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A B S T R A C T

Phloridzin (phloretin 2′-O-glucoside) is the most abundant phenolic compound in Malus species, accounting for
up to 18% of the dry weight in leaves. Glycosylation of phloretin at the 2′ position is the last and key step in
phloridzin biosynthesis. It is catalyzed by a uridine diphosphate (UDP)-glucose:phloretin 2′-O-glucosyl-
transferase (P2′GT), which directly determines the concentration of phloridzin. However, this process is poorly
understood. We conducted a large-scale investigation of phloridzin accumulations in leaves from 64 Malus
species and cultivars. To identify the responsible P2′GT, we performed a genome-wide analysis of the expression
patterns of UDP-dependent glycosyltransferase genes (UGTs). Two candidates were screened preliminarily in
Malus spp. cv. Adams (North American Begonia). Results from further qRT-PCR analyses of the genotypes
showed a divergence in phloridzin production. Our assays of enzyme activity also suggested that MdUGT88F4
and MdUGT88F1 regulate the conversion of phloretin to phloridzin in Malus plants. Finally, when they were
silenced in ‘GL-3’ (‘Royal Gala’), the concentrations of phloridzin and phloretin (and trilobatin) were sig-
nificantly reduced and increased, respectively.

1. Introduction

Dihydrochalcones (DHCs) are phenylpropanoids that are very si-
milar in structure to chalcones, the intermediates in flavonoid forma-
tion (Fig. 1). The DHC phloridzin, a mono-glycoside of phloretin, has a
glucose moiety attached at the 2′-OH position (Fig. 1). It is the most
abundant phenolic compound in the leaves of apple (Malus domestica),
accounting for 14–18% of the total dry weight for that tissue [1,2]. This
makes apple unique in the plant kingdom because, in addition to
members of the Malus genus, only a few other plants, i.e., Camellia ja-
ponica [3], Fragaria × ananassa [4], Rosa canina [5], and Lithocarpus
litseifolius [6], can accumulate tiny amounts of phloridzin [7]. Even
Pyrus sp., closely related toM. domestica, can not accumulate phloridzin
and its precursor phloretin [8,9]. Within Malus, production of phlor-
idzin varies among cultivars [10,11], developmental stages [12], tissue
types [10], and external factors such as pathogen attacks [13]. Phlor-
idzin is enriched in apple seeds, bark, and leaves, but only minimally
detected in fruit [10,14].

Phloridzin and its derivatives are excellent antioxidants [15–17],
and are widely investigated in the field of human health research
[18,19]. Evidence from studies with diabetic mice has shown that

phloridzin blocks glucose adsorption in liver and intestinal cells by
inhibiting sodium-linked glucose transporters, thereby ameliorating the
effects of hyperglycemia [20–22]. However, the benefits of phloridzin
in plants are largely unknown, although it is thought to be involved in
pathogen resistance. When plants are attacked by a pathogen, phlor-
idzin is hydrolyzed into phloretin by specific cytosolic glucosidases
after cellular decompartmentalization. It is then oxidized by peroxidase
and/or polyphenol oxidase into o-diphenols and toxic o-quinoids to
inactivate microbial proteins [23,24]. Despite these preliminary re-
ports, the role of phloridzin in pathogen defenses remains unclear be-
cause such accumulations have not yet been proven to be relevant to
the resistance mechanism [9]. Some researchers have proposed that
various metabolic pathways of DHCs, occurring in different apple
genotypes, determine the potential for resistance to fire blight [25].
Petkovšek et al. have suggested that a consistent level of polyphenols is
not necessary in the plant, but that their post-infection accumulation
and further conversion are prerequisites for making plants more re-
sistant to such threats [26]. Overexpression of chalcone 3-hydroxylase
(CH3H) from Cosmos sulphureus stimulates the accumulation of 3-hy-
droxyphlorizin and reduces the susceptibility ofM. domestica cv. Pinova
to fire blight and scab [27]. Phloretin also displays broad-spectrum
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antibacterial activity and much stronger antioxidant activity [16,28],
and is considered as an active compound against fungal infections [26].

Glycosylation, mediated by glycosyltransferases (GTs; EC 2.4.x.y), is
ubiquitous in all living organisms [29]. According to CAZy (http://
www.cazy.org/GlycosylTransferases.html), the GTs from various spe-
cies can be classified into 94 families. The largest, Family 1, comprises
diverse enzymes from animals, plants, bacteria, fungi, and viruses. In
plants, Family-1 GTs, also called uridine diphosphate (UDP)-dependent
glycosyltransferases, or UGTs, utilize UDP-activated sugars as the major
donor molecule. One UGT feature is a conserved UGT-defining motif
close to the C-terminus. The plant secondary product glycosyl-
transferase (PSPG) motif has 44 amino acid residues at the UDP-sugar
binding site. A wide array of small molecules, including hormones, li-
pophilic acceptors, and secondary metabolites, can be glycosylated by
UGTs, which improves their solubility in water and their chemical
stability, reduces their toxicity, and changes their biological activity in
plants [30,31]. Phloridzin is synthesized in three steps (Fig. 1), the final
one being the glycosylation of phloretin [1,32,33]. Because this gly-
cosylation has rarely been reported, it is essential that we identify the
UDP-glucose:phloretin 2′-O-glucosyltransferase (P2′GT) in Malus plants
if we are to conduct a more thorough investigation of the physiological
relevance of phloridzin. To date, only four candidates have been iso-
lated from apple leaves and tested for substrate specificity in vitro
[1,32–34].

Apple is one of the most important crop trees because its popularly
consumed fruit are available year-round in markets. Because those
plants contain high levels of beneficial phloridzin, more research is

being focused on elucidating its mechanism of biosynthesis and its
physiological relevance. In this study, we sampled the leaves of 64
Malus species and cultivars grown in the same location and measured
their amounts of DHCs (i.e., phloretin, phloridzin, trilobatin, and sie-
boldin). Among them, eight genotypes exhibited a novel mode of
phloridzin metabolism. Each of the tested samples featured a different
phloridzin profile, which we used to determine whether phloridzin le-
vels are correlated with the expression of UGTs across the entire
genome. Protein activity as well as the transgenic plants analysis de-
monstrated that both MdUGT88F1 and its paralog MdUGT88F4 convert
phloretin to phloridzin in apple. These findings will be beneficial to
future examinations of the physiological role and mechanism of
phloridzin biosynthesis.

2. Materials and methods

2.1. Plant materials, growing conditions, treatments, and chemicals

This study involved 64 Malus species and cultivars (Supplemental
Table 1) plus one other cultivar, ‘Royal Gala’. For the quantification
analysis of DHCs, we collected mature leaves, branches, bark, and open
flowers from healthy trees growing at the Horticultural Experimental
Station and on the campus of Northwest A&F University, Yangling
(34°20 N, 108°24 E), China. For each tissue type, at least five samples
were harvested from individual trees at 9:00 AM, then immediately
frozen in liquid nitrogen and stored at −80 °C.

The sources for chemicals were Yuanye (Shanghai, China) for

Fig. 1. Biosynthetic pathway of dihydrochalcones. PAL, phenylalanine ammonia lyase;.
C4H, cinnamate-4-hydroxylase; 4CL, 4-hydroxycinnamoyl-CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; DH, dehydrogenase; P2′GT, UDP-glucose:phloretin 2′-O-gly-
cosyltransferase; P2′GT1, UDP-xyloglucose:phloretin 2′-O-glycosyltransferase; P4′GT, UDP-glucose:phloretin 4′-O-glycosyltransferase; F3′H, flavonoid 3′-hydroxylase; C3H, chalcone-3-
hydroxylase. Dotted arrow represents proposed pathway.
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phloridzin and phloretin; Tauto Biotech (Shanghai, China) for phloretin
4′-O-glucoside (trilobatin); Extrasynthese (Genay, France) for 3-hydro-
xyphloretin 2′-O-glucoside (sieboldin); Sigma-Aldrich (Shanghai,
China) for uridine 5′-diphosphoglucose disodium salt hydrate; and
Tedia (Fairfield, OH, USA) for HPLC-grade methanol. All other chemi-
cals were of analytical grade.

2.2. Quantification analysis of dihydrochalcones

Quantification of DHCs (including phloretin, phloridzin, trilobatin,
and sieboldin) in Malus samples was performed as described by Zhang
[35], with some modifications. Briefly, each frozen sample was ground
to a fine powder in liquid nitrogen. Afterward, 250 mg of the powder
was homogenized in 1.0 mL of extraction solution (70% methanol
containing 2% formic acid), then blended in a thermomixer (1000 rpm,
30 °C, 30 min), followed by centrifugation (12,000 rpm, 10 min). Each
supernatant was transferred to a new tube and, except for the fruit
samples, the lower sediment was extracted twice more with 1.0 mL of
extraction solution. The collected supernatants were then mixed and
diluted 20–100 times with that solution before being passed through a
0.22-μm syringe filter. For each sample, a 20-μL aliquot was loaded into
the Agilent 1200 HPLC system (Agilent Technology, Palo Alto, CA,
USA), which was equipped with a diode array detector (DAD) and an
Inertsil ODS-3 column (5.0 μm particle size, 4.6 mm× 250 mm; GL
Sciences Inc., Tokyo, Japan). The solvent system consisted of 50:50
(v:v) methanol (A) and water with 0.3% trifluoroacetic acid (B). Each
sample was eluted for 40 min (flow rate, 1 mL min−1; 30 °C). The DAD
was set at 280 nm to detect DHCs, and authentic samples for each were
used for identification. They were then quantified by comparing the
peak area against the standard curve (Table 1). Total DHCs were ex-
pressed as the sum of the mean values for the four DHCs mentioned
above. All samples were analyzed three times.

2.3. Identification and phylogenetic analysis of UGT genes in apple

To identify apple UGTs, we used the PSPG domain, consisting of 44
amino acids, as our query sequence in the BLASTP program, searching
against the Genome Database for Rosaceae (https://www.rosaceae.org/
node/1) with an E-value cutoff of 0.01. The predicted amino acid se-
quences were searched in the NCBI database (https://www.ncbi.nlm.
nih.gov/) to obtain accession numbers and descriptions of functions for
these UGTs. Multiple alignments of MdUGTs were performed with
amino acid sequences, using the Clustal X (version 2.1) program or
DNAMAN software, and a phylogenetic analysis was conducted with
the MEGA 5.0 program. The UGTs for Arabidopsis thaliana (hereafter
Arabidopsis) and maize (Zea mays) were obtained from NCBI and the
maize sequence database (http://www.maizesequence.org/index.
html), respectively (Supplemental Table 2). We used the Neighbor-
Joining (NJ) and p-distance methods with the pairwise deletion option
to deal with gaps in the amino acid sequences, and set the bootstrap
value to 1000 replicates. Our phylogenetic tree was visualized in the
Interactive Tree Of Life program (iTOL, http://itol.embl.de/).

2.4. Gene isolation and qRT-PCR

Total RNA was extracted from different tissues using a Wolact Plant
RNA Isolation Kit (Wolact, Hongkong, China). For reverse-transcription
PCR (RT-PCR) and quantitative real-time PCR (qRT-PCR), first-strand
cDNA was synthesized using a PrimeScript™ RT reagent Kit with the
gDNA Eraser (Perfect Real Time) (Takara, Tokyo, Japan) according to
the manufacturer’s instructions. Genomic DNA was isolated from leaves
with a Wolact Plant Genomic DNA purification Kit (Wolact).

To investigate gene expression, we performed qRT-PCR with a SYBR
Premix Ex Taq Kit (Takara) on a StepOne Plus Real-time PCR Detection
system (Applied Biosystems, Foster City, CA, USA). Each sample was
analyzed in three biological replicates. The level of relative expression
for each gene was calculated according to the 2−ΔΔCT method [36], and
Malus elongation factor 1 alpha (EF-1α; DQ341381) was used as the re-
ference gene [37]. The qRT-PCR primers are shown in Supplemental
Table 3. The heatmap was conducted with HemI software [38].

The open reading frames of MDP0000219282, MDP0000461555,
MDP00002888715, MDP0000170162, MDP0000375160, MDP0000361
449, and MDP0000318101 were amplified with primers (Supplemental
Table 3), using PrimeSTARHS DNA polymerase (Takara). The PCR products
were cloned into PMD 19-T Simple vectors (Takara) for sequencing (Sango,
Shanghai, China).

2.5. Assays of enzyme activity

The full-length cDNA fragment of MdUGTF1 was PCR-amplified
with primers containing BamHI or HindIII restriction sites
(Supplemental Table 3) and inserted into a pET-32 a (+) vector
(Novagen, Darmstadt, Germany) that was pre-digested by the same
restriction enzymes. Other fusion vectors were constructed as described
above. Recombinant pET-32 a (+) vectors harboring different genes
were independently transformed into Escherichia coli strain BL21(DE3).
Afterward, 100 μL of a positive clone strain that was cultured overnight
was inoculated into 5 mL of an LB medium containing 50 mg L−1 am-
picillin and then incubated at 37 °C until the OD600 reached 0.6–1.0.
Following the addition of 0.8 mM isopropyl-β-D-thiogalactopyranoside
(IPTG, Takara), the culture was grown at 20 °C and shaken at 120 rpm
for 36 h before a 1-mL aliquot was centrifuged (12,000 rpm, 2 min).
The cell pellet was suspended in buffer (50 mM NaH2PO4, 30 mM NaCl,
and 20 mM imidazole), then incubated at 37 °C for 30 min and frozen in
liquid nitrogen after the addition of 1 mg L−1 (final concentration) of
lysozyme. The samples were centrifuged (12,000 rpm, 10 min, 4 °C)
and the supernatant fractions were used for assaying enzyme activity.

The activity of UGT was monitored using 500-μL reaction mixtures
that contained 100 μL of protein preparation, 1 μL of phloretin
(50 mM), 1 μL of UDP-glucose (50 mM), 250 μL of Tris buffer (100 mM;
pH 7.5), 1 μL of dithiothreitol (DTT, 1 M), and 147 μL of deionized
water. The assay mixtures were incubated for 30 min at 30 °C and the
reactions were terminated by adding 40 μL of acetic acid. After cen-
trifugation (12,000 rpm, 10 min, 4 °C), the supernatants were passed
through a 0.22-μm syringe filter. Finally, 20-μL aliquots were directly
subjected to HPLC analysis on the Agilent 1200 HPLC system, as de-
scribed above, with the pET-32 a (+) vector control being run in par-
allel with the enzyme reaction.

2.6. Production of silencing ‘GL-3′ apple plants and HPLC analysis

A 238-bp fragment of MdUGT88F1 was PCR-amplified with 282F
and 282R (Supplemental Table 3) and cloned into the Gateway transfer
vector pDONR222 and then into the binary vector pK7WIWG2D, or
directly cloned into pHellsgate 2 to create the two RNAi silencing
constructs. All Gateway reactions were performed as recommended by
the manufacturer (Invitrogen). Afterward, the binary vectors pHellsgate
2 and pK7WIWG2D were electroporated into Agrobacterium tumefaciens
strain EHA105.

Table 1
Calibration curves and regression equations. 1Y, value of peak area; X, concentration of
reference compound (μg mL−1).

Compound Calibration curve1 R2

Phloretin Y = 668.044X − 50.240 0.997
Phloridzin Y = 336.495X + 16.854 0.993
Trilobatin Y = 386.284X − 11.976 0.995
Sieboldin Y = 331.190X + 22.401 0.994
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Leaves of Malus genotype ‘GL-3’ (‘Royal Gala’) were used for A.
tumefaciens-mediated transformation and selected on kanamycin-con-
taining media, according to the method of Dai [39]. Kanamycin-re-
sistant lines were further tested for the presence of the transgene using
genomic-PCR. Transgenic plants and ‘GL-3’ controls were grown on a
subculture medium [Murashige and Skoog (MS) medium supplemented
with 1.33 μM 6-benzyladenine and 1.14 μM indoleacetic acid]. The
expanding leaves of 35-day-old plants were collected and subjected to
qRT-PCR analysis and analysis of dihydrochalcones as described pre-
viously.

2.7. Statistical analysis

We used SPSS software (version 17.0) for the statistical analysis. All
data were subjected to one-way ANOVA.

3. Results

3.1. Identification and phylogenetic analysis of UGTs in Malus genotypes

The complete sequencing of the domesticated apple
(Malus × domestica Borkh.) genome [40] has greatly facilitated the
identification of apple gene families. We screened that genome using
the PSPG domain sequence and found 299 candidate UGTs. After re-
moving genes encoding the same proteins and sequences that were too
short or long, we selected for further analysis 237 that encode proteins
ranging from 208 to 932 amino acids and that have the conserved PSPG
domain (Supplemental Table 4). Gene annotation based on the apple
genome sequence database and NCBI was used to determine GenBank
accession numbers, protein lengths, numbers of exons, chromosome
locations, and functional prediction/descriptions (Supplemental
Table 4). These included some characterized UGTs involved in glyco-
sylation of phloretin in vitro, i.e., MDP0000219282 (MdPGT1, Acces-
sion no. EU246349; UGT88F1, ACZ44840; MdP2′GT, KT444675),
MDP0000163017 (UGT71K1, ACZ44835), MDP0000215525 (UGTA15,
AAZ80472), and MDP0000617956 (MdPh-4′-OGT, AY786997). All
have been characterized as harboring P2′GT activity while MdPh-4′-
OGT and UGTA15 also catalyze phloretin into trilobation in vitro
[7,9,32–34].

The UGTs in Linum usitatissimum cluster into 14 major groups (A-N)
based on the protein sequences of typical Arabidopsis UGTs in each
group [41]. Genome-wide analysis of Family-1 UGTs from 12 land
plants, including M. domestica, have revealed 16 groups, including 14
that are conserved (A-N), plus new groups called O and P [42,43]. To
classify all 237 of our apple UGTs, we constructed an unrooted tree by
aligning their full-length amino acid sequences with 19 Arabidopsis
UGTs (from Groups A-N) [42] and three maize UGTs (from Groups O-Q)
(Supplemental Table 2) [31]. This created 16 major groups, A through
P (Fig. 2), as well as three members in Group O, including two zeatin O-
glucosyltransferase (ZOG)-like genes, MDP0000850255 and
MDP0000793268, that are always found in that group [43]. Another
seven apple UGTs were clustered with a Group-P maize UGT. We
thought it interesting that all of these genes, except for
MDP0000299496, belong to UGT85A. Group Q, novel to maize, was not
found in apple UGTs.

3.2. Investigation of dihydrochalcone accumulations

We utilized the rapid, convenient HPLC system to determine DHC
concentrations in Malus leaves and detected primarily phloretin, phlor-
idzin, trilobatin, and sieboldin in amounts that varied by genotype. The
aglycone phloretin occurred at low concentrations (from an undetermined
amount to 2,077.85 μg g−1 fresh weight, or FW), therefore contributing
very little to the total DHCs. Among the three phloretin glycosides,
phloridzin was predominant, accumulating in all species/cultivar samples
at concentrations ranging from 3.56 to 161,966.20 μg g−1 FW, and

followed a Gaussian distribution (data not shown). Extremely high con-
centrations of phloridzin (>150,000 μg g−1 FW) were calculated for ZA5
(M. honanensis Rehd.) and ZA14 (M. kansuensis (Batal.) Schneid.), followed
by ZL9 (M. domestica ‘Oekonomierat Echtermeyer’), ZH18 (M. bhutanica),
ZK23 (M. hybrida ‘Irene’), ZB10 (M. rockii Rehd.), ZB3 (M. hupehensis
Rehd.), and ZI13 (unknown genotype), each containing>50,000 μg g−1

FW. In contrast, very low levels of phloridzin (<100 μg g−1 FW) were
found in ZA0 (M. spp. ‘Adams’ (North American Begonia)), ZB15 (M.
sieboldii (Reg.) Rehd.), ZD1 (M. hupehensis Rehd.), ZD7 (M. toringoides
(Rehd.) Hughes), ZD9 (M. spectabilis Borkh), ZE8 (M. zumi), ZH16 (M.
sargentii), and ZK2 (M. hybrida ‘Robinson’) (Supplemental Table 1). Those
last eight genotypes, along with 28 others, accumulated both trilobatin
and sieboldin (Supplemental Table 1). No plant lines contained only one or
the other of those two DHCs. Among the 36 showing these simultaneous
accumulations, they also displayed a wide range in phloridzin con-
centrations (3.56-29,498.54 μg g−1 FW), but only moderate variations in
total DHCs (12,797.51-99,369.24 μg g−1 FW) (Supplemental Table 1).

Measurements were also made with samples of other tissue types
from ZA0, ZB15, ZD1, ZD7, ZD9, ZE8, ZH16, ZK2, ZA5, and ZA14.
Levels of total DHCs were relatively lower in the fruit and relatively
higher in the branches (Supplemental Table 6). The same trend was
noted for phloridzin, trilobatin, and sieboldin, but no such pattern was
found for phloretin. The leaves had relatively higher total DHCs, al-
though the amounts of individual compounds were rather variable
among genotypes. For ZA0, ZB15, ZD1, ZD7, ZD9, ZE8, ZH16, and ZK2,
phloridzin was replaced by trilobatin and sieboldin. Similar results
were found in the branches, which accumulated more phloridzin but
less of the other two. The greatest variability in phloridzin concentra-
tions was detected in samples from ‘Adams’. In that genotype, those
levels were 10,825.45 μg g−1 FW in the bark and 5,267.84 μg g−1 FW
in the branches, both of which were much higher than the amounts
measured in the leaves (83.21 μg g−1 FW) and flowers (233.24 μg g−1

FW). Total DHCs were most abundant in the leaves (51,819.73 μg g−1

FW) rather than in the bark (36,494.0371 μg g−1 FW) (Fig. 3A). The
corresponding tissues from ‘Royal Gala’ also contained relatively higher
levels of phloridzin, ranging from 5,308.76 μg g−1 FW in the flowers to
20,651.76 μg g−1 FW in the leaves and 23,365.63 μg g−1 FW in the
bark. Although the distribution of phloridzin differed among tissue
types in those two genotypes, it was the predominant DHC in their bark.
In ‘Royal Gala’, the pattern of accumulation was similar for total DHCs,
being highest in the bark and somewhat lower in the leaves (Fig. 4A).

3.3. Identification of UDP-glucose: phloretin 2′-O-glucosyltransferase
(P2′GT)

The concentration of phloridzin was extremely low in ‘Adams’
leaves, where trilobatin and sieboldin were found instead (Fig. 3A). In
fact, those latter two were the most highly accumulated of the DHCs in
all tissues sampled from that cultivar (Fig. 3A). DHC concentration
range was also rather narrow when compared with other genotypes,
suggesting that low P2′GT activity was the key factor, and not two
upstream enzymes, in the biosynthetic pathway. We believe this is why
the level of phloridzin was extremely low in ‘Adams’ leaves.

Using samples from ‘Adams’ we selected 37 UGTs from each sub-group
to compare their spatial expression patterns in corresponding tissues. The
qRT-PCR assays showed that all of these genes were differentially expressed
in all tested tissues, but most were preferentially expressed in the leaves
(Fig. 5). The exceptions were MDP0000189941, MDP0000163017,
MDP0000213638, MDP0000128265, MDP0000850255, MDP0000289413,
MDP0000120322, MDP0000209283, and MDP0000154932, which were
preferentially expressed in the flowers (and MDP0000286574 and
MDP0000134856 being exclusively expressed there) (Fig. 5). Only a few
genes were highly expressed in the bark and branches. They included
MDP0000293001, MDP0000209283, and MDP0000135820–expressed in
only one tissue type − and MDP0000219282 and MDP0000839414,
showing high transcript levels in both (Fig. 5). The expression patterns of
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MDP0000839414 (Fig. 3B-a) and MDP0000219282 (Fig. 3B-b) were well-
correlated with their phloridzin profiles (Fig. 3A).

A comparable trend in expression was observed for MDP0000219282
and MDP0000839414 in ‘Royal Gala’, but different profiles for phloridzin
were shared between ‘Royal Gala’ and ‘Adams’ (Figs. 3 and 4). Using
leaves from 41 species and cultivars that strongly diverged in their
phloridzin levels (eight separate groups based on classification of phlor-
idzin and DHCs concentrations, Supplemental Tables 7 and 8), we mon-
itored the expression of MDP0000219282 and MDP0000839414 (Fig. 6A).
The average expression level of MDP0000219282 in each of the eight
groups was positively correlated with their mean phloridzin concentra-
tions (Fig. 6B-b). There, the correlation coefficient (R2) was 0.983 and an
extremely wide range in transcript abundance was noted (Fig. 6B-f). Ex-
pression was much less for individual genotype members in Group 1, a
phenomenon that closely reflected their phloridzin accumulations. Al-
though the genotypes within Groups 1 and 2 contained both trilobatin and
sieboldin, the amount of total DHCs was much higher in the former group
(Fig. 6, Supplemental Table 5). In contrast, no significant correlation was
determined between expression of MDP0000839414 and phloridzin ac-
cumulations (Fig. 6B-a), and its expression was much higher in some
genotypes within Group 1 than in members of the other groups, including
Group 8 (Supplemental Table 5). A similar relationship was found be-
tween expression of MdCHS (chalcone synthase) genes and total DHCs
(Fig. 6B-e, Supplemental Table 5). Therefore, all these results indicated
that the encoded glycosyltransferase of MDP0000219282 has an

important role in the conversion of phloretin to phloridzin.

3.4. Further identification of UGT88F subfamily members

Six other UGTs − MDP0000318101, MDP0000461555,
MDP00002888715, MDP0000170162, MDP0000375160 and
MDP0000361449–were closely clustered with MDP0000219282
(Fig. 2). To determine whether the activity of P2′GT was part of this
sub-group, we used RT-PCR and obtained the CDS from ‘Royal Gala’ for
all of them except MDP0000318101, MDP00002888715, and
MDP0000361449. Originally isolated from ‘Rebella’, M. pumila, and
‘Golden Delicious’ apple genotypes, MDP0000219282 was referred to
as UGT88F1, MdPGT1, and MdP2′GT, respectively. Therefore, this
subfamily was named after UGT88F according to the system of the UGT
Nomenclature Committee because those four UGTs shared>78%
amino acid sequence identity (Table 2) [44,45]. These were submitted
to the GenBank database with the following accession numbers:
MDP0000219282 (MdUGT88F1, KX639791), MDP0000375160
(MdUGT88F4, KX639792), MDP0000461555 (MdUGT88F6,
KX639793), and MDP0000170162 (MdUGT88F8, KX639794).

Further qRT-PCR analysis showed that the expression patterns of
MDP0000461555 and MDP0000219282 matched with the phloridzin
profiles in ‘Adams’ (Fig. 3B). For MDP0000461555, the pattern was not
totally consistent, with expression being preferential in the branches
and bark and relatively low in the leaves and flowers (Fig. 3B-e).

Fig. 2. Phylogenetic analysis of UGTs from apple. The NJ tree was created with MEGA 5.0 program (bootstrap value set at 1000), using full-length sequences of 237 apple UGTs, 18
Arabidopsis, and 3 maize UGT proteins. Bootstrap values> 50% are shown above nodes. Sub-group of UGT88F subfamily is indicated by arrow.
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However, a comparable expression pattern was also detected in ‘Royal
Gala’ (Fig. 4B-e). For further verification, we investigated its expression
in leaves from 41 genotypes. Although the mean level of expression was
significantly correlated with phloridzin concentration, we found no
significant difference in expression among our various groups (Fig. 6B-
c). In addition, expression profiles were quite similar for
MDP0000375160 and MDP0000170162 in ‘Adams’, with both showing

relatively high expression in leaves and branches (Fig. 3B). A similar
pattern was shared between MDP0000375160 and MDP0000170162 in
‘Royal Gala’, although transcript accumulations were slightly higher in
the branches and bark than in other tissue types (Fig. 6B).

Our RT-PCR results indicated no expression of MDP0000219282,
MDP0000375160, and MDP0000461555 in ‘Adams’ leaves. However,
all of them, as well as MDP0000170162, were detected in the leaves of

Fig. 3. Spatial profiles of dihydrochalcones (DHCs) and UGTs in Malus spp. cv. Adams. (A) Concentrations of phloretin, phloridzin, trilobatin, sieboldin, and total DHCs in leaves,
branches, bark, and flowers. (B) Expression patterns of UGTs in corresponding tissues. Data are means ± SD. Values not followed by same letter are significantly different (P < 0.05).
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‘Royal Gala’ (data not shown). Further qRT-PCR analysis indicated that
MDP0000219282 transcripts were only abundant in the branches of
‘Adams’ (Fig. 7).

3.5. Recombinant protein assays and sequence analysis of UGT88F
subfamily

To confirm that the true P2′GTs are defined in the UGT88F

subfamily, we expressed the recombinant proteins ectopically in a
transformed E. coli strain from which extracted total proteins were in-
dependently incubated with UDP-glucoses and phloretin. Our HPLC
analysis of the supernatants showed that phloridzin was present in the
recombinant proteins for MdUGT88F1 and MdUGT88F4 but not for
MdUGT88F6 and MdUGT88F8. Furthermore, trilobatin was not de-
tected in any of those systems (Fig. 8). The average expression level of
MdUGT88F4 in each group was positively correlated (R2 = 0.79) with

Fig. 4. Spatial profiles of dihydrochalcones (DHCs) and selected UGTs in Malus × domestica cv. Royal Gala. (A) Concentrations of phloretin, phloridzin, and total DHCs in leaves,
branches, bark, and flowers. (B) Expression patterns in corresponding tissues. Data are means ± SD. Values not followed by same letter are significantly different (P < 0.05).
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their mean phloridzin concentration (Fig. 6).
MdUGT88F1 and MdUGT88F4 shared 91.72% identity in their

amino acid sequences, and had entirely identical PSPG motifs.
Relatively low similarities were found between MdUGT88F1 and

MdUGT88F6/MdUGT88F8 as well as between the latter two genes and
MdUGT88F4. However, sequence identities were relatively higher be-
tween MdUGT88F4 and MdUGT88F6/MdUGT88F8 than when those
latter two were compared with MdUGT88F1. Because identity was
slightly higher between MdUGT88F6 and MdUGT88F8 (Table 1, Fig. 9),
we propose that MdUGT88F1 and MdUGT88F4 arose from one dupli-
cation, while MdUGT88F6 and MdUGT88F8 came from another du-
plication, which led to their diversity in functions. We found it inter-
esting that two residues in MdUGT88F1 − K160 and T161 − were not
present in MdUGT88F4, MdUGT88F6, or MdUGT88F8 (Fig. 9). The
orthologs of MdUGT88F1 and MdUGT88F4 in ‘Adams’ were cloned by
RT-PCR and genomic-PCR, respectively. Multiple alignments based on
their amino acid sequences demonstrated that they shared 98.55% and
95.43% sequence identity with MaUGT88F1 (Accession No. KX639795)
and MaUGT88F4 (KX639796), respectively, from ‘Adams’. The pre-
sence of K160T161 is a signature that can be used to distinguish those two
paralogs in Malus species and cultivars (Fig. 9). Based on these results,
we could conclude that MdUGT88F1 and MdUGT88F4 are involved in
phloridzin production.

3.6. Analysis of dihydrochalcone and qRT-PCR expression in transgenic
plants

To confirm further that the true P2′GTs are defined in MdUGT88F1
and MdUGT88F4, we designed two vectors containing a 238-bp frag-
ment to specially targeted these two genes by RNAi in ‘GL-3′plants.
From this, we obtained one pHellsgate 2 (Ri-3) and two pK7WIWG2D
(Ri1-1 and Ri3-3) transgenic plants from independent transformation
experiments after genomic-PCR identification with primers 282F/R
crossing with primers L1/2 (L1 and L2 were designed based on the
sequence of vectors) (Fig. 10A). Those three transgenic plants initially
grew normally in tissue culture, but differed slightly in phenotype two
months later. These phenotypes included stunting and reduced inter-
node length (Ri1-1 and Ri3-3) and reduced leaf size on top of the plants
(Ri-3). The expanding leaves of the three transgenic plants and ‘GL-3’
controls were collected after growing for 35 d in a subculture medium.
Two major dihydrochalcones (i.e., phloridzin and phloretin) were
qualified by HPLC analysis. The phloridzin levels in transgenic plants
were 50.94% to 66.52% of that in the controls (Fig. 10A). As we had
expected, the phloretin was highly accumulated in the knockdown
lines, with levels being up to 3.71-fold greater than in the controls
(Fig. 11B). Therefore, the ratio of phloridzin to phloretin was sig-
nificantly decreased in all transgenic plants (Fig. 11D). Although the
dihydrochalcone trilobatin was not detected in the ‘GL-3’ plants, it did
accumulate in Line Ri-3 (47.36 μg g−1 FW), but not in Ri1-1 or Ri3-3
(Fig. 11C). This indicated that low P2′GT activity altered the flux of
phloretin substrate in those transgenics. Further qRT-PCR demonstrated
that the expression of genes in the MdUGT88F family differed in those
three lines. For example, expression of MdUGT88F1 and MdUGT88F4
ranged between 16.01% and 69.44% and between 36.98% to 133.73%,
respectively. Though not expected, the expression of MdUGT88F6 and
MdUGT88F8 was also significantly interrupted at the transcriptional
level (Fig. 10B).

4. Discussion

2 Although large quantities of phloridzin are accumulated in apple
trees, its biosynthetic pathway has only recently been elucidated. Those
steps include 1) NADPH-dependent formation of 4-dihydrocoumaroyl-
CoA from p-coumaroyl-CoA by dehydrogenase; 2) formation of phlor-
etin from 4-dihydrocoumaroyl-CoA and malonyl-CoA by the common
CHS [46]; and 3) glycosylation of phloretin to phloridzin, as mediated
by P2′GT [1,10]. The first step successfully competes with common
flavonoid formation for the same hydroxycinnamic acid intermediate.
Although some potential genes have been documented, identity of the
dehydrogenase gene remains unclear [10,46].

Fig. 5. Spatial profiles of UGTs in different tissues from Malus spp. cv. Adams. Except for
MDP0000286574 and MDP0000134856, expression level is set to ‘1′ for each gene in
leaves. Bar indicates relative expression level. Pink block means no detected expression.
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3 The second step appears to be non-specific because it shares the
same CHS for chalcone production. Silencing of CHS leads to the loss of
key flavonols, e.g., naringenin chalcone and phloridzin, from the leaves
and fruit of many plants, including apple [47]. Therefore, CHS genes
are not suitable candidates for studying the physiological relevance of

phloridzin. For the third step, compelling evidence suggests that P2′GT
is a key enzyme catalyzing the rate-limiting step in the phlorizin bio-
synthetic pathway [10,48,49]. Knowledge about this glycosylation,
however, is limited. In Malus species, six glycosyltransferases −
MdPGT1, UGT88F1, MdP2′GT, UGT71K1, UGTA15, and MdPh-4′-OGT

Fig. 6. Levels of dihydrochalcones (DHCs) and expression in 8 groups of genotypes showing divergence in phloridzin accumulations. (A) Concentrations of phloridzin and total DHCs. (B)
Expression of MDP0000839414 (a), MDP0000219282 (b), MDP0000461555 (c), MDP0000375160 (d), and MdCHS (e) in Groups 1 through 8, and correlations with phloridzin con-
centrations (f). Data are means ± SD. Values not followed by same letter are significantly different (P<0.05).
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− have roles in converting phloretin into phloridzin [7,9,32,33,40].
4 In-vitro P2′GT activity has also been reported for three glycosyl-

transferases from Pyrus communis (UGT88F2, ACZ44838; UGT71K2,
ACZ44837; and UGTA16, ACZ44836) [9]; as well as for one glycosyl-
transferase from Dianthus caryophyllus (DicGT4, AB191248.1) [50] and
one bacterial glycosyltransferase (YijC, AAU40842) [51]. However,
only four of them − MdPGT1, UGT88F1, MdP2′GT, and UGT88F2 −
can selectively act on glycosylate phloretin at the 2′-OH position to

produce analytical amounts of phloridzin. In addition, it is still not clear
whether these P2′GTs reported from Malus have functionality in apple
plants. Because no strong correlation between expression levels and
phloridzin concentrations has been published, we conducted our
genome-wide identification of P2′GTs using Malus genotypes that di-
verged widely in their accumulations of phloridzin.

The composition of dihydrochalcones differs among genotypes of
Malus [9,25,28]. This contrast among species is mainly caused by dif-
ferent genetic constitutions [52]. We noted that leaf concentrations of
phloridzin, the predominant DHC in most genotypes, varied widely,
ranging from 10,195.68 μg g−1 FW (ZK13, M. hybrida ‘Red Splendor’)
to 161,956.20 μg g−1 FW (M. kansuensis (Batal.) Schneid. ZA14). The
proportion of phloridzin in leaves has previously been reported to ac-
count for up to 18% of the total dry weight in that tissue [1,2]. Here,
the amount of phloridzin made up approximately 40.5% of the total dry
weight in our samples when the water content in mature leaves was
almost 60% (data no shown). Among the 10 types of DHCs already
described from Malus species, only trilobatin and sieboldin occur in the
largest quantities, along with relatively high amounts of phloretin and
phloridzin [10]. Our investigation revealed that 36 genotypes si-
multaneously accumulated trilobatin and sieboldin as well as phlor-
idzin, a phenomenon that seems to conflict with previous reports [10]
that have never mentioned the presence of all three within the same
species. Most members of the sieboldiana group contained both sie-
boldin and phloridzin. That group includes five cultivars (ZA11, ZA12,
ZA13, ZB15, and ZD13) of M. sieboldii (Reg.) Rehd. and one (ZA3) of M.
floribunda Sield here. The exceptions were ZA12 and ZA13, neither of
which had sieboldin. In Malus trilobata, phloridzin was replaced com-
pletely by trilobatin. The latter occurred with phloridzin only in some
progeny of M. × domestica crossed with M. trilobata. Even so, the three
DHCs were also reported together in M. × domestica cv. Evereste
[53,54]. We noted with interest that eight genotypes each contained
less than 100 μg g−1 FW phloridzin. In addition to the replacement of
phloridzin with varying amounts of trilobatin and sieboldin, the latter is
thought to be converted mainly from the former, rather than from 3-
hydroxphoretin. This proposal is based on the lack of large quantities of

Table 2
Percent identities shared among amino acid sequences in members of UGT88F subfamily.
Identities were determined with DNAMAN software.

MdUGT88F1 MdUGT88F4 MdUGT88F6 MdUGT88F8

MdUGT88F1 100% 91.72% 79.92% 82.4%
MdUGT88F4 100% 82.74% 85.46%
MdUGT88F6 100% 86.9%
MdUGT88F8 100%

Fig. 7. qRT-PCR analysis of MDP 0000219282 in leaves, branches, and flowers from
Malus spp. cv. Adams. Data are means ± SD. Values not followed by same letter are
significantly different (P < 0.05).

Fig. 8. Detection via HPLC of phloridzin in different supernatants from assays of recombinant protein activity. A, HPLC spectrum of phloridzin (1), trilobatin (2), and phloretin (3)
authentic sample. B-F, HPLC spectrum of pET-32a (+), MDP0000219282, MDP0000375160, MDP0000461555, and MDP0000170162 recombinant protein assays, respectively. Arrows
indicate phloridzin peaks.
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sieboldin detected independently of trilobatin. Furthermore, progeny of
an Evereste × MM106 cross display the DHC composition (and con-
centration) of one of the parents for either phloridzin, trilobatin, and
sieboldin (Evereste profile) or phloridzin alone (MM106 profile) [54].
The concentration of trilobatin is also strongly correlated with that of
sieboldin [54]. All of these findings indicate that the activity of P2′GT
and, in particular, P4′GT, directly determines DHC profiles, and that
F3′H (flavonoid 3′-hydroxylase)/C3H (chalcone-3-hydroxylase) shows
high preference to trilobatin in Malus.

The etymology of the word ‘phloridzin’ (from the Greek phloios bark
+rhiza root) implies that it is abundant in the bark [32]. However, we
also detected high concentrations in the leaves and branches, but not in
the fruit. Although leaf levels were low in some genotypes, total DHCs
were still abundant in both leaves and branches of the above-mentioned
genotypes. Whereas phloridzin was the predominant DHC in most
samples, it was replaced by others, primarily trilobatin and sieboldin, in
some genotypes. The DHC profile was also jointly determined by P2′GT
and P4′GT activity. Hence, some species harboring extremely high le-
vels of trilobatin (and sieboldin) and much less phloridzin enabled us to

identify the true P2′GTs. Our results showed that phloridzin was rarely
found in the leaves and flowers of ‘Adams’ apple but was accumulated
in relatively large amounts in its branches and bark. Based on the level
of total DHCs in that cultivar, we suggest that phloridzin is replaced by
trilobatin and sieboldin in those leaves and flowers.

Plant UGTs utilize UDP-activated sugars as the major donor mole-
cule. Both P2′GT and P4′GT are members of that protein family. Our
phylogenetic analysis showed that the 237 apple UGTs could be clus-
tered into 16 groups, a classification that is in accord with a previous
summary [43]. However, even though our results can serve as a good
reference point, functional annotations are available for only few of
those 237 UGTs. Therefore, further characterizations are needed, be-
cause most have, to-date, been inferred based on conserved UGTs
identified through the characterization of other plant species. To im-
prove our understanding of the roles of UGTs in various apple tissues,
we must continue our monitoring of gene expression patterns. Here, 37
UGTs from each subclade were examined in corresponding samples
from ‘Adams’. Although all of them were expressed, albeit to varying
extents, MDP0000286574 and MDP0000134856 showed tissue-

Fig. 9. Alignment of sequences obtained with DNAMAN program. PSPG motif is underlined; triangles indicate K160 and T161 residues. Black shading represents identical sequence; grey
shading,> 75% sequence similarity.
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preferential expression, which is consistent with a previous report [41].
Expression of MDP0000219282 and MDP0000839414 was strongly

correlated with the accumulation of phloridzin in ‘Adams’. Meanwhile,
comparable expression patterns for those genes were also found in

‘Royal Gala’, which presented a completely different DHC profile.
Therefore, the phloridzin profile could not be reflected briefly by UGT,
and was instead jointly determined by the activities of three enzymes in
the biosynthesis pathway. Nevertheless, when compared with

Fig. 10. Identification and gene expression of transgenic lines. (A) Genomic-PCR identification of transgenic plants with different combinations of primers; ‘VC’ represents vector control;
(B) Relative expression levels of MdUGT88F family in leaves of knockdown lines. Data are means ± SD. *** indicates P-value of< 0.001; **<0.01; *< 0.05.

Fig. 11. Levels of phloretin, phloridzin, and trilobatin in transgenic lines. HPLC was used to determine concentrations of phloridzin (A), phloretin (B), and trilobatin (C). Ratio of
phloridzin to phloretin (D) was also calculated in expanding leaves from transgenic lines and ‘GL-3’ control. Data show mean± SD. *** indicates P-value of< 0.001; **< 0.01. ‘nd’, not
determined.
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phloridzin, the range in variation for amounts of total DHCs was nar-
rower (Supplemental Table 1). As expected, the total DHCs did not
individually mirror the expression level of MdCHS. Phloridzin con-
centrations were much lower in members of Group 1 than in the other
groups, and the amount of phloridzin in Group-1 samples relative to the
others ranged from 2.199 e-3% (ZD7/ZA14) to 1.063% (ZB15/ZK16).
Therefore, we believe that this extremely low level of phloridzin is
closely related to weak activity by P2′GTs in Group-1 members. Further
qRT-PCR analysis with those 41 genotypes verified that only the ex-
pression level of MDP0000219282 was closely related to the amount of
phloridzin. Our Blast revealed that MdPGT1 (from Malus pumila),
UGT88F1 (M. × domestica ‘Rebella’), and MdP2′GT (M. × domestica
‘Golden Delicious’) are the proteins coded by MDP0000219282 in those
genotypes. Each appears to accept phloretin, either exclusively or pre-
ferentially, as a glycosyl receptor and then selectively glycosylate
phloretin at the 2′-OH position to produce phloridzin in vitro. We also
confirmed that MdUGT88F1, the MDP0000219282-coding enzyme in
‘Royal Gala’, can convert phloretin to phloridzin. The same conversion
is mediated by UGT71K1 (MDP0000163017) and UGT71A15
(MDP0000215525) (data not shown). However, the expression profiles
of the latter two genes deviate from the phloridzin profiles in ‘Adams’
apple. Apart from their broader substrate acceptance, poor selectivity of
a glycosylation position for UGT71A15 on phloretin means that they
are not the key P2′GT in Malus [9]. Although MdPh-4′-OGT
(MDP0000617956) has also been characterized with P2′GT activity in
vitro, broader substrate acceptance and extremely low production of
phloridzin suggested that this enzyme is not a native P2′GT [40]. We
also found that MdPh-4′-OGT clusters with MDP0000839414 in Group
L. In that group, the expression patterns of three members
(MDP0000733506 (Fig. 5), MDP0000229280 (data not shown), and
MDP0000718430 (data not shown) do not match with the profile of
phloridzin in ‘Adams’. The accumulation of phloridzin is determined by
both the biosynthesis pathway and the lesser-known degradation
pathway, although the latter appeared to have only a negligible effect
on our study results. This suggests that MDP0000219282 is the key
P2′GT that promotes phloridzin synthesis in Malus.

MDP0000219282 clusters with six other proteins into a subgroup of
Group E. However, we could isolate only three of those proteins via RT-
PCR, thereby implying that the UGT88F subfamily has expanded in
parallel with the events of whole-genome duplication that happened
after those plant lineages separated. In fact, successive rounds of gene
duplication have occurred in other gene families, resulting in a rapid
expansion in member numbers and the origins of novel gene functions
[55]. Such paleo-duplication events and a relatively recent genome-
wide duplication have been revealed previously [40]. In particular, the
additional duplication of chromosomal fragments has had a great im-
pact on the amplification of apple genes. Functional divergence among
duplicated genes is one of the most important sources of evolutionary
innovation in a complex organism. The results from our sequence and
phylogenetic analyses suggests that MdUGT88F1 and MdUGT88F4 are
a paralogous pair, and the latter is still active in phloridzin formation in
Malus. Although a role for MdUGT88F4 (MDP0000375160) has been
described previously [9], we are the first to characterize its involve-
ment in P2′GT activity. The delay in this finding might be due to dif-
ferences in assay strategies [9]. Here, the reaction product was directly
detected in HPLC, which obviously improved the sensitivity of phlor-
idzin. Although the pattern of MaUGT88F4 (MDP0000375160) ex-
pression was poorly correlated with phloridzin profiles, an association
between the two was still apparent for some of our tested genotypes. In
addition, MdUGT88F4 shared extremely high sequence identity, in-
cluding the PSPG motif, as well as a similar spatial expression pattern,
with MdUGT88F1, in ‘Royal Gala’, which suggested function re-
dundancy between them. Therefore, MdUGT88F4 is an important, but
not key, P2′GT in Malus. At the same time, their slight sequence dif-
ferences are a sign of yet unexplained divergence. Although the ex-
pression pattern of MDP0000461555 reflected the pattern of phloridzin

accumulations in ‘Adams’, both our recombinant protein assay and
expression analysis subsequently proved that they were only weakly
associated with phloridzin synthesis. It is possible that all members of
the UGT88F subfamily originated from one ancestor and underwent
radiation during evolution. Whereas MDP0000461555 retained the
expression pattern and lost P2′GT catalytic activity in that cultivar, its
paralog, MDP0000170162, was possibly differentiated, based on our
failure to find either an expression pattern or P2′GT activity. This
suggests that differential or tissue-specific expression can be acquired in
a new copy after duplication. In fact, approximately two-thirds of all
duplicate gene pairs in Arabidopsis show divergent expression [56].

Although the P2′GT activities were defined in MdUGT88F1 and
MdUGT88F4 by in vitro enzyme assay and analysis of correlation of
expression, more powerful evidence was necessary. Therefore, we chose
gene silencing because of the extremely high amounts of phloridzin in
‘GL-3’ plants. Fortunately, the phloridzin concentration was sig-
nificantly decreased, and the aglycone phloretin was correspondingly
increased in all transgenic lines where MdUGT88F1 was significantly
silenced. Trilobatin was present only in Ri-3, but not in Ri1-1 or Ri3-3.
The presence of trilobatin was closely related with the lower P2′GT
activity and relatively higher P4′GT activity. However, further qRT-PCR
found that expression of MdUGT88F4 was reduced only in Ri-3 and was
normal in the other two lines. This suggested that MdUGT88F4 is im-
portant, but not essential, for total P2′GT activity. During the pre-
paration of this manuscript, other researchers have reported that si-
lencing of MdUGT88F1 can decrease the level of phloridzin and
increase the trilobatin concentration in ‘Royal Gala’ [57]. However,
that earlier study showed lower concentrations of phloretin than those
measured here, perhaps because of differences in sampling times. For
our experiments we selected leaves from in vitro plants while the other
one relied upon leaves collected from greenhouse-grown seedlings. This
indicated that silencing of MdUGT88F1 in apple can reduce the pro-
duction of phloridzin, regardless of developmental stage. Although
MdUGT88F4 was not monitored in the earlier work [57], we believe it
was significantly silenced. There, a larger fragment (500 bp, spanning
positions 429–928 bp) of MdUGT88F1, sharing high identity (94.60%)
with MdUGT88F4, was designed to silence MdUGT88F1 whereas we
applied a smaller fragment (238 bp, spanning 395–632) that had a re-
latively lower identity (93.28%) with MdUGT88F4 (Fig. 12). In addi-
tion, we found that the expression two other genes in the MdUGT88F
family, i.e., MdUGT88F6 and MdUGT88F8, was significantly disturbed,
but that phenomenon was not mentioned in the previous research [57].
We cannot attribute that behavior to off-target effects because expres-
sion of MdUGT88F4 was comparable in Ri1-1 and Ri3-3. It is more
likely that expression of MdUGT88F6 and MdUGT88F8 was reduced in
parallel with the accumulation of phloretin. As more lower identities
between the silencing fragment and MdUGT88F6 (80.25% and 84.60%,
respectively)/MdUGT88F8 (82.35% and 86.60%, respectively) were
found here and in the previous work (Fig. 12). Downregulation was
observed for PAL, C4H, F3H, DRF, and FLS, which that research group
attributed to the highly transient accumulation of phloretin [57].

In conclusion, we performed a genome-wide expression analysis of
the UGT superfamily in several species and cultivars of apple based on a
large-scale investigation of phloridzin concentrations. This enabled us
to identify two P2′GTs − MdUGT88F1 and its paralog MdUGT88F4.
Silencing them in ‘GL-3′ apple caused those plants to accumulate less
phloridzin but more phloretin (and trilobatin). These findings will be
beneficial to our future examinations of the physiological roles of di-
hydrochalcones in apple.
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