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ARTICLE INFO ABSTRACT

Keywords: Glycosylation modification allows the formation of anthocyanin from anthocyanidin, which enhances the sta-
Peach ) bility of anthocyanins and improves fruit coloration and anthocyanin availability as a human functional
Anthocyanin component. Flavonoid glycosyltransferases (UFGT) are responsible for catalyzing anthocyanidin glycosylation. In
Glycosyltransferase

the present study, to better clarify peach (Prunus persica L.) UFGT (PpUGT78B) function, an engineering bacterial
system was constructed, which used the anthocyanidin synthase (ANS) gene for producing cyanidin with the
incorporation of (+)-catechin precursors and further synthesized cyanidin-3-O-glucoside (C3G) with UFGT co-
expression. In addition, it was found that expression of fusion proteins with ANS and UFGT could improve
C3G production by about 15 %-20 % in engineering bacterial systems.

Furthermore, combining the molecular modeling prediction and targeted mutagenesis, this engineering bac-
terial system linked some residues in PpUGT78B to glycosylation capacity, which involved F210, L148, Q393,
G391, and H230, whose mutation resulted in reduced enzyme activity or even loss and also involved F203 and
$29 whose mutation resulted in the increased catalytic activity. Subsequently, a natural mutation of PpUGT78B
was detected by analyzing 109 peach genome re-sequencing data, and two residue mutants (E82D, V276F) were
found in two peach varieties. Further, these two natural mutation sites were confirmed to reduce PpUGT78B
activity in engineering bacterial systems. This study demonstrates the effectiveness of the engineering bacteria
system in anthocyanin biosynthesis. It offers valuable insights into the functional and structural roles of
PpUGT78B, advancing our understanding of anthocyanin glycosylation.

Engineering bacterial system
Site-directed mutation

1. Introduction Glycosylation is a key step in determining the molecular modifica-

tion of anthocyanidin, which can improve the stability and change the

Peach (Prunus persica L.) is a globally distributed fruit. Peach fruit
high nutritional value and bright colors are among the reasons for its
popularity (Kou et al., 2023; Zhang et al., 2023). Anthocyanin accu-
mulation is associated with the fruit coloration of peaches (Bai et al.,
2019; Dangles, 2024; Huang et al., 2024; Ubi, 2004; Wu et al., 2015),
which usually represents one of the most important indicators of the
maturity and quality (Fang et al., 2024; Martinez-Rivas et al., 2023; Tao
et al,, 2020). Anthocyanins possess multiple biological functions,
including protecting plants from pests or diseases (Miller et al., 2011),
and preventing photo-oxidative damage (Rapisarda et al., 2022). They
also benefit human health (He and Giusti, 2010; Sun et al., 2012).
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colors of anthocyanins (Nakajima et al., 2001). This step is catalyzed by
the final enzyme of the anthocyanin synthesis pathway, UFGT, which
has been extensively studied in anthocyanin biosynthesis (Cheng et al.,
2014). UFGT can transfer the sugar moiety of uracil nucleoside
diphosphate sugar (UDP-sugar) to a lipophilic receptor (Bowles, 2005;
Gong et al., 2024; Wang et al., 2024), thereby affecting the biological
and physiological activity of anthocyanidin molecules.

In peach fruit, cyanidin is the significant anthocyanidin type, but it is
an unstable molecule and is susceptible to glycosylation by UFGT
(Cheng et al., 2014), and thus forms stable cyanidin-3-O-glucoside
(C3G). Glycosylation results in the transport of anthocyanins from
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cytoplasm to vacuoles. Additionally, UFGT genes have been isolated
from many fruit trees, including apples, kiwifruit, strawberries, and
pears (Ban et al., 2007; Liu et al., 2019; Montefiori et al., 2011; Zhao
et al., 2019). Functional validation of these genes is essential for un-
derstanding fruit red phenotypes’ association with the molecular
mechanism. Traditionally, gene function is verified using Agro-
bacterium-mediated genetic transformation in plants. However, this
method is inherently constrained by genetic transformation techniques
and long experimental cycles. In contrast, the engineered bacterial
system provides a more efficient alternative, bypassing the complex
regulatory network of the organism. A shorter cycle time, higher effi-
ciency, and greater simplicity characterize it.

Engineering bacterial systems have demonstrated efficacy in sec-
ondary metabolism research (Hattan et al., 2023). Xu et al. constructed
engineered E.coli cells, modified UGT94-289-2 from Siraitia grosvenorii,
and combined it with a UDP-glucose regeneration system, eliminating
the need for expensive UDP-glucose and enabling the production of
Siamenoside I (Xu et al., 2022). Yan et al. used anthocyanin synthesis
structural genes, including F3H, DFR, ANS, and 3GT (flavonoid
3-O-glycosyltransferase), to produce the plant-specific anthocyanins
(pelargonid-3-O-glucoside, cyanidin-3-O-glucoside) through E. coli
fermentation (Yan et al., 2005, 2008).

In this study, we developed an engineered bacterial system for
anthocyanin biosynthesis by leveraging functional insights into the
peach glycosyltransferase PpUGT78B, a key enzyme previously char-
acterized for its role in cyanidin-3-O-glucoside (C3G) formation (Cheng
et al., 2014). This system enables rapid functional annotation of candi-
date glycosyltransferases and efficiently identifies key residues that
modulate glycosyltransferase activity. Using this system, we investi-
gated the functional changes of PpUGT78B under both directed muta-
genesis and natural variation. This platform is a powerful tool for
elucidating the roles of anthocyanin glycosyltransferases and evaluating
the biological significance of target gene mutations.

2. Materials and methods
2.1. Gene cloning and sequence analysis

Total RNA was extracted using the All-in-One Plant RNA Extraction
Kit (DNase I) (Cwbio, Beijing, China) and was reversely transcribed into
c¢DNA using HiFiScript gDNA Removal RT MasterMix (Cwbio, Beijing,
China). PpANS and PpUGT78B coding sequences were amplified from
the peach cultivar ‘Zhonghuashoutao’ peel at the ripening stage. MdANS
was amplified from the apple cultivar ‘Fuji’ peel. The PCR products were
recovered, ligated with pTOPO universal simple vector and transformed
into Trans1-T1 competent cells (TransGen Biotech, Beijing, China) for
sequencing identification. All primers used in this study are listed in
Table S1.

The sequences of all genes used in this study were obtained from the
NCBI (https://www.ncbi.nlm.nih.gov/) and GDR (https://www.rosacea
e.org/) websites, and sequence comparison was performed using the
DNAMAN 6.0 software. The MEME website predicted the conserved
domains. The phylogenetic analysis was performed using MEGA 7.0 and
the neighbor-joining (NJ) method.

2.2. Construction of recombinant vectors

The PpANS from peach was introduced into the vector pRSFDuet-1,
and the PpUGT78B from peach and At3GT from Arabidopsis thaliana
were, respectively, introduced into the vector pBluescript. These re-
combinant plasmids pRSF-PpANS and pBlue-PpUGT78B combination or
PRSF-PpANS and pBlue-At3GT combination were then heterologously
co-expressed in E. coli strain BL21 (DE3) for flask fermentation test. The
E. coli BL21 employed the negative control with empty vector pRSFDuet-
1 or pRSF-PpANS. The positive control was E. coli BL21 with pRSF-
PpANS and pBlue-At3GT combination, and the test group was E. coli
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BL21 with pRSF-PpANS and pBlue-PpUGT78B combination.
2.3. A shake flask assay for anthocyanin production and synthesis

The recombinant strain BL21 was first streaked on an LB solid me-
dium containing appropriate antibiotics for engineering bacterial
anthocyanin biosynthesis. Then, the monoclonal colonies were picked
and inoculated in a 30 mL LB liquid medium containing appropriate
antibiotics, shaking at 200 rpm and 37 °C. When the ODggg value was
approximately 0.5, IPTG was added to a final concentration of approx-
imately 1 mM to induce the expression of the recombinant proteins. The
flasks were then transferred to 20 °C, 200 rpm for 18 h; E. coli cells were
collected by centrifugation and resuspended in 6 mL of modified M9
medium. Required antibiotics and cofactors were then added (final
cofactor concentrations were 1 % glucose, 0.1 mM 2-oxoglutarate, 2.5
mM sodium ascorbate, 1 mM (+)-catechin, and 10 mM UDP-glucose,
respectively); flasks were then placed in oscillating incubation at
20 °C, 200 rpm for 48 h fermentation.

For HPLC analysis, fermentation samples were acidified with 1 %
HCl, and the acidified supernatant and precipitate were separated after
centrifugation at 12,000 rpm for 2 min. To quantify the intracellular
anthocyanin concentration, the cell precipitate was resuspended in the
same volume of methanol containing 0.1 % HCI and lysed by vortexing.
The extraction of the cell precipitate was repeated six times. The su-
pernatant of the cell precipitation extraction was then concentrated and
injected into HPLC to determine the intracellular anthocyanin yield.

2.4. HPLC analysis of anthocyanin

Fermentation products were analyzed using a Waters e2695 series
instrument with diode array detection (DAD). Compounds were sepa-
rated using a ZORBAX SB-C18 reversed-phase column (4.6 x 150 mm)
by gradient elution of water/acetonitrile (both containing 0.1 % formic
acid) at a flow rate of 1.0 mL/min with a column temperature of 25 °C,
an injection volume of 10 pL, and a full spectrum measurement. The
elution scheme was as follows (percentages refer to the volume con-
centration of acetonitrile) 0-10 min: 10 %—40 %; 10-15 min: 40 %-60
%; 15-25 min: 60 %-10 %. Anthocyanins were identified by standards,
retention times, and UV absorption spectra recorded by DAD at a
detection wavelength of 520 nm. Three injections of each sample were
used for technical replicates.

2.5. Sample pretreatment and LC-MS/MS analysis

The samples were filtered using a microporous membrane with a
pore size of 0.22 pm. Mix 15 pL of the filtered sample with 30 pL of the
extract (a 50 % methanol aqueous solution containing 0.1 % hydro-
chloric acid) and transfer the mixture to the corresponding injection
bottle for LC-MS/MS analysis. The data acquisition instrument system is
comprised primarily of Ultra Performance Liquid Chromatography
(UPLC) (ExionLC™ AD, https://sciex.com.cn/) and Tandem Mass
Spectrometry (MS/MS) (QTRAP® 6500+, https://sciex.com.cn/). The
compounds were separated using an Acquity Beh C18 1.7 pm (2.1 mm *
100 mm) chromatographic column with a water/methanol (both con-
taining 0.1 % formic acid) flow gradient of 0.35 mL/min. The column
temperature was maintained at 40 °C, the sample volume was 2 pL, and
the entire spectrum was recorded. The elution scheme is as follows
(percentile refers to the volume concentration of methanol): the pro-
portion of methanol is 5 % at 0.00 min, increased to 50 % at 6.00 min,
increased to 95 % at 12.00 min, maintained for 2 min, decreased to 5 %
at 14 min, and balanced for 2 min. The temperature of the electrospray
ionization (ESI) apparatus was set at 550 °C, the mass spectrometry
voltage was 5500 V in positive ion mode, and the curtain gas (CUR) was
set at 35 psi. In the Q-Trap 6500+, each ion pair is scanned and detected
according to the optimized declustering potential (DP) and collision
energy (CE).
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2.6. Homology modelling of PpUGT78B

AlphaFold2 was used to construct the protein structure model of
PpUGT78B, and molecular docking using Autodock was performed to
predict the potential amino acid active sites associated with the inter-
action between small molecule sugars and PpUGT78B. The protein
structure model was further visualized and analyzed using PyMOL
software.

2.7. Screening the natural mutant of PPUGT78B from genome re-
sequencing data

The 109 peach genome re-sequencing data were obtained from the
NCBI PRINA663114 project (Yu et al., 2021). A high-quality reference
genome of ‘CN14" was employed as a comparison template for the
corresponding peach genome re-sequencing reads (Lian et al., 2022).
Following the SNPs’ quality control, the re-sequenced samples’ genome
sequences were constructed. The corresponding base and amino acid
sequences were obtained from the positional information of PpUGT78B
in the GFF file. The methodology is as follows: the sequence information
downloaded from the database was quality assessed using the fast QC
software, followed by quality control using the fastq (Chen et al., 2018).
The filtered clean reads data of each sample were compared to the
reference genome using the ‘BWA-mem’ parameter (Pham-Quoc et al.,
2021), and the comparison results were generated into a bam file using
the samtools software (Li et al., 2009). The ’-sort’ command was then
used to sort the bam fileduplicate sequences caused by PCR amplifica-
tion, which were removed using the '"MarkDuplicates’ function in GATK
(Zhu et al., 2014). The ‘HaplotypeCaller’ parameter of GATK was
employed to perform variant site detection on the de-weighted bam files
and generate the vcf files containing the information of the respective
variant sites. The -g command in bcftools filter was employed to filter
SNPs at 5bp near InDels (Danecek et al., 2021); then the ‘QUAL <40.0’
and ‘restrict-alleles-to BIALLELIC’ commands to obtain loci with quality
values greater than 40 that are bi-allelic. Finally, SNPs with genotype
1/1 in each resequenced sample. The consensus command in bcftools is
employed to compare and replace the SNP sites in the filtered VCF file
with the reference genome sequence, thereby obtaining the genome
sequence of the re-sequenced samples.

2.8. Rapidly targeted mutagenesis

Use Agilent (https://www.agilent.com/store/primerdesignprogram.
jsp) to design the primers with mutation sites (Table S3) for plasmid
amplification of targeted mutagenesis. PCR amplification was per-
formed using the carrier plasmid PBLUE-PPUGT78B as a template and
using the rapid fixed-point mutation kit (KM101).The method is briefly
described as follows: Briefly, plasmid DNA harboring the target gene
was purified and used as a PCR template. Mutagenic primers were
annealed to the template, followed by amplification with a high-fidelity
DNA polymerase to generate mutated plasmids. The methylated
parental plasmid DNA was subsequently digested with Dpnl, selectively
removing the original template while retaining the newly synthesized
unmethylated mutant plasmids. Finally, the mutated plasmids were
transformed into recipient cells, where bacterial gap repair mechanisms
resolved nicked DNA structures, enabling successful replication of the
engineered plasmids. This approach ensured efficient introduction of
specific mutations while maintaining plasmid integrity.

3. Results

3.1. Establishment of an engineering bacterial system for anthocyanin
biosynthesis

To construct an efficient system for functional identification and
annotation of UFGTs. This study designed an engineering bacterial
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system for anthocyanin biosynthesis. In this system, E. coli. cells with
PRSF-PpANS plasmid could produce cyanidin in the presence of flavan-
3-ol supply. Subsequently, PpUGT78B and At3GT with glycosyl-
transferase functions from peach and Arabidopsis thaliana were tested
through co-expression in this engineering bacterial system.

The results demonstrated that the fermentation broth of engineering
bacterial systems containing solely pRSFDuet-1 empty vector exhibited
a white color. Conversely, the fermentation broths of engineering bac-
terial systems expressing the PpANS gene alone, two genes PpANS and
At3GT, or two genes PpPANS and PpUGT78B demonstrated a pink color.
Furthermore, it was observed that the engineering bacterial supernatant
was colorless when PpANS was expressed alone, whereas it was pink
when PpANS was co-expressed with either At3GT or PpUGT78B.
Notably, the red color of supernatant from the engineering bacterial
system with PpANS and At3GT combination was darker than that of
PpANS and PpUGT78B combination (Fig. 1A). HPLC analysis revealed no
anthocyanin signal peak in the control group. At the same time, a high
level of cyanidin was observed in the bacterial sample with the PpANS
gene alone (Fig. 1B). Besides cyanidin, there was one weak signal peak
of cyanidin-3-0O-glucoside observed in both bacterial samples with the
co-expression of PpPANS and At3GT and the co-expression of PPANS with
PpUGT78B. This weak signal peak was further identified as cyanidin-3-
O-glucoside by the HPLC-MS assay (Fig. 1C). Quantitative HPLC analysis
revealed that the level of C3G produced by the combination of PpANS +
At3GT was 3.8-fold higher than that of PpANS + PpUGT78B (Fig. S1).
This result aligns with the dark red color observed in the fermentation
broth, demonstrating the superior catalytic efficiency of At3GT in this
system. Notably, no C3G (pRSFDuet-1 or PpANS) was detected in the
control group.

Moreover, in the engineering bacterial system, PpUGT78B could
produce quercetin-3-O-glucoside and rutin (quercetin-3-#-D-rutinoside)
(Fig. S2). It was true that very small amounts of flavonoid glycoside and
anthocyanoside were also detected in the negative control system
(PpANS alone). We hypothesize that this is likely due to the involvement
of the bacterial glycosyltransferase enzymes. In addition, it is interesting
to note that PpUGT78B influenced procyanidin (Table 1). The above
results demonstrate the applicability of this system and its potential to
study the enzymatic functions of flavonoid glycosyltransferases.

3.2. Optimization of engineering bacterial systems through recombination
of different ANS with At3GT and PpUGT78B

It was found that the engineering bacterial system always accumu-
lated a higher level of cyanidin, demonstrating a low synthesis efficiency
for cyanidin-3-0O-glucoside (Fig. 1). To improve the yield of anthocyanin
synthesis, we detected the engineering bacterial anthocyanin biosyn-
thesis under the different combinations between ANSs and UFGTs. The
expression vectors of pBlue-At3GT and pBlue-PpUGT78B were success-
fully constructed and co-expressed with pRSF-PpANS and pRSF-MdANS,
respectively, yielding four compatible groups: MdANS and At3GT,
PpANS and At3GT, MdANS and PpUGT78B, and PpANS and PpUGT78B.
The engineering bacterial system with four groups, respectively, was
subsequently cultured in flasks utilizing the previously optimized
fermentation procedure. The results indicated that both MdANS and
PpANS ,combined with PpUGT78B produced lower levels of cyanidin-3-
O-glucosid. In comparison, both MdANS and PpANS in combination with
At3GT produced higher levels of cyanidin-3-O-glucoside, especially
MdANS and At3GT combination (Fig. S3). Therefore, we hypothesized
that the catalytic activity of PpUGT78B is relatively weak, especially
compared to At3GT.

3.3. Optimization of engineering bacterial systems through the generation
of ANS and UFGT fusion protein

Previous studies have shown that the fusion of 3GT at the N-terminal
of ANS performs better in transforming (+)-catechin into cyanidin-3-O-
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Fig. 1. Anthocyanin analysis in an engineering bacterial system. A. Phenotype of the engineering bacterial system: Samples in the first line were of acidified bacterial
broth, and the second line showed the supernatant and precipitation of the acidified bacterial broth after centrifugation. B. The supernatant of engineering bacteria
was analyzed by HPLC, and the determination of substances was based on the comparison of retention time and standard substance. Peak 1: Cyanidin -3-O-glucoside;

Peak 2: Cyanidin. C. Cyanidin-3-O-glucoside was further identified by LC-MS/MS.

Table 1

Mass spectrometry detection of anthocyanins and flavonoids in engineering bacteria system.

Compounds Molecular Weight Ton mode Tonization model Formula PpANS (pg/ml) PpANS + PpUGT78B (ug/ml)
Cyanidin-3-O-glucoside 449.108 Positive [M+H]+ C21H21011 0.007 129
Quercetin-3-0-glucoside 464.095 Positive [M+H]+ C21H20012 N/A 0.552
Rutin 610.153 Positive [M+H]+ C27H30016 0.001 0.282
Dihydromyricetin 320.053 Positive [M-+H]+ C15H1208 N/A 0.056
Kaempferol-3-O-rutinoside 594.158 Positive [M+H]+ C27H30015 0.002 0.028
Cyanidin-3-O-sophoroside 611.161 Positive [M+H]+ C27H31016 N/A 0.012
Delphinidin-3-O-glucoside 465.103 Positive [M+H]+ C21H21012 N/A 0.013
Procyanidin A2 576.127 Positive [M+H]+ C30H24012 0.008 0.175
Procyanidin B3 578.142 Positive [M+H]+ C30H26012 N/A 0.015
Afzelin 432.106 Positive [M-+H]+ C21H20010 0.015 N/A

glucoside (Yan et al., 2008). To enhance the synthesis capacity of C3G,
two translational fusion proteins were constructed: TAl
(pRSF-PpUGT78B-MdANS) and TA2 (pRSF-At3GT-MdANS). The primers
are shown in Table S2. In addition, to enhance the effect of protein
fusion, a mini linker Ser-SerGly-Ser-Gly was introduced between MAANS
and PpUGT78B/At3GT.

Table 2
Cyanidin-3-0O-glucoside production by translational fusion of UFGT with ANS.

E. coliStrain ~ Plasmids Cyanidin-3-O-glucoside (pg/
mL)
BL21 (DE3) PRSF-MdANS -+ pBlue- 14.99 + 1.06
PpUGT78B
PRSF-MdJANS + pBlue-At3GT 102.66 + 0.56
TA1 (pRSF-PpUGT78B-MdANS) 17.41 £+ 0.76*
TA2 (pRSF-At3GT-MdANS) 123.75 + 1.15*

Note: *Significant differences between the fusion protein groups (TA1 and TA2)
and their respective control groups (pRSF-MdANS + pBlue-PpUGT78B or pRSF-
MdANS + pBlue-At3GT), respectively, were confirmed using the Student-
Newman-Keuls (SNK) multiple range test (p < 0.05).

As shown in Table 2, the fusion proteins TA1 and TA2 exhibited
cyanidin-3-0O-glucoside production of 17.41 pg/mL and 123.75 pg/mL,
respectively. The production of cyanidin-3-O-glucoside through TA1l
and TA2 was 16.11 % and 20.54 % higher than that of the corresponding
control, respectively.

3.4. Engineering bacterial system promotes the discovery of key residues
associated with UFGT activity

To expand the use of this engineering bacterial system for annotating
the key residues associated with PpUGT78B activity. First, we compared
the homologous relationship between PpUGT78B and various UFGTs in
different plants. We constructed a phylogenetic tree using MEGA7
software (Fig. 2A). The predicted motifs from meme-suit (https://mem
e-suite.org/meme/) showed that all these enzymes contained the
conserved PSPG domain (Fig. 2B). PpUGT78B (peach, XP_007217952.1)
exhibited high sequence similarity to VvGT1 (grape, NP_001384786.1)
(Offen et al., 2006), while displayed a distant relationship to
MtUGT71Gl1  (lucerne, MtUGT71G) and MiUGT (mango,
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Fig. 2. A. Phylogenetic tree of UFGTs from different plants. Genes highlighted with red symbols were used as references for selecting mutation sites. Pp, Prunus
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Effect of various PpUGT78B mutants on C3G production. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)

AOAOM4KE44.1) (Shao et al., 2005; Wen et al., 2021).

To excavate the key residues associated with the activity of
PpUGT?78B, based on the homologous relationship and previous struc-
tural studies of anthocyanin glycosyltransferase (Li et al., 2021; Ren
et al., 2023), the present study selected several residues of PpUGT78B
for targeted mutation. The mutation residues included F203A, F210A,
L214A, G391A, L148T, L148A, D392A, Q393N, and Q393H (Fig. 2C),
which are all recognized in previous studies as having important effects
on glycosyltransferase activity (Shao et al., 2005; Wen et al., 2021; Ren
et al., 2023). The plasmid carrying pRSF-MdANS and pBlue-PpUGT78B
was employed as a control strain (Fig. 2D). To confirm the potential
galactosyltransferase activity, UDP-galactose was also added in parallel
to the bacterial system. The results showed that mutation D392A elim-
inated detectable catalytic activity, whereas Q393N and G391A muta-
tions also showed severely impaired or eliminated catalytic activity, and
Q393H did not have galactosyltransferase activity. Both L148T and
L148A reduced the activity by 54.6 % and 78.93 %, respectively; the
F203A mutation increased the activity by 1.03-fold compared to the
wild type, whereas F210A and L214A reduced it by 51.15 % and 7.22 %,

respectively (Fig. 2E).

3.5. Computational modeling and molecular docking analysis of
PpUGT78B

The 3D structure of proteins is of significant value in the pursuit of a
comprehensive comprehension of the interrelationship between protein
sequence and function. A 3D model of PpUGT78B was constructed based
on the VVGT1 (PDB:2C1X) protein structure. The stereochemical mass
analysis demonstrated that 99.2 % of the amino acid residues in the
model structure of PpUGT78B were within a reasonable range.
Furthermore, 86.8 % of the amino acid residues scored above 0.2 by the
scoring procedure. The predicted results indicated that 10 amino acid
residues of PpUGT78B were involved in the biosynthesis of cyanidin-3-
O-glucoside. Consequently, the 3D structure of the PpUGT78B protein,
derived through homology modeling, may be employed for further
studies.

To identify the residues involved in enzyme-substrate and enzyme-
sugar donor recognition in the glycosylation reaction, cyanidin and
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UDP-glucose were docked to the active site of PpUGT78B to form a
bound conformation (Fig. 3A-C). The binding modes of cyanidin and
UDP-glucose to PpUGT78B were analyzed to identify residues respon-
sible for enzyme-substrate and enzyme-sugar donor recognition in the
catalytic reaction. A total of four new candidate residues that might be
involved in the UDP-glucose binding reaction were finally identified
(SER-372, SER-29, ASN-230, HIS-368) (Fig. 3D), of which two residues,
SER-29 and ASN-230, were also predicted to be involved in the cyanidin
binding reaction (Fig. 3E). The mutants of H230A, H368A, S29A, and
S372N were detected for identifying the effects on enzyme activity using
the engineering bacterial system (Fig. 3F). The mutant H230A resulted
in a complete loss of activity. The mutant H368A reduced the activity by
31.9 %. In contrast, the mutant S372N showed insignificant differences
compared to the control, while the mutant S29A increased the catalytic
activity by 23.5 %.

3.6. Natural variation of PpPUGT78B in the peach population

Natural mutants in residues might affect the activity of the enzyme.
To verify the existence of natural variation in PpUGT78B, this study
extracted the PpUGT78B gene sequences from 109 peach genome re-
sequencing data. The results demonstrated that PpUGT78B is highly
conserved across natural populations, and only two samples involved
two residue mutants at 82 and 276 sites. At residue 82 site of PpUGT78B,
unlike glutamic acid (E) in other peach varieties, it is aspartic acid (D) in
‘Zhanghuang 7’ and ‘Roupantao’ varieties; At residue 276 site of
PpUGT78B, unlike valine acid (V) in other peach varieties, it is
phenylalanine acid (F) in ‘Zhanghuang 7’ and ‘Roupantao’ varieties
(Fig. 4A). To determine the effect of these two variants on PpUGT78B
enzyme function, the mutant genes were expressed in engineering bac-
terial system, which showed that the E82D and V276F mutations
reduced activity by 64 % and 10.46 %, respectively (Fig. 4B).

4. Discussion

The value and importance of anthocyanins to the food and phar-
maceutical industries are steadily increasing (Ren et al., 2023). Current
methods of producing anthocyanins are purified from plant tissues. Still,
they are subject to numerous conditions, such as seasonality, geographic
variation, and low yields (Yang et al., 2024), limiting their broader
application compared to other natural colorants. Although efforts have
been made to produce anthocyanins from plant cell cultures,
commercial-scale production remains challenging due to the complex-
ities of large-scale cultivation (Kobayashi et al., 1993; Zhong et al.,
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1991). In contrast, the E. coli fermentation culture system is more
mature and scalable for industrial production. In addition, the E. coli
system is simpler and easier to use in scientific research than in vitro
enzyme activity analysis. Compared with functional verification by
plant genetic transformation, E. coli has a short cycle time and is efficient
and simple, incredibly functional verification of large quantities of
target genes, which can be achieved using the E. coli anthocyanin syn-
thesis system.

In the present study, a recombinant strain of E. coli was constructed
using anthocyanin biosynthesis genes from peach, apple, and Arabidopsis
and successfully synthesized cyanidin-3-O-glucoside (Fig. 1). The above
results provide a simple and efficient way for functional verification of
anthocyanin biosynthesis genes, especially glycosyltransferase gene
family.

Under UDP-glucose supply, the biotransformation products obtained
using the E. coli system are mainly flavonoid O-glucosides (Lim et al.,
2004). In addition, flavonoid O-galactoside, flavonoid O-arabinoside,
flavonoid O-glucuronide, flavonoid O-xyloside, and flavonoid O-rham-
noside can also be produced either by modification of E. coli strain or by
additional supplementation with other UDP-glycosides (Kobayashi
et al., 1993; Pandey et al., 2013; Zhong et al., 1991), and these studies
have elucidated the bioactivity of different flavonoid O-glycosyl-
transferases (Holler et al., 2012; Juergenliemk et al., 2003; Kim et al.,
2012; Lim et al., 2004).

During plant evolution, variations in enzyme activity directly influ-
ence product accumulation. To enhance yield, we designed translational
fusion proteins TAl (PpUGT78B-MdANS) and TA2 (At3GT-MdANS),
mimicking enzyme colocalization strategies observed in plant cells.
These constructs all increased the yield of C3G. The improvement likely
arises from spatial proximity between ANS and UFGT, which facilitates
substrate channelling and minimizes intermediate diffusion (Yan et al.,
2008). Similar approaches in E. coli systems have demonstrated that
enzyme colocalization significantly enhances metabolic flux (Hattan
et al., 2023).

Glycosylation is primarily carried out by glycosyltransferases, which
contain a conserved UDP-glycosyltransferase-specific region (UDPGT),
serving as a recognition domain for glycosyltransferases and a binding
site for uridine diphosphate glycosyl donors. PpUGT78B, involved in the
biosynthesis of cyanidin-3-O-glucoside in peach, contains a PSPG box,
where the last residue is glutamine (Q), conferring glucosyl transfer
activity (Cheng et al., 2014). In other plants, such as mulberry, Arabi-
dopsis thaliana, grapevine, and wild oyster, the last amino acid residue in
the PSPG box of glucosyltransferases is also glutamine, highlighting its
conserved role (Feng et al., 2010). By comparing the amino acid
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Fig. 3. Computer modeling and molecular docking based PpUGT78B structure. A-B. Stereo (divergent) view of PpUGT78B in Michaelis complex with UDP-glucose
(donor) and cyanidin (acceptor). The molecule is color-ramped from the N-terminus (blue) to the C-terminus (red) with the ligands shown in the ‘ball-and-stick’
representation. C. Perspective view of substrate binding pocket. D. The predicted residues associated with the interaction between PpUGT78B and UDP-glucose. E.
The predicted residues are associated with the interaction between PpUGT78B and cyanidin. F. Contents of C3G produced in the engineering bacterial system with
various PpUGT78B mutants. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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C3G production.

sequences of seven glucosyltransferases and six galactosyltransferases, it
is found that glutamine and histidine are highly conserved as the last
amino acid residues in UDPGT of glucosyltransferases and galactosyl-
transferases, respectively. One residue (H374) located within the PSPG
motif was found to be specific for UDP-Gal recognition in houttuynia
cordata UGT78A2 (GaT), and site mutation of H374Q converted the
enzyme from galactosyl recognition to glucosyl recognition (Kubo et al.,
2004). In this study, we performed targeted mutagenesis of the last
amino acid residue of the PpUGT78B conserved region (UDPGT) and
found that the mutation of Q393H did not confer galactosyltransferase
activity, but instead eliminated glycosyltransferase activity (Fig. 2). This
is in agreement with the result of Kubo et al., in which the reverse
mutations in Scutellaria baicalensis UFGT do not confer galactosyl-
transferase activity, suggesting that several other structural features
must be present to mediate substrate-specific shifts (Hans et al., 2004;
Kubo et al., 2004). It has been shown that sugar donor specificity
recognition results from differences in the enzymatic activity of UFGTs,
particularly at the PSPG amino acid site, and that multiple amino acid
residues contribute to the determination of sugar specificity. The present
study suggests that a single amino acid residue in PpUGT78B may be
critical for UDP sugar specificity and also demonstrates the highly
complex nature of UDP sugar recognition (Kohara et al., 2007; Modolo
et al., 2007; Thorsge et al., 2005; Yonekura-Sakakibara et al., 2007).

Our assay analysis of the other mutation sites showed that the D392A
mutation eliminated detectable catalytic activity. At the same time, the
Q393N and G391A mutations also showed severely impaired or elimi-
nated catalytic activity, and their loss of activity may be due to their
location in the highly conserved PSPG structural domain, which is
associated with sugar donor binding (Fig. 2). In the active centre of the
grape VVGT1 enzyme, residues Glu252 and Arg386 form hydrogen
bonds with UDP-glucose and flavonoid moieties, respectively, and
catalyze ester bond formation (Offen et al., 2006). These results support
the importance of the residue G391, D392, and Q393 of PpUGT78B in
the catalytic reaction (Fig. 2). The mutation of H230A also resulted in a
complete loss of enzyme activity. Based on the prediction of the mo-
lecular docking model, this study suggests that the H230 site interacts
with both the donor and acceptor and is the key site controlling the
activity of PpUGT78B (Fig. 3). Analysis of the 3D protein structure of
PpUGT78B revealed that the only direct interaction of 06 from glucose
is with Leu148, and mutation of this residue in PpUGT78B showed that
mutation of both L148T and L148A reduced activity, consistent with the
conclusion that O6 reduces enzyme activity in catalysis (Fig. 2).

This study also identified two mutation sites, S29 and F203 in
PpUGT78B, that enhance enzymatic activity. The S29A mutation
increased PpUGT78B activity by 23.5 %, likely by altering the flexibility
of the substrate-binding pocket. Molecular docking analysis suggested
that S29 interacts with UDP-glucose (Fig. 3E), and its substitution may
optimize donor binding. Similarly, the F203A mutation enhanced ac-
tivity by 1.03-fold, consistent with findings from the mango MiCGT
mutation (Wen et al., 2021). Phylogenetic tree analysis revealed that

MiCGT and PpUGT78B are distantly related despite belonging to the
GT1 family of glycosyltransferases. Nevertheless, mutations at the cor-
responding site in both enzymes increased activity, possibly due to
reduced steric hindrance for cyanidin entry (Wen et al., 2021). These
residues represent novel targets for engineering hyperactive UFGTs.

The engineering bacterial system established in this study is a
powerful tool for identifying the key residues that control the activity of
PpUGT78B. By combining genome-wide resequencing data and targeted
mutagenesis, it was found that PpUGT78B is highly conserved in peach
tree populations, with only two natural variations (E82D and V276F)
identified in two cultivars (‘Zhanghuang 7’ and ‘Roupantao’). Func-
tional verification in the current system demonstrated that these mu-
tations reduced the enzyme activity by 64 % and 10.46 %, respectively
(Fig. 4B). Despite their location outside the conserved PSPG domain,
these residues may influence substrate binding or protein stability,
highlighting the importance of non-catalytic regions in enzyme opti-
mization during evolution, a notion supported by research on other
plant glycosyltransferases (Cheng et al., 2014; Wen et al., 2021).

Although direct quantification of anthocyanins in ‘Zhanghuang 7’
and ‘Roupantao’ was hindered by the scarcity of materials, reference
record describes ‘Roupantao’ as a cultivar with ‘green and white skin’
(Wang et al., 2012), which represents a weak anthocyanin accumula-
tion. This correlation highlights the potential of these mutations as
molecular markers for anthocyanin accumulation traits. This study es-
tablishes a framework for identifying functional variations in peach
anthocyanin improvement strategies through combining genomic data
and biochemical analysis. In addition, this study underscores the po-
tential of targeting PpUGT78B mutations through molecular breeding or
gene editing to enhance anthocyanin accumulation and improve the
visual quality of peach fruits.

5. Conclusion

In this study, the structural genes ANS and UFGT for the synthesis of
anthocyanins were used to successfully construct an engineering system
for anthocyanin synthesis in E. coli, and we discovered methods to
improve anthocyanin synthesis efficiency in these bacterial systems. In
addition, based on evolutionary analysis, molecular docking, and peach
resequencing data, the engineering bacterial system was used to quickly
verify some residue sites, including the first discovery of the critical
residue sites, positively or negatively affecting peach PpUGT78B
enzyme function These results provide a basis for a deeper under-
standing of the sugar-specific transfer mechanism of PpUGT78B and
help develop a new approach to exploiting anthocyanin synthesis in
peaches.
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