
and are degraded as the leaves mature (Steyn et al.,
2002). Anthocyanin accumulation is significantly in-
duced in plants under stress conditions, such as high
light intensity, low temperature, drought, or nutrition
deficiency, and is degraded once the stress is eliminated
(Winkel-Shirley, 2002; Rowan et al., 2009). Rapid an-
thocyanin degradation occurs in Brunfelsia calycina
(yesterday-today-tomorrow) petals after flower open-
ing (Zenner and Bopp, 1987; Vaknin et al., 2005). An-
thocyanins are degraded during pear fruit maturity
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(Pyrus communis; Steyn et al., 2004) and throughout the
senescence of litchi (Litchi chinensis; Zhang et al., 2001,
2005) and blood citrus fruit (Barbagallo et al., 2007).
Additional examples of reduced anthocyanin concen-
trations occur during the development of grape berries
(Mori et al., 2007) and rose flower buds (Dela et al.,
2003) in response to high temperatures, probably due to
reduced anthocyanin biosynthesis and induced antho-
cyanin degradation.

In vivo anthocyanin degradation was investigated
mainly in fruits and ornamentals, in which preserving
the pigmentation is crucial for maintaining high quality
of the produce. These studies are based on the knowl-
edge accumulated from pigment loss in fruit juices and
wines (Cheynier et al., 1994; Kader et al., 1998). Poly-
phenol oxidases (PPOs) and peroxidase (POD) are the
main enzymes that oxidize anthocyanins in fruit ex-
tracts, leading to the decrease in pigment content (Sarni
et al., 1995; Kader et al., 1998). PPO and POD activities
were detected during the change in color of litchi (Jiang
and Fu, 1998; Zhang et al., 2005; Sun et al., 2008) and
bayberry fruits (Myrica rubra; Fang et al., 2007) after
harvest, and during the drying of plums (Raynal et al.,
1989). The hydrolysis of anthocyanin catalyzed by
b-glycosidases results in the breaking of the glycosidic
bond and liberation of the corresponding anthocyanidin,
which is then spontaneously converted to a colorless
pseudobase (Huang, 1956), or subsequently oxi-
dized by PPO and POD (Zhang et al., 2001, 2005). A
b-glucosidase was partially purified from the fruit juice
of Tarocco Sicilian blood oranges and found to be re-
sponsible for anthocyanin degradation both in the juice
and the ripening fruit (Barbagallo et al., 2007).

Active enzymatic anthocyanin degradation depen-
dent on novel mRNA and protein biosynthesis was
demonstrated in B. calycina flower petals, which un-
dergo a rapid color change from dark purple to white
within 3 d after flower opening (Vaknin et al., 2005; Bar-
Akiva et al., 2010). Recently, a basic peroxidase,
BcPrx01, was found to be responsible for the in planta
degradation of anthocyanins in B. calycina (Zipor et al.,
2015). BcPrx01 has the ability to degrade complex an-
thocyanins. It colocalizes with these pigments in the
vacuoles of petals, and both the mRNA and protein
levels of BcPrx01 are greatly induced parallel to the
degradation of anthocyanins.

Litchi is a tropical and subtropical fruit of high
commercial value. The white translucent aril and at-
tractive red color due to high content of anthocyanins in
the pericarp contribute significantly to their value.
However, litchi pericarp coloration changes after har-
vest from red to brown due to a 50% decrease in
anthocyanin concentration, indicating pigment degra-
dation (Fuchs et al., 1993; Holcroft and Mitcham, 1996;
Zhang et al., 2001; Jiang et al., 2006; Mayer, 2006). Re-
vealing the anthocyanin degradation pathway during
pericarp browning may help preserve the original red
coloration of the fruit pericarp. Postharvest browning
of fruits and vegetables has long been considered a
function of PPO, catalyzing the oxidation of an array of

aromatic substrates resulting in brown colored by-
products. The activity of PPO on exogenous substrates,
such as catechol and 4-methylcatechol, was confirmed in
litchi pericarp (Jiang and Fu, 1998; Sun et al., 2007).
However, the purified PPO from litchi pericarp could
oxidize anthocyanins only in the presence of exogenous
catechol (Jiang, 2000; Zhang et al., 2005). This process is
known as the anthocyanin-PPO-phenol model (Kader
et al., 1998). The question still remains whether this is the
process occurring in vivo in litchi pericarp.

Here, we describe the enzymatic process by which
anthocyanins are degraded in litchi pericarp. The an-
thocyanin degradation enzyme (ADE) was purified to
homogeneity and identified as a laccase (LAC), based on
protein sequencing, gene cloning, and antibody verifi-
cation. The ADE/LAC was found to be an intracellular
enzyme prior to pericarp senescence, with epicatechin
identified as one of its endogenous substrates involved
in the coupled enzymatic anthocyanin degradation.

RESULTS

Detection of ADE Activity in the Pericarp Tissue

The anthocyanin concentration in the pericarp of red
litchi fruit after harvest was around 53 mg cm22. Peri-
carp browning began 2 d after harvest, and by 4 d, the
characteristic red pigmentation disappeared. The an-
thocyanin content of the pericarp decreased to 53%
of the initial content in 4 d and to around 32% in
8 d (Fig. 1, A and B). When partially purified pericarp
anthocyanins were incubated with a crude pericarp
protein extract, the pigments turned brown within
10 min. This decoloration was due to ADE activity,
since the anthocyanins remained red when incu-
bated with the denatured enzyme extract (Fig. 1C).
The rate of ADE activity in the harvested pericarp
was 0.36 mmol h21 cm22. The rate of anthocyanin
degradation increased by about 20% 2 d after har-
vest, and then decreased to around 50% from the
initial value 4 d after harvest (Fig. 1D).

Purification of the Litchi Pericarip ADE

Purification of litchi pericarp ADE was achieved by
ammonium sulfate fractionation, DEAE-Sepharose,
and Sephadex G-200 column chromatography. After
DEAE-Sepharose chromatography, two major ADE
activity peaks partially overlapped the main protein
peak (Fig. 2A). The eluted fractions with high ADE
activity in the first activity peak (sample nos. 39–49)
were pooled and further subjected to Sephadex G-200
chromatography, in which one major activity peak was
detected overlapping the main protein peak (Fig. 2B).
Fractions from the major activity peak with high ac-
tivity (sample nos. 23–26) were pooled and found to
contain a 73.9-fold higher active ADE concentra-
tion in comparison with the crude protein extract
(Supplemental Table S1).
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The protein profiles of ADE purification are presented
in an SDS-PAGE (Fig. 2C). After the G-200, one major
band at about 116 kD was observed by SDS-PAGE (Fig.
2C) or urea SDS-PAGE (Fig. 2D), indicating a high purity
of the ADE protein, and that the protein is a single poly-
peptide enzyme. To further confirm that the purified
protein containsADE activity, the fractionwas run on an
activity gel. A single brown band of 116 kDwas detected
4 min after incubating the gel in the litchi anthocyanin
substrate, indicating ADE activity (Fig. 2E). A purple-
magenta color was seen on this protein band after
staining with periodic acid-Schiff, suggesting that this
ADE protein is a glycoprotein (Fig. 2F).

The Litchi Pericarp ADE Is a Laccase

Themajor band seen in the final purified fraction with
ADE activity was cut and sent for tandem mass spec-
trometry (MS/MS) protein sequencing. Four peptides
with high similarity to published protein sequenceswere
identified (Table I). The sequence of the first peptide, of
11 amino acids, showed 100% identity to the deduced
protein sequence of a partial complementary DNA
(cDNA) of a litchi Laccase (ACB22018.1). The sequences
of the second and fourth peptides of 9 and 15 amino
acids, respectively, were of 100% identity to the se-
quences of a laccase (AAB09228.1) ofAcer pseudoplatanus.
The third peptide, with 16 amino acids, is of 100%

identity to a laccase (NP_196498.1) from Arabidopsis
(Arabidopsis thaliana). Based on the fact that four peptides
identified by MS/MS showed high identities to the
protein sequences of laccases from different species, we
assumed that the purified ADE enzyme is a laccase.

Substrate Specificity Analysis Further Confirmed Laccase
Activity of ADE

The purified ADE, a putative laccase, showed the
ability to oxidize a wide range of aromatic compounds
(Table II). The purified ADE efficiently oxidized several
o-diphenols, such as epicatechin, catechol, and 4-methyl
catechol, as well as hydroquinone (a p-diphenol), two
monolignols (coniferyl alcohol and sinapyl alcohol),
and ABTS (a universal laccase substrate), strongly in-
dicating the ADE is a laccase.

This is the first report in which epicatechin was in-
cluded in the substrate specificity analysis for laccases
or PPOs. The extinction coefficient of epicatechin was
reported as « 280 nm = 3,988 M21 cm21 (Kennedy
and Jones, 2001). Overlapping absorbance spectra
at 280 nm were found for epicatechin and its
oxidation product, and an obvious increase at 380 nm
was observed after the reaction was initiated by the
addition of the purified ADE (Supplemental Fig. S1).
Accordingly, the extinction coefficient for the epi-
catechin oxidation product was determined at 380 nm,

Figure 1. Anthocyanin degradation and ADE activity during the browning of litchi fruit after harvest. Litchi fruit were stored,
unpackaged, at 20˚C6 1˚C and 70% relative humidity for 8 d. Change in fruit color (A) and anthocyanin contents (B) was recorded
during fruit browning. C, Browning of litchi anthocyanin due to the ADE activity in the crude pericarp enzyme extract, with the
denatured enzyme extract (De-ADE) as a reference. D, The time course of pericarp ADE activity during fruit browning. The values
presented in C and D are means of three measurements from three individual extractions. Error bars indicate the SD of the values.
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and an « 380 nm = 7,858 M21 cm21 was obtained
(Supplemental Fig. S1). TheKm (1.0983 103mM) forADE
on epicatechin was determined based on the « 380 nm
and not that of epicatechin at 280 nm 3,988 M21 cm21

(Kennedy and Jones, 2001). As judged by the ratio of
V/Km, epicatechin appeared to be the favored substrate,
whereas the second favored substrate of those tested
was coniferyl alcohol, with a V/Km value only 17% of
that for epicatechin. Hydroquinone was the least
favored substrate (Table II). Both phloroglucinol and
p-anisidine were not oxidized by the purified ADE.
The V/Km value of the ADE-oxidizing partially puri-
fied litchi anthocyanins was 19.3% of that for epi-
catechin. However, ADE did not oxidize highly purified

anthocyanins (Table II). The great difference in activity
between the highly and partially purified anthocyanins
suggests that certain endogenous substrates for the
enzyme exist in the partially purified pigment neces-
sary for the reaction to take place. To avoid confusion in
this context, ADEwas also denominated as ADE/LAC.

Cloning ADE/LAC Full-Length cDNA and Phylogenetic
Analysis of the Deduced Protein Sequence

Based on the peptide sequences of the litchi ADE/
LAC (Table I), degenerate primers were designed to
amplify the cDNA fragments encoding the litchi

Figure 2. Purification of the ADE from litchi pericarp. A, Total protein (280 nm) and ADE activity determined in DEAE-Sepharose
chromatography fractions from pericarp crude enzyme extract, after ammonium sulfate fractionation. B, Total protein (280 nm) and
ADE activity determined in SephadexG-200chromatography fractions from the fractionswithADEactivity after theDEAE-Sepharose
chromatography. Enzyme activities of pooled and nonpooled fractions, the A280, and the NaCl gradients (for A and B) are indicated.
C, SDS-PAGE of samples from purification steps. D, Urea-SDS-PAGE of the purified ADE after Sephadex G-200 chromatography. E,
In-gel activity assay of the purified ADE after Sephadex G-200 chromatography with partially purified litchi anthocyanins as sub-
strates. F, Periodic acid-Schiff staining of the purified ADE. The unit of the ADE activity, Kat, is as described in Table II.

Table I. Fragment sequences of the litchi ADE detected by MS/MS and their identical hits from other plant
species

Sequences Detected by MS/MS Annotation Gene Identified Organisms

1 PPEVNTIQLSK Laccase ACB22018.1 L. chinensis
2 AVHYDFVVK Laccase AAB09228.1 A. pseudoplatanus
3 ACPTPSDGPEYVTQCK Laccase NP_196498.1 Arabidopsis
4 SMLTVNGSFPGLLLR Laccase AAB09228.1 A. pseudoplatanus
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ADE/LAC. An mRNA sequence of 1.770 kb with the
complete coding sequence (CDS; 1.703 kb) was identi-
fied using the assembly of 39 and 59 ends of the frag-
ment sequences. The sequence was uploaded to the
National Center for Biotechnology Information (NCBI)
as GU367910. The CDS encoded a protein of 567 amino
acids and a molecular mass of around 62 kD. The dif-
ference in migration of the corresponding protein on
SDS-PAGEmay be due to the existence of carbohydrate
moieties detected on the purified protein band (Fig. 2F).
SeveralN-glycosylation sites are present in the deduced
amino acid sequence (Fig. 3B). The sequence contains
three cupredoxin domains that commonly appear in
plant laccases, CuRO-1-LCC, CuRO-2-LCC and CuRO-
3-LCC, in which two copper binding sites appear in the
CuRO-1-LCC and CuRO-3-LCC domains, respectively.
A secretion pathway protein signal was detected at the
N terminus (Fig. 3B). Based on the 3Dmodel of a fungal
laccase (Protein Data Bank code no. 1GYC, Research
Collaboratory for Structural Bioinformatics, Rutgers
University, http://www.rcsb.org/), a putative 3D
structure was built that contained three domains (Fig. 3,
C and D). A phylogenetic tree including previously
characterized plant laccaseswas constructed, indicating
high homologies of the litchi ADE/LAC to a laccase of
A. pseudoplatanus and Laccase 15 (TT10) of Arabidopsis
(Fig. 3A).

The Anthocyanin Degradation Function of Litchi ADE/LAC
Gene Was Confirmed by Transient Expression in
Tobacco Leaves

An anti-ADE/LAC antibody was raised against a
deduced peptide located next to a trinuclear copper
binding site in the CuRO-1-LCC domain at the N ter-
minus of the laccase coded by the ADE/LAC gene (Fig.
3B) to avoid recognition by other copper-containing
proteins. The antibody recognized the purified ADE

protein displaying one band at 116 kD in SDS-PAGE
(Fig. 2C; lane 1 in Fig. 4A), further confirming that the
ADE protein was the laccase encoded by the identified
ADE/LAC mRNA sequence. The anti-ADE/LAC anti-
body also recognized a protein of similar size in the
total protein extract from the litchi pericarp, with a
major band at 116 kD and some minor bands with
higher molecular masses (lane 2 in Fig. 4A).

The open reading frame of ADE/LAC was transiently
overexpressed by infiltration of Agrobacterium tumefaciens
(containing pBI101-35S-ADE/LAC or 35S-YFP-ADE/LAC)
into Nicotiana benthamiana leaves. ADE activity bands
similar in size to the native litchi ADE/LAC were ob-
served using an in-gel assay for the protein extracts from
the twoADE/LAC andoneADE/LAC-YFPoverexpression
lines (Fig. 4C). The proteins from the overexpression lines
with ADE activities were recognized by the above de-
scribed anti-ADE/LAC. The molecular masses of these
proteins were around 110 kD, slightly less in comparison
with the native protein from litchi pericarp. No activity
bands or proteins of the same mobility as litchi ADE/
LAC were detected for wild-type or pBI101 empty vec-
tor control leaves, despite the recognition by the anti-
ADE/LAC of several proteins above 170 kD (Fig. 4D).
The ADE activities in the overexpression lines strongly
confirmed the anthocyanin degradation function of the
litchi ADE/LAC gene product.

High Protein and Transcript Abundance of the ADE/LAC
Detected in the Pericarp, with Increasing Levels
after Harvest

ADE/LAC protein levels in different litchi organs
were detected by the anti-ADE/LAC antibody. The
highest ADE/LAC level was found in the pericarp with
significantly lower levels in the leaf, stem, root, and
seed, and no detectedADE/LACprotein in the aril (Fig.
4B; Supplemental Fig. S2). The protein level in different

Table II. Substrate specificity of the litchi ADE/LAC

—, Activity on these compounds was not detected.

Substrate Km V a V/Km % V/Km

mM nKat mg21

Epicatechin 1.0983103 236.15 0.240 100
Coniferyl alcohol 74 3.1 0.041 17
2,29-Azinobis-3-ethylbenzthiazolinesulfonic acid (ABTS) 2.3563103 83.3 0.035 15
4-methylcatechol 43.153103 1.1113103 0.027 11
Sinapyl alcohol 239 5.4 0.023 10
Catechin 2.3133103 35.7 0.015 6
Hydroquinone 31.9503103 151.5 0.005 2
Phenol (PhOH) — — — —
Phloroglucinol — — — —
p-Anisidine — — — —
Litchi anthocyaninsb 72 1.25 0.017 7
Litchi anthocyaninsc — — — —

aOne Kat represents the enzyme activity that catalyzes the reaction of 1 mol substrate per second. bLitchi anthocyanins were partially purified
by Amberlite XAD-7 column chromatography. cLitchi anthocyanins were highly purified by sequential Amberlite XAD-7 and Sephadex LH-20
column chromatography.
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organs correlated with its transcript abundance,
analyzed by a DIG-labeled probe generated at the
39 untranslated ration region of ADE/LAC mRNA
(GU367910; Fig. 4B). Furthermore, the in-gel activities
using partially purified litchi anthocyanins as substrate
also correlated with the above protein and transcript
levels (Fig. 4B; Supplemental Fig. S2). When using
DAN, a universal substrate for phenol oxidase, higher
activity levels were detected in the root and pericarp in
comparison with other tissues (Fig. 4B; Supplemental
Fig. S2). The correlated patterns of the transcript, pro-
tein, and activity levels confirm that the litchi ADE is
indeed a laccase, with high expression levels in the
pericarp. High expression levels of this enzyme in the
pericarp are in correlation with the rapid anthocyanin
degradation and browning occurring in this tissue after
harvest.

Litchi fruit were harvested at the mature red stage
and stored at 20°C and 70% relative humidity without
packaging. The expression levels of the ADE/LAC gene
peaked 2 d after harvest, correlating with the dramatic
color change occurring during this time (Fig. 4E). The
transcript abundances of ADE/LAC during the eight
postharvest days were about 1,000-fold higher than
those of the PPO gene, whose transcripts was found
in the pericarp (Wang et al., 2014). The transcript

abundance of ADE/LAC after harvest correlated with
the ADE/LAC protein levels, with highest levels at day
2 (Fig. 4F).

The effect of several inhibitors for PPOs and laccases
was tested on the ADE activity in the crude litchi
pericarp protein extract. ADE activity was found to be
sensitive to laccase inhibitors such as CTAB or SDS,
but not to PPO inhibitors such as p-coumaric acid,
cinnamic acid, ferulic acid, and polyvinylpyrrolidone
(Supplemental Table S2). These results, in addition to
the dramatically higher transcript abundance of ADE/
LAC in comparison with PPO, suggest that ADE/LAC
may play a major role in anthocyanin degradation
during fruit browning.

Laccase Activity Is Localized Mainly in the Mesocarp Zone
of the Pericarp

When litchi fruit pericarp sections were incubated
with artificial laccase substrates, the cells in the meso-
carp closest to the epicarp acquired a distinct red-
brown or brown color (Fig. 5, A and B), suggesting
laccase activity. No color change was observed in con-
trols that did not contain a substrate (Fig. 5C) or in the
boiled section controls (Fig. 5D). In most cells, the

Figure 3. Sequence feature analysis of litchi ADE/LAC. A, A rooted neighbor-joining phylogenetic tree relating the litchi ADE/LAC
(GU367910.1) with laccases from other plant species. The following sequences from NCBI were used: (1) highly identical
laccases; (2) extensively studied laccases (A. pseudoplatanus Laccase [U12757.1], Populus euramericana Lac90 [Y13772.1], and
Arabidopsis TRANSPARENT TESTA10 [TT10; At5g48100]); (3) four P. euramericana laccases and five Liriodendron tulipifera
laccases, and two laccases from fungi. The gene bank accession numbers for the correspondent mRNA sequences coding the
enzymes are presented. B, The deduced amino acid sequence. Putative domains include a signal peptide (red); three plant
cupredoxin domains CuRO-1-LCC (purple), CuRO-2-LCC (blue), and CuRO-3-LCC (gray); putative copper binding sites of His-X-
His (with a dot below). Potential N-glycosylation sites (Asn-Xaa-Ser/Thr) are doubly underlined. Peptides used for antibody
production are underlined. A hypothetical three-dimensional (3D) structural model of ADE/LAC predicted by the SWISS-MODEL
and viewed using Cn3D macromolecular structure viewer and Vector Alignment Search Tool is presented in two images (C and
D). The arrangement of the domain structure is depicted with similar colors as in B.
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Figure 4. ADE/LAC transcript, protein, and activity levels in fruit pericarp and transient expression of litchi ADE/LAC in tobacco.
A, Immunodetection of ADE/LAC in the purified ADE (lane 2) and the crude pericarp enzyme extract (lane 3) by a polyclonal anti-
ADE/LAC. B, Transcript abundance and protein activity levels of ADE/LAC in different litchi tissues. The transcript abundance was
analyzed by northern hybridization with a digoxigenin (DIG)-labeled ADE/LAC-specific DNA probe. The protein levels were
analyzed by immunodetectionwith the anti-ADE/LAC. The in-gel activitieswere assayed as described in Figure 2(D)with partially
purified litchi anthocyanins for ADE substrate and 1,8-diaminonaphthalene (DAN) for laccase substrate. C, ADE activity assay in
gel for the recombinant ADE/LAC transiently expressed in tobacco leaves. Protein extracts from the leaves of three lines,
transiently overexpressed ADE/LAC or ADE/LAC-yellow fluorescent protein (YFP), were assayed for the activity in gel, with the
wild-type (WT), empty vector control samples as negative controls and the native litchi ADE/LAC as a positive control. D,
Immunodetection of the recombinant ADE/LAC transiently expressed in tobacco leaves. The recombinant ADE/LAC levels in the
protein extracts in C were analyzed by immunodetection with the anti-ADE/LAC. E, The relative expression levels of ADE/LAC
and PPO (JF926153) geneswere analyzed by quantitative real-time (qRT)-PCR. F, ADE/LAC protein levels in the pericarp during fruit
browning after harvest were analyzed as described in B. The details of the values presented in C are as described in Figure 1.
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brown coloration was present in both the intracellular
and extracellular spaces.

Litchi ADE/LAC, Located in the Vacuoles, Is Secreted to
the Extracellular Space after Pericarp Browning

Pericarp tissue of litchi fruit, 0 to 4 d postharvest, was
ultrasectioned, labeled by anti-ADE/LAC immuno-
gold, and analyzed by transmission electron micros-
copy (TEM). The ultrastructure of the pericarp cells
revealed a large vacuole and the cytoplasm compressed
toward the cell wall (Fig. 6, A, E, and G; Supplemental
Fig. S3). Numerous phenolic grains (Phs) were distrib-
uted in the vacuoles (Fig. 6, A, E, and G), and some
accumulated in small vesicles inside the vacuoles

(Fig. 6, C and K; Supplemental Fig. S3). In cells from
day 0 fruit, numerous gold particles colocalized with
these Phs inside the vacuole (Fig. 6, B–D), and few gold
particles were distributed at the cell wall and intercel-
lular space (Fig. 6, E and F). An increase in gold particles
along the cell wall in comparison with the intercellular
space was observed at day 4 when the fruit completely
lost their red color (Fig. 1A) and the cellwall disintegrated
(Fig. 6, G–I). The labeling proved to be specific for ADE/
LAC, since no gold particles were observed in cells
without treatment with anti-ADE/LAC (Fig. 6, K and L).

For further subcellular localization of ADE/
LAC, the enzyme was expressed in tobacco leaves
(N. benthamiana) as a fusion to yellow fluorescent pro-
tein (YFP; Fig. 5). In the epidermal tobacco leaf cells,
the yellow fluorescence of the ADE/LAC-YFP fusion

Figure 5. Histochemical localization of ADE/LAC in litchi pericarp and subcellular location of ADE/LAC-YFP in tobacco leaf
epidermal cells. A, Cross-sections of litchi pericarp incubated with 4-methylcatechol resulted in a red-brown coloration in the
mesocarp. B, Incubation with ABTS resulted in brown coloration in the mesocarp. C, Control sections without incubation of
4-methylcatechol or ABTS. D, Boiled control gave no coloration. M, Mesocarp; ep, epicarp. Bars = 25 mm. N. benthamiana
leaves were infiltrated with A. tumefaciens containing pBI101.1-ADE/LAC-YFP, were incubated in the growth chamber for 2 d, and
inspected using confocal laser scanningmicroscopy. SomeYFP fluorescencewas detected at the boundary of Lysotracker red-stained
vacuoles, and some was inside the vacuoles of a plasmolyed epidermal cell (E and F). The YFP partially overlapped with red flu-
orescence (G). Note that the cell wall was also lightly stained with Lysotracker red and was easily distinguished from the vacuole/
protoplast after plasmolysis of the cell, as indicated by the arrows.No overlappingwith the YFPwas observed at the cell wall. Most of
the YFP fluorescence was overlapped with the blue florescence in lines or in clusters, but not in dots (H and I), resulting in white
fluorescence (J). The lines and clusters of the blue fluorescence stained by ER-Tracker Blue-White DPX indicated the location of the
endoplasmic reticulum network (I). The cell wall was indicated in the overlapping image in J.

2398 Plant Physiol. Vol. 169, 2015

Fang et al.

http://www.plantphysiol.org/cgi/content/full/pp.15.00359/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00359/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.00359/DC1


proteins was observed in protoplasts of the plasmolyzed
cells, but not in the cell wall and intercellular space (Fig. 5,
E and H). The fluorescent fused protein accumulated
mainly in the vacuoles and ER (Fig. 5, G and J). The en-
doplasmic reticulum (ER) localization of the ADE/LAC
protein in tobacco cells is in agreement with the gene
sequence analysis (SignalP 4.1 server, http://www.cbs.
dtu.dk/services/SignalP/), predicting a secretion pro-
tein signal via the ER. The destination of the secretion
might be either the vacuole or the extracellular space,
as observed by immunogold labeling TEM of cells
before and after senescence.
The results suggest that ADE/LAC is an intracellular

enzyme colocalizing with Phs before the disintegration
of the pericarp cells.

Epicatechin Was Identified as an Endogenous Substrate
from Litchi Pericarp for ADE/LAC

Litchi ADE/LAC degraded anthocyanins only in
the partially purified litchi anthocyanin extract and
not in the pure pigment preparation (Table II). This
may indicate that certain ADE/LAC substrates exist in
the partially purified extract that are essential for an-
thocyanin degradation activity. To identify the essen-
tial substrates required for ADE/LAC activity,
compounds in the partially purified extract were sep-
arated and tested for ADE/LAC activity. Eight major
fractions with peaks at 280 nm were detected. The
second peak, which was of high absorbance at 510 nm
(A510) as well, was identified as the major anthocyanin

Figure 6. Subcellular localization of
ADE/LAC in litchi pericarp. TEM im-
munolocalization of the ADE/LAC in
the pericarp cells of fruit at day 0 (A–F)
and day 4 (G–J) after harvest. A, Ultra-
structure of litchi pericarp cells at 0 d
exhibited the cytoplasm pressed toward
the cell wall by the central large vacu-
ole. In addition, several long Phs were
detected in the vacuole. B, A magnified
image of the area indicated by the
square in A. Numerous gold particles
appeared in the long Phs in the vacuole
(V). C, A magnified image showing nu-
merous gold particles in the Phs located
on the surface of the vesicle (Ve) in the
vacuole. D, An additional magnified
image showing numerous gold particles
in the Phs on the surface of the vesicles
close to the cell wall. E, Ultrastructure
of litchi pericarp cell at 0 d revealed the
cell wall (CW) and intercellular space
(ICS). F, Magnified image of the square
in E. Few gold particles appeared in the
cell wall and intercellular space (ICS).
G, Ultrastructure of litchi pericarp cells
of 4 d fruit after pericarp browning dis-
played disintegration of the cell wall. H,
A magnified image of the upper square
in G. Numerous gold particles in ICS. I,
A magnified image of the lower square
in G. Numerous gold particles were
detected in the disintegrated cell wall. J,
Fewer gold particles were detected in
Phs after pericarp browning at 4 d than
in those at 0 d. K and L, Control im-
ages without anti-ADE/LAC incuba-
tion showed no gold particles.
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(cyanindin-3-rutinoside) in litchi pericarp, and was
chosen as the highly purified pigment in the following
reactions (Fig. 7A). Of the seven remaining fractions,
only twowere oxidized by the purifiedADE/LAC and
turned brown due to this reaction (third and eighth
peaks; Fig. 7B). The fraction correlating with the third
peak was named substrate I.

The activity of the ADE/LAC on substrate I was
analyzed by HPLC, with epicatechin, the major phenol
in litchi pericarp (Zhang et al., 2000), as a standard
reference. When substrate I was incubated with the
denatured enzyme, a major peak and several minor
peaks were detected. The major peak at 11.0 min
showed the same retention time as the epicatechin
standard (Fig. 7, C and E). After incubation with the
native enzyme, the peak at 11.0 min decreased dra-
matically, indicating that the compound in this fraction
was catalyzed by the enzyme (Fig. 7, C and D). The
peak of the standard epicatechin also decreased when
incubated with the ADE/LAC enzyme (Fig. 7, E and F).
The fraction from substrate I that eluted at 11.0 min was
collected and further analyzed by liquid chromatography

(LC)-mass spectrometry (MS). A negative ion ofMr 287.2
was of the highest abundance in comparison with the
other ions (Supplemental Fig. S4). This ion showed
the same molecular mass and similar MS/MS profile
as epicatechin when subjected to the same analysis
(Supplemental Fig. S4). These results suggest that the
major active compound in substrate I is epicatechin.

Epicatechin-Mediated ADE/LAC Anthocyanin
Degradation May Be Responsible for the Pigment Loss
during Litchi Fruit Browning

In vitro anthocyanin degradation by the ADE/LAC
was analyzed by HPLC. No obvious decrease in an-
thocyanin content was detected when the pigment
alone was incubated with either the active or boiled
ADE/LAC enzyme (Fig. 8, A and B). However, when in
the presence of epicatechin, a dramatic decrease in both
anthocyanin and epicatechin content was observed af-
ter addition of the active ADE/LAC enzyme (Fig. 8D).
The boiled enzyme had no effect on either anthocyanins

Figure 7. Purification and identification of the endogenous substrate for ADE/LAC in the litchi pericarp. A, Two hundred eighty-
and 510-nm absorbance determined in the fractions of Sephadex LH-20 chromatography for the partially purified litchi antho-
cyanins. B, The color change of the reactions of substrate I (#2) or epicatechin (#4) by ADE/LAC. The reactions with the denatured
ADE/LAC served as references (#1 and #3). C to F, HPLC analysis of the reaction products after reactions #1 to 4 in B.
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or epicatechin levels (Fig. 8C). The degradation of an-
thocyanins, detected by HPLC, correlated with the color
change of the reactions frombright red to brown (Fig. 8E).
Epicatechin was detected in the total phenol extract

of fruit pericarps, being a major phenol component in
this tissue (Fig. 8, F and G; Zhang et al., 2000). The
epicatechin content decreased to about 25% of its orig-
inal concentration after 8 d (Fig. 8, G–I), parallel to the
change in fruit color to brown.

DISCUSSION

Anthocyanins are important plant pigments both as
attractive colors and as phyto-protectors in a variety of
stress situations. They are finely regulated via both
anthocyanin biosynthesis and degradation at certain
development stages and in response to environment
conditions. Although much is known about the bio-
synthesis of anthocyanins, very little is known about
their in planta degradation mechanisms (Mol et al.,

Figure 8. Degradation of anthocyanin by ADE/LAC in the presence of epicatechin. HPLC analysis of the reactions with the highly
purified litchi anthocyanins (cyanidin-3-rutinoside) and ADE/LAC in the absence (B) or presence (D) of epicatechin, with no-
enzyme controls for the relevant reactions (A and C). E, Color change of anthocyanins after the above described reactions (A–D) as
indicated by #1 to 4, respectively. HPLC analysis of epicatechin in the pericarp extracts of the fruit at 0 d (G) and 8 d (H), with an
epicatechin standard (F) as reference. I, The epicatechin contents detected by HPLC (E–G) are presented.
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1998; Griesbach, 2005; Oren-Shamir, 2009). In the cur-
rent study, the enzyme responsible for anthocyanin
degradation during litchi pericarp browning after har-
vest was identified and characterized.

By using partially purified litchi anthocyanins from
litchi fruit pericarp, we detected ADE activity in the
crude pericarp protein extract and purified the enzyme
to homogeneity. The purified ADEwas suggested to be
a laccase based on its sequence. The gene encoding the
ADE/LAC was cloned and shown to actively degrade
anthocyanins when transiently expressed in tobacco
leaves. The ADE/LAC is located in the vacuole before
pericarp browning. Pericarp anthocyanin degradation
by the LAC/ADE was shown to be coupled to epi-
catechin oxidation.

Laccases: Versatile Enzymes in Plants

Laccases (benzenediol:oxygen oxidoreductase, EC
1.10.3.2) are bluemulticopper oxidases that catalyze the
oxidation of a range of aromatic compounds, such as
mono-, di-, and polyphenols, aromatic amines, and
methoxyphenols under reduction of oxygen to water
(Messerschmidt, 1997; Burke and Cairney, 2002). They
are ubiquitous enzymes that are found in plants, fungi,
bacteria, and insects (Giardina et al., 2010). In plants,
laccases participate in lignin biosynthesis, carrying out
the oxidative polymerization of monolignols (Sterjiades
et al., 1992, 1993; Ranocha et al., 1999; Schuetz et al.,
2014). These enzymes were also found to be involved in
additional physiological processes, such as cytokinin
homeostasis (Galuszka et al., 2005), resistance to phe-
nolic pollutants (Wang et al., 2004), flavonoid poly-
merization in seed coats (Pourcel et al., 2005), and iron
metabolism (Hoopes and Dean, 2004). To our knowl-
edge, this is the first report of a plant laccase involved in
anthocyanin degradation.

Litchi ADE/LAC Was Glycosylated and Showed High
Activity to Epicatechin

Laccase activity was first discovered in the sap of the
Japanese lacquer tree Rhus vernicifera (Yoshida, 1883).
To date, only a small number of plant laccases were
purified and characterized biochemically (Sterjiades
et al., 1992; Ranocha et al., 1999; Otto and Schlosser,
2014). A laccase was first purified to homogeneity from
the medium of sycamore maple (A. pseudoplatanus)
suspension cultures, and found to be 97.4 kD (Sterjiades
et al., 1992). A 90-kD poplar (P. euramericana) laccase
was purified to homogeneity from a lignifying tissue,
and the full-length cDNA sequence coding the protein
was achieved by PCR based on the peptide sequences of
the enzyme (Ranocha et al., 1999). Recently, a hetero-
oligomer of laccases of around 220 kD was purified
from the culture supernatants of the green soil alga
(Tetracystis aeria; Otto and Schlosser, 2014). Here, we
purified a 116-kD laccase (ADE/LAC) responsible
for anthocyanin degradation during litchi pericarp
browning. The litchi 116-kD ADE/LAC was found to

be a single polypeptide, as revealed by urea SDS-PAGE
analysis, and larger than the predicted size based on the
full-length amino acid sequences deduced by the cDNA
sequences, suggesting posttranslation modification.
Similar results were found with a poplar laccase, which
was found to be 90 kD in size according to a western
blot due to high glycosylation, in contrast to the pre-
dicted 60 kD based on sequence prediction (Ranocha
et al., 1999). Glycan moieties were also detected in the
litchi ADE/LAC by the Schiff reagent for sugar moiety
detection (Fig. 2E). Similar to the amino acid sequence
of the poplar laccase (Ranocha et al., 1999), multiple
putative N-glycosylation sites were also inferred in
litchi ADE/LAC (Fig. 3B).

The A. pseudoplatanus and P. euramericana laccases
showed high activity to oxidize the monolignols,
sinapyl, coniferyl, and p-coumaryl alcohols to form
water-insoluble polymers (dehydrogenation polymers;
Sterjiades et al., 1992; Ranocha et al., 1999). The litchi
ADE laccase also oxidized coniferyl and sinapyl alco-
hol, but had the highest activity to epicatechin as a
substrate. Activity with epicatechin was also predicted
for an Arabidopsis laccase responsible for the brown
color development of seed coats (Pourcel et al., 2005).
To the best of our knowledge, this study is the first to
present epicatechin as a laccase substrate in vitro.

The Litchi ADE/LAC Is Located in the Vacuole of the
Pericarp Cells before Initiation of Senescence

Laccases have often been considered to be located in
the extracellular cell wall space since theywere purified
from culture supernatants of sycamore (A. pseudoplatanus;
Driouich et al., 1992; Sterjiades et al., 1992). Most of
the laccases identified in plants have a predicted
N-terminal signal peptide that could direct proteins
into the secretory pathway (Cai et al., 2006). The ex-
tracellular localization of the A. pseudoplatanus laccases
was well correlated with its function in the lignification
of the secondary cell wall (Driouich et al., 1992;
Sterjiades et al., 1992). However, it is not clear whether
the laccases with other functions are also located in the
extracellular space. For example, a laccase in ryegrass
(Lolium perenne; LpLAC3) did not possess a signal
peptide, suggesting that LpLAC3may be located inside
the cell (Gavnholt et al., 2002). Here, we confirmed the
intracellular location of the ADE/LAC enzyme based
on immunogold labeling in the pericarp cells of day 0
fruit, as well as fluorescence images of the YFP-fused
ADE/LAC in tobacco epidermal cells. The ADE/LAC
sequence was predicted to contain a secretion pathway
signal peptide, directing the protein to the secretion
pathway via the ER, similar to many proteins contain-
ing a secretion pathway signal peptide (Nothwehr and
Gordon, 1990). This prediction was correlated with the
location of the ADE/LAC-YFP fusion protein observed
in tobacco epidermal cells (Fig. 5, H–J). In general, the
protein secretory pathway in plants begins in the ER,
passes through the Golgi complex, and finally reaches
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its final destination, which may be the vacuole, other
compartments, or the extracellular space. The move-
ment between the components in the pathway ismainly
by vesicle trafficking (Xiang et al., 2013). In the mature
litchi pericarp cells, most of the organelles were dis-
integrated, and ER, Golgi complex, and cytoplasmwere
hardly observed. However, some vesicles were found
in the vacuole and close to the cell wall of the mature
pericarp tissue. By immunogold labeling and TEM, the
ADE/LAC protein was shown to be located in the
vacuole of the pericarp cells of freshly red fruit; some
colocalized with vesicles, indicating that the vacuoles
may be the destination of the secretion pathway before
pericarp browning. Interestingly, the enzyme colo-
calized with Phs distributed in the large vacuoles of the
litchi pericarp cells (Fig. 6, B and C). Phs were easily
observed in the vacuoles of plant cells, such as in ba-
nana (Musa acuminata) root cells (Beckman andMueller,
1970), the mesocarp and endocarp parenchyma cells of
walnut (Juglans regia) fruit pericarp, in seed coat cells
(Wu et al., 2009), and in pericarp cells of apple (Malus
domestica) fruit buds (Konarska, 2014). The colocaliza-
tion of the ADE/LACwith the Phs indicates that ADE/
LAC may be involved in the deposit of phenolic com-
pounds in the vacuoles via oxidation and polymeriza-
tion of the Phs. Anthocyanins and other flavonoids,
such as epicatechin, are located in vacuoles (Kitamura
et al., 2004), and contact with these compounds with
ADE/LAC may lead to anthocyanin degradation. The
distribution of ADE/LACs in the cell walls and inter-
cellular space was observed only after pericarp
browning (Fig. 6, H and I), suggesting that the secretion
of the enzymes into extracellular space may be corre-
lated with cell senescence.

Litchi ADE Is a Laccase and Not a PPO

The existence of enzymatic activity on catechol or
4-methylcatechol has long been documented for litchi
pericarp (Fuchs et al., 1993; Holcroft and Mitcham,
1996; Jiang et al., 2006). Since these two diphenols
are the favorite substrates for catechol oxidase or
o-diphenol:oxygen oxidoreductase (EC 1.10.3.1), a
subclass of PPOs, PPOs have long been considered
as the key enzymes functioning in litchi pericarp
browning (Jiang and Fu, 1998; Jiang et al., 2006). Using
4-methylcatechol as a substrate, PPO was partially
purified from litchi pericarp, and the anthocyanin
degradation activity of PPO was demonstrated in vitro
in the presence of 4-methylcatechol (Jiang and Fu,
1998). However, due to the lack of protein sequencing
in previous studies and the overlap of substrates be-
tween PPOs and laccases, it was difficult to ascribe the
above-described activity to PPOs or laccases (Jiang and
Fu, 1998; Sun et al., 2007). In some studies laccases were
classified as part of the PPO superfamily based on its
activity on some di- and polyphenols. However lac-
cases belong to a blue multicopper oxidase superfamily
whose members have a broader range of substrate

specificity than PPOs, which include tyrosinases (EC
1.14.18.1) and catechol oxidase (EC 1.10.3.1), but not
laccases (Mayer, 2006; Sun et al., 2006).

The transcript, protein, and activity levels of ADE/
LAC were higher in litchi fruit pericarp in comparison
with other tissues, such as the fruit aril, correlating to
the browning effect occurring in the pericarp but not in
the aril. Recently, a litchi PPO gene was cloned using
genomic DNA as a template, and its full-length cDNA
sequence was obtained (Wang et al., 2014). In the cur-
rent study, we compared the expression levels of PPO
and ADE/LAC in the pericarp tissue during fruit
browning and found that ADE/LAC expression levels
were about 1,000-fold higher than those of the PPO.
Screening the effect of PPO or laccase selective inhibi-
tors, it was found that anthocyanin degradation activity
in the crude enzyme extract was dependant on laccase
and not on PPO activity (Supplemental Table S2).

Anthocyanin Degradation in Litchi Pericarp Is Coupled to
Epicatechin Oxidation

Here, we demonstrate that the highly purified litchi
ADE/LAC could not catalyze the oxidation of pure
anthocyanin directly, probably due to the presence of
sugar moieties in the anthocyanin molecule. The pres-
ence of phenolic substrates is crucial for this activity
(Fig. 8A). Anthocyanin degradation by ADE/LAC is
reminiscent of the model for PPOs, in which PPOs first
oxidize phenols to quinones, and then the latter are
consequently oxidative polymerized with anthocya-
nins, the so-called anthocyanin-PPO-phenol system
(Sarni et al., 1995; Kader et al., 1998; Jiang, 2000; Zhang
et al., 2005). The requirement of additional substrates
for oxidative polymerization of anthocyanins explains
the reason that ADE/LAC can degrade anthocyanins
only from the partially purified extract containing the
endogenous phenolic substrates, and not from the ho-
mogeneous pigment preparation.

Using the pure ADE laccase enzyme as a tool, we
isolated the natural substrate in the partially purified
anthocyanin mixture and showed it to be epicatechin.
The fact that ADE laccase showed high activity to epi-
catechin and litchi pericarp contained high levels of
epicatechin (Zhang et al., 2000, 2001; Sun et al., 2008)
suggests that the anthocyanin-ADE/LAC-epicatechin
reaction is the major reaction ascribed to the litchi
pericarp anthocyanin degradation. The decrease in
epicatechin content after pericarp browning further
supports this inference. An Arabidopsis laccase (TT10)
also showed activity to epicatechin, but not with
quercetin-3-O-rhamnoside, the main glycosylated
flavonoids in the seed coat. The fact that the oxida-
tive polymerization of quercetin-3-O-rhamnoside was
blocked in a laccase dysfunction mutant (tt10) leading
to higher amounts of epicatechin and quercetin-3-O-
rhamnoside remaining in the seed coat during matu-
ration indicated that epicatechin is also required for the
oxidative polymerization of quercetin-3-O-rhamnoside
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by TT10 laccase during the browning of the
Arabidopsis seed coat (Pourcel et al., 2005).

CONCLUSION

This is the first report, to the best of our knowledge, in
which a specific laccase was identified as the enzyme
responsible for in planta epicatechin-mediated antho-
cyanin degradation. Similar enzymes may be identified
in the future as responsible for anthocyanin degrada-
tion in other fruits after harvest.

MATERIALS AND METHODS

Plant Materials

Litchi fruit (Litchi chinensis ‘Huaizhi’) were harvested from a commercial
orchard in the suburb of Guangzhou City, South China, at the fully mature red
stage, and transported to the laboratory within 2 h. The fruit were selected for
uniformity of shape and color, washed with 0.1% (w/v) hypochlorite in tap
water for 2 min, and divided into two groups, each weighing approximately
50 kg. One group was peeled and its pericarp frozen in liquid N2 and stored at
280°C for further analysis. The second group was divided into 15 plastic bas-
kets, with 20 fruit in each, and stored in a controlled environment room at 20°C
and about 70% relative humidity for 8 d. On days 0, 2, 4, 6, and 8, three baskets
of fruit were taken out for pericarp sampling for three biological replicates. The
pericarp was quickly cut into discs 1 cm in diameter, frozen in liquid N2, and
stored at 280°C prior to measurement.

Anthocyanin Extraction and Quantification

Litchi pericarp samples (10 discs each) from fruit stored for different lengths of
timewere blanchedwith 50mL of 0.1 MHCl inwater. Anthocyanin concentration
of the extracts was determined by the pH differential method (Wrolstad et al.,
1982). Five milliliters of pericarp extract was diluted either in 25 mL of 0.4 M

KCl-HCl buffer (pH 1.0) or in 25 mL of 0.4 M citric acid-Na2HPO4 buffer (pH 4.5),
respectively. The absorbance of the dilutions was measured by a spectropho-
tometer (Shimadzu UV- 2450) at 510 nm. Anthocyanin concentration was calcu-
lated as cyanidin-3-glucoside by the method of Wrolstad et al. (1982).

Litchi ADE Substrate Preparation and Activity Assay

Litchi pericarp anthocyanins were extracted in 0.1 M HCl solution and
partially purified by Amberlite XAD-7 resin (Sigma-Aldrich) column chroma-
tography, according to Zhang et al. (2004). The red fractions were collected and
concentrated by a rotary evaporator (Heidolph). The concentration of the
condensed anthocyanins was determined using the pH differential method as
described above. Litchi ADE substrate was prepared by dilution of the con-
densed anthocyanin extract to a concentration of about 0.05 M in 0.1 M sodium
acetate buffer (pH 4.0).

Thirty discs of frozen litchi pericarp was ground in liquidN2 to a fine powder,
and ADE was extracted by homogenizing the powder with 10 mL of 0.05 M

phosphate buffer (pH 7.0) with Polyclar AT (insoluble polyvinylpyrrolidone; 10%
of peel by weight) and 1% (w/v) protein inhibitors (Sigma-Aldrich). The ho-
mogenate was centrifuged for 20 min at 12,532g and 4°C, and then the superna-
tantwas collected as the crude enzyme extract.ADE activity assaywas carried out
according to the method of Zhang et al., (2001) with minor modifications. Crude
enzyme extract (0.1 mL) was added to the 2 mL of ADE substrate. The mixture
was incubated for 20min at 40°C. The reactionwas terminated by adding 2mL of
0.1 MHCl inmethanol. The rates of anthocyanin degradationwere determined by
the decrease in A510 when compared with the reaction set up in parallel with
denatured enzyme that had been boiled for 10 min. Enzyme activity was
expressed as the degradation of 1 mmol anthocyanins per hour at 40°C.

ADE Purification

One hundred grams of frozen litchi pericarp was subjected to crude
enzyme extraction as described above. The extract was fractionated further by

precipitation in 30% to 70% saturation of ammonium sulfate and centrifu-
gation at 12,532g for 20 min. The precipitate was resuspended in 0.05 M

phosphate buffer (pH 7.0) and dialyzed overnight against the same buffer.
The dialyzed solution was applied to a DEAE-Sepharose (Sigma-Aldrich)
column (1.5 3 50 cm) previously equilibrated with 0.05 M phosphate buffer
(pH 7.0). ADE was eluted from the column with an NaCl linear gradient
(0–0.3 M) in the phosphate buffer at a flow rate of 0.5 mL min21. Fractions of
2 mL were collected and assayed both for ADE activity and protein con-
centration (A280). Two major peaks with ADE activity were observed (Fig.
2), and the fractions with high enzymatic activity in the first peak, were
pooled and concentrated in an ultrafiltration centrifuge tube (Vivaspin 15;
Sartorius). The ADE-enriched fraction was loaded onto a Sephadex G-200
column (1.5 3 50 cm; Sigma-Aldrich), preequilibrated with 0.05 M phos-
phate buffer (pH 7.0), and eluted with 0.05 M phosphate buffer (pH 7.0) at a
flow rate of 0.2 mL min21. Fractions of 1 mL were collected and assayed for
ADE activity and A280, and the fractions with the highest activity and the
highest ratio of activity to protein were pooled.

ADE SDS-PAGE/Urea SDS-PAGE Separation,
Immunodetection, and Sequencing

Thepurifiedproteinwasdenatured by10min of boiling inLaemmli’s sample
buffer prior to separation using 10% (w/v) SDS-PAGEwith or without 8 M urea
following standard conditions (Sambrook et al., 1989). The gel was stained with
Coomassie Brilliant Blue R-250 (Sigma-Aldrich), and the band of 116 kD in the
10% (w/v) SDS-PAGE was excised and sent for protein sequencing by Sangon
Biotech via Biolynx peptide sequencing.

A polyclonal anti-ADE/LAC antibody was generated by Invitrogen using
a peptide that was synthesized based on the amino acid sequence at the N
terminus of ADE/LAC by Invitrogen. The antibody was purified by antigen
affinity chromatography and proved to strongly cross react with the purified
ADE/LAC by ELISA. No cross reaction was found for the preimmune serum.
For immunodetection, the purified protein or equal amounts of total proteins
fromdifferent tissues or the pericarp at different time points after fruit harvest
were resolved by 10% (w/v) SDS-PAGE and electroblotted onto a nitrocel-
lulose membrane (GE Healthcare) following standard conditions (Sambrook
et al., 1989). The membranes were then incubated with the polyclonal anti-
ADE/LAC antibody and visualized by the chromogenic technique using the
Enhanced HRP-DAB Chromogenic Substrate Kit (Pierce).

In-Gel Activity Assay and Sugar Moiety Detection

Seminative electrophoresis of either the purified or the crude extract
proteins was separated on a 10% (w/v) SDS-PAGE without protein sample
boiling. The gel was rinsed twice with 50 mM citric acid buffer (pH 3.0) for
5 min to remove SDS, and immersed in the same buffer containing 50 mM

partially purified litchi anthocyanins as the substrate until formation of
brown pigmentation was seen. Laccase activity was assayed by immersion
of the seminative gels in 50 mM DAN in 50 mM citric acid buffer (pH 5.0)
according to the methods of Hoopes and Dean (2004). The gels were stained
with Schiff reagent for sugar moiety detection according to the method of
Gilks et al. (1988).

Substrate Specificity and Behavior toward Effectors

Substrate specificity for a large number of aromatic compoundswas tested
with the purified ADE/LAC enzyme. Reactions were carried out in 20 mM

phosphate buffer (pH 7.0) at 40°C. The compounds tested were epicatechin,
4-methyl catechol, ABTS, catechin, p-anisidine, hydroquinone, phenol,
phloroglucinol, coniferyl and sinapyl alcohols, partially purified litchi an-
thocyanins as described above, and highly purified litchi anthocyanin pre-
pared by Sephadex LH-20 (see the following). Extinction coefficients and
concentrations of the substrates, except for epicatechin, were taken from
Sterjiades et al. (1993), and the Km and Vmax values for each substrate were
determined by extrapolation of Lineweaver and Burk plots. The spectra of
epicatechin before and after oxidation by ADE were scanned by spectro-
photometer (Shimadzu UV-2450) from 200 to 600 nm. Because epicatechin
and its product had overlapping absorbance spectra at the extinction max-
imum (280 nm; Kennedy and Jones, 2001), and an obvious increase in A380
was recorded in spectra of epicatechin oxidation products, the extinction
coefficient of the epicatechin oxidation product was determined at 380 nm.
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Concentrations of 0.01, 0.02, 0.04, 0.06, 0.08, and 0.1 g L21 epicatechin were
incubated with 0.5 mg of purified ADE for 20 h until the absorbance was
stable and the substrate was assumed to be completely converted to product.
By plotting the A380 against the epicatechin concentration, the extinction
coefficient of the epicatechin oxidation product was estimated.

Several known effectors of PPO and laccases, including p-coumaric acid
(1 mM), cinnamic acid (1 mM), ferulic acid (1 mM), polyvinylpyrrolidone
(1 mM), SDS (5 mM), and CTAB (5 mM), were tested for their effect on the
ADE activity in the crude enzyme extract from litchi pericarp. The par-
tially purified litchi anthocyanins prepared as described above were used
as substrate.

Litchi ADE/LAC cDNA Cloning, Sequence Features, and
Potential 3D Structure Prediction of the Deduced
Protein Sequence

Total RNA was extracted from the pericarps using a modified CTAB-LiCl
protocol (Chang et al., 1993). First-strand cDNA was synthesized by Prime-
Script (Takara) reverse transcriptase and used as a template to amplify the
fragment of the litchi ADE/LAC with degenerate primers designed accord-
ing to the peptide sequences (Table II; Supplemental Table S2). A 250-bp
fragment was amplified and used to design primers (Supplemental Table S3)
for 39RACE and 59RACE to obtain the full-length cDNA sequence of the litchi
ADE/LAC.

The deduced protein sequence encoded by a full-length cDNA sequence
of the litchi ADE/LAC was obtained by the open reading frame finder
software in NCBI (http://www.ncbi.nlm.nih.gov). The putative signal
peptide (N-terminal propeptide) in the sequence was identified using the
SIGNALP software (Petersen et al., 2011; http://www.cbs.dtu.dk/
services/SignalP/). The domain structure was inferred by BLAST software
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). A hypothetical 3D structural
model and the putative copper binding sites of ADE/LAC were predicted
by SWISS-MODEL (http://www.swissmodel.expasy.org/) based on a
homolog of a fungal laccase (Protein Data Bank no. 1GYC, Research
Collaboratory for Structural Bioinformatics, Rutgers University, http://
www.rcsb.org/). The hypothetical 3D structural model was viewed using
Cn3D macromolecular structure viewer (http://www.ncbi.nlm.nih.gov/
Structure/CN3D/cn3d.shtml) and Vector Alignment Search Tool (http://
www.ncbi.nlm.nih.gov/Structure/VAST/vastsearch.html). Putative N-
glycosylation sites were predicted by NetNGlyc 1.0 Server (http://www.
cbs.dtu.dk/services/NetNGlyc/).

Molecular Phylogenetic Analyses of Laccases

Alignment with litchi ADE/LAC and 16 Laccase sequences was performed
by ClustalX (Thompson et al., 1997). Heuristic maximum parsimony searches
were conducted in PAUP version 4.0b10 (Swofford, 2002) using tree-bisection-
reconnection branch swapping and 100 random addition replicates, with un-
ordered (Fitch) parsimony. Bootstrap support values (Felsenstein, 1985) were
calculated from 1,000 replicate analyses, using a single random addition rep-
lication per bootstrap resampling, and with the maximal number of saved trees
per replicate set to 1,000.

Transient Expression of Litchi ADE/LAC, ADE/LAC-YFP
in Tobacco Leaves

Nicotiana benthamiana (Nb) plants were grown in a chamber maintained at
23°C to 25°C under a 16-h light/8-h dark cycle. The preparation of Agro-
bacterium tumefaciens suspension and infiltrations were carried out as described
by Sainsbury et al., (2009). A. tumefaciens strain LBA4404 containing pBI101.1-
ADE/LAC or pBI101.1-ADE/LAC-YFP vectors was grown at 28°C to station-
ary phase in Luria-Bertani medium with both kanamycin (50 mg L21) and
rifampicin (50 mg L21). The cells were pelleted by centrifugation at 2,000g, then
resuspended in MMA buffer (10 mM MES [pH 5.6], 10 mM MgCl2, 100 mM

acetosyringone) to an absorbance at 600 nm as 1.2 and incubated at ambient
temperature for 2 to 4 h. The suspensions were pressure infiltrated into 4-week-
old Nb leaves using a syringe. The tissue was harvested 3 d after infiltration for
protein extraction. The plants were incubated under normal growing condi-
tions for 2 to 3 d. The sequences of the primers used in the pBI101.1-ADE/LAC
or pBI101.1-ADE/LAC-YFP vector construction are listed in Supplemental
Table S4.

Histochemical Staining and Subcellular Localization of
ADE/LAC by Immunolgold Labeling and Fluorescence
Imaging of ADE/LAC-YFP in Tobacco Leaves

Eighty-millimeter-thick litchi pericarp sections were hand cut using a razor
blade, rinsed in cold sodium acetate buffer (50 mM, pH 5.0), and incubated for
20 min at 25°C with catalase (100 mg mL21; Sigma-Aldrich) to eliminate en-
dogenous hydrogen peroxide. Samples were then rinsed again and incubated
overnight at 37°C in the dark with 2.3 mM ABTS or 11 mM 4-methylcatechol in
sodium acetate buffer (pH 5.0) containing catalase (100 mg mL21). The two
controls were pericarp sections incubated in buffer without substrate, and
sections were boiled for 15 min to destroy enzyme activity.

For subcellular immunogold localization, 2- 3 2-mm discs of litchi pericarp
were fixed in 2% (v/v) glutaraldehyde, 4% (w/v) paraformaldehyde, and 100
mM phosphate-buffered saline (PBS; pH 7.2) for 12 h, washed three times for 30
min in 100 mM PBS (pH 7.2), and dehydrated in 30%, 50%, 70%, 80%, 85%, 90%,
95%, and 100% (v/v) of ethanol at 4°C. The samples were infiltrated with
LRWhite (ElectronMicroscopy Sciences) via three intermediate steps at 2:1, 1:1,
and 1:2 (v/v) mixture of ethanol:LRWhite (12 h each time). Finally, the mixture
was replaced by pure LRWhite, kept for 12 h at220°C, and then changed once
with fresh LRWhite and kept for 1 d at220°C. Samples were then transferred to
capsules with fresh LRWhite and cured under two 15-W ultraviolet lamps
(360 nm) for at least 24 h at 220°C, and then continued curing for 2 d at room
temperature. Ultrathin sections (60 nm) were cut using a Sorvall MT-6000 ultra-
microtome (Leica) and collected onto Formvar-coated nickel grids (Gilder
Grids). The grids were floated on PBS-Tween (PBST) buffer (60 mM PBS, 0.1%
[v/v] Tween 20, 0.02% [w/v] NaN3, pH 7.2) containing 0.2 M Gly and 1% (w/v)
bovine serum albumin to block nonspecific binding, and then in a drop of the
primary anti- ADE/LAC (1:50, v/v) for 3 h at 37°C. The grids were then rinsed
with PBST three times and floated on 1:50 (v/v) goat anti-rabbit IgG antibody
conjugated to 10-nm gold particles (Sigma-Aldrich) for 1 h at 37°C. After
washing three times in PBST and then in distilled water, respectively, the grids
were air dried and stained with saturated uranyl acetate for 30 min. Control
sections were treated similarly except that the primary antibody was
substituted with PBS. The samples were observed using a Philip FEI-TECNAI
12 transmission electron microscope (FEI). For the TEM observation of litchi
pericarp at different developmental stages, 2- 3 2-mm discs of pericarp were
fixed with 2% (v/v) glutaraldehyde in pH 7.2 10 mM PBS for 12 h. After being
washed four times in 10 mM PBS, the samples were subsequently fixed in 1%
(w/v) OsO4 according to the methods by Zhao et al. (2002).

To confirm the subcellular localization detected by immunolgold labeling,
the Nb leaves infiltrated with A. tumefaciens strain LBA4404 containing
pBI101.1-ADE/LAC-YFP, as described above, were photographed with a
confocal laser scanning microscope (LSM 710, Zeiss). Lysotracker red (50 nM;
Invitrogen; Barasch et al., 1991) and ER-Tracker Blue-White DPX (100 nM;
Invitrogen; Zünkler et al., 2004) were applied on infiltrated leaves for 1 or 0.5 h,
and then the epidermis of the infiltrated leaf was layered in a drop of 30%
(w/w) Suc on a glass slide for plasmolysis of the cells. The fluorescent
markers were visualized with the following excitation and emission wave-
lengths (excitation/emission): for YFP, 540 nm/590 to 610 nm; for ER-Tracker,
374 nm/430 to 640 nm; for Lysotracker red, 577 nm/590.

Gene Transcript Abundance Analysis

Ten micrograms of total RNA was separated on a 1.2% (w/v) agarose for-
maldehyde gel and capillary blotted onto a 0.45-mm polyvinylidene difluoride
membrane (Biodyne_B). The membrane was UV cross linked at 280 nm. DIG-
labeled probes of litchi ADE/LAC were produced using a PCR DIG probe
synthesis kit (Roche). The membrane was hybridized with the DIG-labeled
probe for 16 h at 45°C in high-SDS buffer (7% [w/v] SDS, 53 SSC, 50mM pH 7.0
sodium phosphate, 2% [w/v] blocking reagent [Roche], and 0.1% [w/v]
N-lauroylsarcosine, and 50% [v/v] deionized formamide). Blots were washed
twice at 37°C in 2 3 SSC and 0.1% (w/v) SDS for 10 min, and twice at 62°C in
0.23 SSC and 0.1% (w/v) SDS for 30 min. The membranes were then subjected
to immunological detection following the manufacturer’s instructions (Roche).

qRT-PCR was applied to analyze the gene transcript abundance of the litchi
ADE/LAC and PPO after harvest. cDNA was prepared from 1 mg of total RNA
with PrimeScript reverse transcriptase (TakaRa) after genomic DNA was re-
moved by RQ1 DNase (Promega). Specific primers for the genes were designed
and are described in Supplemental Table S4. Litchi Actin 2 (ACT) was selected
as a reference gene. PCRswere performed in a total volume of 20mL, containing
200 nM each primer and 10 mL of SYBR Green PCR Supermix (Toyobo) on a
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Bio-Rad CFX96 Real-Time PCR system. The specificity of primes was tested
using amelting curve, product sequencing, and PCR efficiency. qRT-PCRswere
normalized using the cycle threshold (Ct) value corresponding to theACT gene.
The relative transcript levels of the ADE/LAC or PPO gene to ACT gene were
calculated using the equation 2–DCt (Livak and Schmittgen, 2001).

Extraction and Purification of the Endogenous Substrate
for LAC from Litchi Pericarp

Frozen litchi pericarp (200 g)was blanchedwith 2 L of 0.1 MHCl inwater. All
extracts were combined and filtered through two layers of microcloth. The fil-
trate was then subjected to Amberlite XAD-7 resin (Sigma-Aldrich) column
chromatography according to Zhang et al. (2004). Fractions with the highest
A510 were pooled and concentrated by removing the methanol at 40°C in a
rotary evaporator (Heidolph). The concentrated substrates were then loaded
onto a Sephadex LH-20 column (1.0 3 60 cm; Sigma-Aldrich), eluted with
aqueous 1% (v/v) formic acid with amethanol linear gradient (0%–100% [v/v])
at 24 mL h21, and collected using a fraction collector (2 mL per tube). The
fractions of eight peaks, based on the absorbance values at 510 and 280 nm,
were pooled and concentrated by a rotary evaporator at 40°C. Fractions were
then diluted in 0.1 M sodium acetate buffer (pH 4.0) to anA280 of around 1.0, then
used as substrates for the activity assay by incubation with the purified ADE/
LAC enzyme. The reactions that turned brown were considered to contain
endogenous substrates for the ADE/LAC.

Identification of Endogenous Substrates by HPLC and LC-
MS Analysis after the Laccase Reactions

The activity assay of the ADE/LAC enzyme on the potential substrates
obtained above was carried out by incubating 2.95 mL of the substrates with 50
mL of the purified enzyme, with the boiled enzyme serving as the control. A
standard, 10 mM epicatechin in the same buffer, was also tested as substrate for
the reactions. The reactions were terminated by addition of 3 mL of chloroform.
After centrifugation at 12,396g for 5min, the upper aqueous phasewas collected
and analyzed using HPLC analysis (Martinez et al., 2012) on an Agilent 1200
Series HPLC system (Agilent Technologies) equipped with an autosampler,
diode array detector, and ChemStation software. The reaction mixture was
loaded onto a C18 (2) column (Luna, 5 mm, 250 3 4.6 mm; Phenomenex) and
eluted with a linear gradient of acetonitrile (0%–100% [v/v]) over 35 min. The
flow rate was 1 mL min21 and the injection volume was 15 mL. The monitoring
wavelength was 280 or 510 nm. The products of ADE/LAC enzyme on highly
purified anthocyanins with andwithout epicatechin were analyzed byHPLC as
described above.

Identification of potential substrates was achieved by comparing the re-
tention times of the standards and the elutionprofiles between the reactionswith
native and denatured enzyme preparations. Compounds that decreased in
concentration significantly due to the enzymatic reaction were collected and
injected to theHPLC-MS system (Thermo Finnigan LCQDECA) forMS analysis
with acetonitrile with 0.5% (v/v) formic acid as mobile phase at a flow rate of
1 mL min21. The MS was recorded with a heat capillary voltage of 5 kV, a heat
capillary temperature of 275°C, sheath gas flow rate of 80 units, and auxiliary
gas flow rate of 20 units. The scan range of molecular mass was 50 to 1,000 D.

Epicatechin Content Measurement

Two grams of pericarp tissue from 30 fruits was ground in liquid N2 and
extracted with 40 mL of 60% (v/v) ethanol for 30 min in a 30°C ultrasonic bath.
The extract was then filtered through a 0.45-mm polyvinylidene difluoride
membrane (ANPEL Scientific Instruments) and injected into the HPLC system.
Elutionwas done with a linear gradient of 0.1% (v/v) formic acid andmethanol
(0%–100% [v/v]) over 35 min. The epicatechin peak was identified by com-
parison with a standard. The content of epicatechin in the extraction was cal-
culated based on the integral of the identified peak and the standard curve.

Sequence data from this article can be found in the GenBank data libraries
(http://www.ncbi.nlm.nih.gov) under the following accession numbers:
L. chinensis, GU367910.1 (ADE/LAC); DQ990337.1 (ACT); JF926153.1 (PPO).
Liriodendron tulipifera, U73104.1 (LAC2-2), U73106.1 (LAC2-4), U73105.1
(LAC2-3), U73103.1 (LAC2-1); Populus trichocarpa, Y13773.1 (Lac110), Y13769.1
(Lac1), Y13771.1 (Lac3), Y13772.1 (Lac90); Zea mays, AM086217.1 (Lac5);
A. pseudoplatanus, U12757.1; Castanea mollissima, FJ231469.1; Arabidopsis,

At5g48100 (Laccase 15), NM_128574.3 (Laccase 3); Picea abies, JX500690.1
(Lac4); Cryphonectria parasitica, S38903.1; and Neurospora crassa, M18333.
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Supplemental Figure S1. Determination of the extinction coefficient of
epicatechin oxidation product by ADE/LAC.

Supplemental Figure S2. The original gel images of ADE/LAC protein
and activity assays in different litchi tissues.

Supplemental Figure S3. TEM images of litchi pericarp at different stages.

Supplemental Figure S4. MS and MS/MS profiles of the active compound
of the substrate I.

Supplemental Table S1. Purification of the ADE from litchi fruit pericarp.

Supplemental Table S2. Comparison of inhibitor responses for ADE ac-
tivity from litchi fruit pericarp.

Supplemental Table S3. Primers used for full length cDNA fragment clon-
ing of ADE/LAC gene.

Supplemental Table S4. Primers used for construction of the vector for
transient expression ADE/LAC and ADE/LAC-YFP protein in Nb
leaves.

Supplemental Table S5. Primers used for qRT-PCR analysis.
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