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Abstract 
Hyperoside is used as the standard to assess the quality of Hyperin perforatum L and exhibits many biological properties. To 
improve the yield of hyperoside in Escherichia coli, four UDP-galactose synthesis pathways were screened and a recombinant 
strain was reconstructed by using an efficient UDP-galactose generation system coupled with Petunia hybrida glycosyltrans-
ferase to biosynthesis hyperoside from quercetin. By adopting the resting cell transformation, maximal hyperoside production 
of 4574 mg/L and average productivity of 63.5 mg/L/h were achieved after 72 h of biotranformation. Subsequently through 
recycling of resting cells, average productivity within 72 h reached 126 mg/L/h, which was 100% higher than that in the 
batch fermentation. Hyperoside production reached equivalent to 18,000 mg/L by recycling seven times of resting cell in 
168 h, which was 393% of that in the batch fermentation and the first to reach 10 g per liter scale in E. coli. Therefore, this 
study provides an efficient method for construction of UDP-galactose synthesis pathway and hyperoside production in E. coli.
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1  Introduction

Flavonoids are a large class of over 10,000 natural com-
pounds found in various plants. They are of significant inter-
est due to their varied applications in the fields of flavors, 
agriculture, nutrition, and pharmaceutics [1–4]. In recent 
years, some special flavonoids have attracted scientific atten-
tion because of their effective pharmaceutical activities such 
as antiviral, anti-inflammatory, antidepressant, apoptotic, 
and antifungal activities [5–12]. For example, hyperoside 
(quercetin 3-O-galactoside) is used as the standard to assess 
the quality of Hyperin perforatum L, which is traditional 
Chinese medicine and exhibits higher bioactivity compared 
to that of quercetin in some respects [8, 11]. However, it is 
difficult to produce hyperoside in an industrial scale because 
of its low concentration and complex composition in the 
plants [13, 14]. Quercetin has been cheaply produced in 
an industrial scale from Sophora japonica L. via solvent 
extraction, hydrolysis, and column chromatography in China 
[15]. Hyperoside has one more galactose residue at the C-3 
position than quercetin. Theoretically, hyperoside can be 
obtained by glycosylating quercetin at the C-3 position [16].

Structural modifications of flavonoids are an important 
method for the structural and functional diversification of 
natural flavonoids [17, 18]. The glycosylation of querce-
tin can increase its biological activity, bioavailability, and 
value [5, 16, 19, 20]. In plants, UDP-glycosyltransferases 
catalyze the glycosylation of flavonoids by transferring a 
sugar molecule from the UDP-sugar to an acceptor. Many 
kinds of UDP-glycosyltransferase genes have been cloned 
and expressed. Some recombinant strains harboring UDP-
glycosyltransferase genes have been reconstructed to pro-
duce flavonoid glycosides [2, 19–24]. De Bruyn et al. devel-
oped a glucosylation platform in vivo through expressing 
sucrose phosphorylase and uridylyltransferase to increasing 
UDP-glucose supply in E. coli. Subsequently, the recom-
binant strain with an efficient UDP-galactose supply was 
reconstructed by overexpressing UDP-galactose/4-epimerase 
gene [18, 23]. By introducing the UDP-glycosyltransferase 
gene, titers of hyperoside in the recombinant strain reached 
940 mg/L [23]. Although hyperoside production reached 
almost the gram scale, it is difficult to further improve 
hyperoside production towards low-cost production because 
flavonoids can affect the activity of DNA topoisomerase 
causing the growth inhibition of recombinant strains [25]. 
Resting cells can overcome these problems and have been 
used to biotransformation because of separation of growth 
and transformation. On the other hand, resting cells can be 
recovered by centrifugation and be used for several rounds 
of biotransformation [26–29].

Another UDP-glucose synthesis pathway with cellobiose 
phosphorolysis has recently been developed in E. coli by 
introducing the cellobiose phosphorylase and the UTP-glu-
cose-1-phosphate uridylyltransferase genes, which could not 
only enhance the UDP-glucose supply, but also be helpful 
for the metabolism and growth of bacteria [30–32]. Thus, a 
novel and efficient UDP-galactose platform in vivo has been 
developed by using the UDP-glucose synthesis pathway cou-
pled with UDP-galactose/4-epimerase gene. On the basis, a 
recombinant strain was reconstructed to produce hyperoside. 
The biotransformation conditions for producing hyperoside 
by the resting cells were determined.

2 � Materials and Methods

2.1 � Strains, Plasmids, Media, and Chemicals

All plasmids and strains used in this research are listed in 
Table 1. Escherichia coli JM109 and BL21 (DE3) strains 
were grown at 37 °C in Luria–Bertani medium (LB) and 
supplemented with antibiotics when required. Quercetin 
was purchased from Shananxi Huike Botanical Develop-
ment Co., Ltd. (Shanxi, China). Hyperoside was purchased 
from MUST Bio-Technology (Chengdu, China). LB medium 
contained 10 g/L tryptone, 5 g/L yeast extract, and 10 g/L 
NaCl; TB medium contained 12 g/L tryptone, 24 g/L yeast 
extract, 2.32 g/L KH2PO4, 12.54 g/L K2HPO4, and 10 g/L 
glycerol; M9 medium contained 3 g/L Na2HPO4, 1.5 g/L 
KH2PO4, NH4Cl 0.5 g/L, 1 mM MgSO4, and 2 g/L glycerol.

2.2 � Plasmid Construction

DNA manipulations were performed according to standard 
procedures [33]. The flavonol 3-O-galactosyltransferase gene 
(PhUGT​) was obtained by digesting with NcoI and EcoRI 
from pACYCDuet-PhUGT [16, 34] and subcloned into the 
expression vector pCDFDuet-1 at the NcoI and EcoRI sites to 
create pCDFDuet-phUGT. UDP-galactose/4-epimerase gene 
(galE) was obtained by digesting with NcoI and EcoRI from 
pACYCDuet-GalE and subcloned into the expression vector 
pET-28a at the NcoI and EcoRI sites to create pET-28a-GalE.

2.3 � Hyperoside Production from Quercetin 
by the Recombinant Strains

The recombinant strains were inoculated into 5 mL fresh LB 
medium containing appropriate antibiotics and were grown 
at 37 °C until the OD600 reached 0.8. A total of 1000 mg/L 
quercetin, 5 g/L cellobiose or sucrose, and 0.1 mM IPTG 
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were added to the recombinant strains. The fermentation 
broths were incubated at 20 °C, 30 °C or 37 °C and 180 rpm 
for 24 h. Ten volumes of methanol were added directly to 
the fermentation broths. The supernatant was harvested by 
centrifugation at 12,000×g for 5 min and analyzed using 
high-performance liquid chromatography (HPLC).

2.4 � Hyperoside Production by the Resting Cells

The recombinant strains were inoculated into 50 mL fresh 
LB medium containing appropriate antibiotics and were 
grown at 37 °C for 24 h. The seed culture was then inocu-
lated in 300 mL fresh TB medium containing appropriate 
antibiotics and were grown at 37 °C until the OD600 reached 
1.0. Cellobiose (2 g/L) and IPTG (0.1 mM) were added to the 
broth incubated at 20 °C for 12 h. The recombinant strains 
were harvested by centrifugation at 5000×g for 10 min 
and were re-suspended by LB, TB, or M9 medium. The 
broth (5 mL) was used in tubes with the silica gel plug. For 
more oxygen supply, the broth (20 mL) was used in shakes 
(100 mL) the eight-layer gauze. Different concentrations of 
recombinant strains were incubated at different temperatures 
(20 °C, 30 °C, and 37 °C) for 48 h with different IPTG con-
centrations (0.05 mM, 0.1 mM, 0.2 mM, and 0.4 mM), dif-
ferent cellobiose concentrations (5 g/L, 10 g/L, 15 g/L, and 
20 g/L), different DMSO concentrations (1%, 3%, 5%, 6%, 
8%, and 10%), and different quercetin concentrations (2 g/L, 
3 g/L, 4 g/L, 5 g/L, and 6 g/L). Fifty volumes of methanol 
were added to the fermentation broths and the samples were 
measured using a method similar to that described above.

2.5 � Hyperoside Production by Recycling the Resting 
Cells

The recombinant strains were inoculated using a method 
similar to that described above. M9 medium (200 mL) was 
used to re-suspend the recombinant strains to OD600 = 20. 
A total of 2 g/L quercetin, 10 g/L cellobiose, 5% DMSO, 
0.1 mM IPTG, and antibiotics were added to the broth incu-
bated at 30 °C for 24 h. The resting cells were recycled by 
centrifugation at 5000×g for 10 min and were re-suspended 
by M9 medium (200 mL) with 2 g/L quercetin, 10 g/L cello-
biose, 5% DMSO, 0.1 mM IPTG, and antibiotics. The broth 
incubated at 30 °C for 24 h. The whole process recycles 
seven times. The samples were measured using a method 
similar to that described above.

2.6 � Product Purification

The reaction solution at first and second recycles was har-
vested by centrifugation at 10,000 g for 5 min. The super-
natant was applied to a AB-8 column macroporous resin 
(2.5 × 30 cm, Jianghua, China) equilibrated with the distilled 
water, and was eluted with 50% ethanol. The elution with 
50% ethanol was collected and evaporated to dryness, and 
the product was analyzed by LC/MS and NMR.

2.7 � HPLC and Liquid Chromatography‑Mass 
Spectrometry (LC/MS) Analysis

Cellobiose was determined with an HPLC 1200 system 
(Agilent, USA) and a Prevail Carbohydrate ES 5 μm column 
(250 mm×4.6 mm; Grace, USA) according to a previous 
method [30]. HPLC analysis of quercetin and hyperoside 
was performed using an HPLC 1200 system (Agilent, USA) 

Table 1   Plasmids and strains used in this study

Plasmids/strains Descriptions References

Plasmids
 pACYCDuet-pgm-galU pACYCDuet-1 carrying pgm and galU from E. coli K12 [35]
 pACYCDuet-cscB-Basp-

ugpA
pACYCDuet-1 carrying cscB from E. coli W, Basp from B. adolescentis, and ugpA from B. 

bifidum,
[35]

 pACYCDuet-cep-ugpA pACYCDuet-1 carrying cep from Saccharophagus degradans and ugpA from Bifidobacterium 
bifidum

[30]

 pCDFDuet-phUGT​ pCDFDuet-1 carrying phUGT​ from Petunia hybrid This study
 pET-28a-galE pET-28a carrying galE from E. coli K12 This study

Strains
 BL-phUGT-O E. coli BL21(DE3) harboring pET-28a-GalE and pCDFDuet-phUGT​ This study
 BL-phUGT-I E. coli BL21(DE3) harboring pET-28a-GalE, pACYCDuet-Pgm-GalU and pCDFDuet-phUGT​ This study
 BL-phUGT-II E. coli BL21(DE3) harboring pET-28a-GalE, pACYCDuet-cscB-Basp-UgpA and pCDFDuet-

phUGT​
This study

 BL-phUGT-III E. coli BL21(DE3) harboring pACYCDuet-Cep-UgpA, pET-28a-GalE and pCDFDuet-phUGT​ This study
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and a C18 (25×4.6 mm; i.d., 5 μm) column with metha-
nol (A) and distilled water (B) at an A/B ratio of 55:45 for 
15 min. The flow rate was 0.8 mL/min, and detection was 
performed by monitoring the absorbance at 368 nm. LC/
MS for quercetin and hyperoside were analyzed in an LTQ 
Orbitrap XL LC/MS in negative mode with an ion trap ana-
lyzer. The ion spray was operated at 25 Arb N2/min, 3.5 kV, 
and 300°C.

2.8 � Structural Identification

The structure of the product was determined using the pro-
ton and carbon nuclear magnetic resonance (1H-NMR, 13C-
NMR) spectrum method (Bruker AVANCE IIII 400) and 
DMSO-d6 was used as the solvent. 1H NMR (500 MHz, 
DMSO-d6) δ 12.63 (s, 1H), 10.84 (s, 1H), 7.67 (dd, J = 8.9, 
2.4 Hz, 1H), 7.53 (d, J = 2.5 Hz, 2H), 6.82 (d, J = 8.8 Hz, 
1H), 6.40 (d, J = 2.3 Hz, 2H), 6.20 (d, J = 2.3 Hz, 2H), 
5.37 (d, J = 8.1 Hz, 1H), 3.65 (d, J = 3.7 Hz, 2H), 3.57 (t, 
J = 8.8 Hz, 1H), 3.46 (dd, J = 10.4, 5.7 Hz, 1H), 3.39–3.26 
(m, 5H). 13C NMR (126  MHz, DMSO-d6) δ 177.48, 
164.10, 161.22, 156.29, 156.23, 148.44, 144.81, 133.49, 
121.98, 121.09, 115.94, 115.17, 103.92, 101.80, 98.64, 
93.48, 75.83, 73.18, 71.19, 67.91, 60.12.

3 � Results and Discussion

3.1 � Engineering UDP‑Galactose Synthesis Pathway 
for Hyperoside Production

UDP-sugar is an important factor in glycosylation [18, 23, 
30, 35]. To increase hyperoside production, it is important 
to improve the supply of UDP-galactose in the recombinant 
strains. UDP-galactose is synthesized from UDP-glucose 
by the UDP-galactose/4-epimerase in E. coli, therefore to 
increase hyperoside production must increase the supply of 
UDP-glucose. In this study, four methods for improving the 
supply of UDP-galactose were adopted by introducing dif-
ferent UDP-glucose synthesis pathways in the recombinant 
strains (Fig. 1). Hyperoside production in the strain BL-
phUGT-I, which was constructed by enhancing the original 
UDP-glucose synthesis pathway, was 388 mg/L, but it has 
not been significantly improved in hyperoside production 
compared with the strain BL-phUGT-0 (Fig. 1). Hypero-
side production in the strain BL-phUGT-II was 505 mg/L at 
20 °C of conversion temperature, which was 1.4 times higher 
than that produced in the strain BL-phUGT-0. Hyperoside 
production in BL-phUGT-II reduced remarkably as the 
conversion temperature increased. The highest hyperoside 
production was determined in the strain BL-phUGT-III with 
682 mg/L at 30 °C of conversion temperature, which was 
135% of that produced in the strain BL-phUGT-II (Fig. 1). 

The expression levels of phUGT​, cep, UgpA, and galE genes 
inthe strain BL-phUGT-III were determined and the target 
proteins were identified (Fig. S1). The results showed that 
the method by the cellobiose phosphorolysis pathway was 
more effective in the supply of UDP-galactose than those 
in other strains. Although a recombinant strain was recon-
structed by introducing an efficient UDP-galactose bio-
synthesis pathway to produce hyperoside from quercetin, 
hyperoside production was still low.

3.2 � Optimizing the Bioconversion Conditions 
by the Resting Cell

Hyperoside production in the strain BL-phUGT-III reached 
682 mg/L, while it is inefficient and difficult for the indus-
trial production to extract hyperoside from the fermentation 
broth. Technology of resting cell transformation has been 
used to bio-transform because it could effectively increase 
yield, reduce the cost, and improve the tolerance of sub-
strate, product and chemical reagents [27, 29]. The cell con-
centration was very important for resting cell transformation. 
Effects of the cell concentration on hyperoside production 
were determined. The optimal cell concentrations in LB, 
TB and M9 media were OD600 = 10, 10, and 5, respectively. 
The highest hyperoside production was 1308 mg/L in M9 
media at OD600 = 10, which was 191% of that produced 
with the microbial fermentation (Fig. 2a–c). However, it is 
against our expectation that hyperoside production by the 
resting cell reduced remarkably as the cell concentration 
increased in LB, TB or M9 media. Hyperoside production 
was 310 mg/L in LB medium at OD600 = 30, which was only 
24.6% of that at OD600 = 10 (Fig. 2a). Insufficient oxygen 
supply could lead to the reduction of hyperoside production 
with high cell concentration, because oxygen was needed 
for cell growth, the supply of UDP-galactose, and substrate 
transportation. Moreover, requirement for oxygen in the 
resting cell increased remarkably as the cell concentration 
increased. But the bioconversion was in the tubes with the 
silica gel plug, which could inhibit oxygen supply. When 
the shakes with the eight-layer gauze were used to produce 
hyperoside, production increased remarkably as the cell con-
centration increased, because the eight-layer gauze resulted 
in a greater supply of oxygen. Highest hyperoside production 
with more oxygen supply was 3583 mg/L in M9 medium 
at OD600 = 25, which was 364% of that with lower oxygen 
supply and was 525% of that with the microbial fermenta-
tion (Fig. 3a–c).

The cellobiose concentration, substrate concentration, 
DMSO concentration, IPTG concentration and induction 
temperature were important factors in hyperoside produc-
tion by affecting the strain growth, the supply of UDP-
galactose, and the expression of recombinant proteins. 
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Fig. 1   Effects of different UDP-galactose biosynthesis pathways on hyperoside production in the recombinant strains. a BL-phUGT-O, b BL-
phUGT-I, c BL-phUGT-II, d BL-phUGT-III
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Hyperoside production increased remarkably with adding 
5 g/L cellobiose, but itwas slightly increased after further 
increasing of cellobiose concentration (Fig. 4a). Hyperoside 
production increased linearly when quercetin concentration 
was no more than 6 g/L. This result showed that the strain 
BL-phUGT-III displayed high tolerance to quercetin inhibi-
tion (Fig. 4b). But hyperoside production decreased in the 
strain BL-phUGT-II with quercetin concentration exceed-
ing 3 g/L. The substrate tolerance of BL-phUGT-III was 
significantly higher than that of BL-phUGT-II. The main 
reason is that the strain BL-phUGT-III harboring cellobiose 
phosphorylase gene could enhance the substrate resistance 
of heterologous host. It has been reported that cellobiose 
phosphorylase-catalyzed phosphorolysis of cellobiose has 
many advantages such as its circumvention of catabolite 
repression, better tolerance of common inhibitors under 
both anaerobic and aerobic conditions, control of favorable 
energy metabolism and increases in the expression of heter-
ologous genes. Hyperoside production was slightly affected 

when DMSO concentration was no more than 6%. When 
DMSO concentration exceeded 8%, hyperoside production 
was rapidly decreased (Fig. 4c). It has been reported low-
level organic solvents could improve efficiency of glycosyla-
tion in the whole-cell catalytic system [36]. Hyperoside pro-
duction was 3977 mg/L with adding 0.05 mM IPTG, which 
was 121% of that without adding IPTG, while hyperoside 
production was not significantly affected when IPTG con-
centration was raised from 0.05 mM to 0.4 mM (Fig. 4d). 
The optimal conversion temperature was at 30 °C and hyper-
oside production reached 4015 mg/L, which was 147% that 
at 20 °C (Fig. 4e).

3.3 � Batch and Recycling of Resting Cell 
Fermentation on Hyperoside Production

Under the optimal conditions, the time-courses for querce-
tin and cellobiose consumption and hyperoside produc-
tion by batch fermentation are given in Fig. 5. After 72 h 

Fig. 2   Effects of the cell concentration on hyperoside production with insufficient oxygen supply. a LB medium, b TB medium, c M9 medium

Fig. 3   Effects of the cell concentration on hyperoside production with sufficient oxygen supply. a LB medium, b TB medium, c M9 medium
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of bioconversion, maximal hyperoside production of 
4574 mg/L and average productivity of 63.5 mg/L/h was 
achieved with a corresponding molar conversion of 59.5% 
(Fig. 5). It was the highest yield of hyperoside reported to 
date in E. coli. However, the specific productivity could not 
maintain its high level in the whole bioconversion, and the 
specific productivity decreased sharply from 172 mg/L/h at 
3 h to 2.3 mg/L/h at 72 h. In order to effectively analyze the 

Fig. 4   Optimization of bioconversion conditions for hyperoside 
production. a The effects of cellobiose concentration on hyperoside 
production. b The effects of quercetin concentration on hyperoside 

production. c The effects of DMSO concentration on hyperoside pro-
duction. d The effects of IPTG concentration on hyperoside produc-
tion, e The effects of temperature on hyperoside production

Fig. 5   Time-courses for 
hyperoside production by batch 
fermentation

whole bioconversion, the process of conversion was divided 
into three parts, 0–24 h, 24–48 h and 48–72 h, respectively. 
Hyperoside production and average productivity are showed 
in Table 2. Comparison of the whole bioconversion, aver-
age productivity of 24–48 h was 45.7% of that at 0–24 h 
and average productivity of 48–72 h was only 2.29 mg/L/h, 
which was far lower than that at 0–24 h. Hyperoside pro-
duction of 24–48 h and 48–72 h was found to be 45.6% and 
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1.8%, lower than that at 0–24 h (Table 2). In addition, after 
30 h of bioconversion, cellobiose was almost completely 
consumed. But hyperoside production and average produc-
tivity could not increase in the strain BL-phUGT-III with 
adding 10 g/L cellobiose at 36 h. The results showed that 
cellobiose consumption was not the only reason for reduc-
tion of specific productivity in the strain BL-phUGT-III. 
Hyperoside accumulation and deterioration of bioconver-
sion conditions could also play the major roles in the average 
productivity.

Recycling of resting cell fermentation can overcome 
above problems by separating resting cells and transforma-
tion product [29]. Hyperoside solubility was higher than that 
of quercetin because of glycosylation. Appropriate concen-
tration of hyperoside could dissolve the fermentation broth 
by adding appropriate DMSO, so hyperoside can easily 
separate with resting cell and quercetin by centrifugation, 
and the resting cell could be used to produce hyperoside 
again by adding fresh M9 medium and quercetin. To avoid 

the inhibition and insolubility of hyperoside on the strain 
BL-phUGT-III, we recycled the resting cell and added fresh 
2000 mg/L quercetin every 24 h of the bioconversion cycle. 
As shown in Fig. 6, the resting cell was recycled seven times 
within 168 h. Hyperoside production and average produc-
tivity in previous five recycles were more than 2900 mg/L 
and 125 mg/L/h, respectively (Table 2). Hyperoside pro-
duction at sixth and seventh recycles was only 1642 mg/L 
and 904 mg/L, which was less than that at first recycle and 
average productivity was also found to be 54.3% and 29.9% 
of that at first recycle. Average productivity within 72 h was 
3031 mg/L/h, which was 100% higher than that in the batch 
fermentation (Table 2). Hyperoside production and average 
productivity remained the high level in previous five recycles 
when the fresh M9 medium was added into the resting cell. 
The results showed that the inhibitory effect of the product 
in the bioconversion could be released by recycling of rest-
ing cell fermentation. However, hyperoside production and 
average productivity decreased sharply at sixth and seventh 
recycles. The main reason was that hyperoside accumulated 
in precipitation and could not separate with the resting cell 
from the fourth recycles. As shown in Fig. 6, hyperoside 
in precipitation remained no more than 750 mg/L at previ-
ous three recycles and hyperoside production and average 
productivity remained the high level. But hyperoside began 
to largely accumulate in precipitation from fourth recycle 
and hyperoside in precipitation reached 7544 mg/L and 
8164 mg/L at sixth and seventh recycles. At the same time, 
hyperoside production and average productivity decreased 
sharply at sixth and seventh recycles, which could cause the 
bioconversion inhibition of recombinant strains (Table 2). It 
is very interesting that hyperoside began to largely accumu-
late in precipitation from fourth recycle, although DMSO 
concentration was the same at every time cycle. The results 
suggested that the changes of bacterial surface molecules 
caused hyperoside accumulation in precipitation. Thus, 
recycling the resting cell was ended at the seventh recycle, 
and the total hyperoside production reached equivalent to 
18,000 mg/L with a corresponding molar conversion of 

Table 2   The comparison of fermenting performance at different 
phases between batch and cell-recycling catalysis within 168 h

Performance Batch Cell-recycling

Production (0–24 h) mg/L 3102 3021
Production (24–48 h) mg/L 1417 3043
Production (48–72 h) mg/L 55 3031
Production (72–96 h) mg/L nd 2986
Production (96–120 h) mg/L nd 3368
Production (120–144 h) mg/L nd 1642
Production (144–168 h) mg/L nd 904
Average productivity (0–24 h) mg/L/h 129.2 125.9
Average productivity (24–48 h) mg/L/h 59.0 126.8
Average productivity (48–72 h) mg/L/h 2.29 126.3
Average productivity (72–96 h) mg/L/h nd 124.4
Average productivity (96–120 h) mg/L/h nd 140.3
Average productivity (120–144 h) mg/L/h nd 68.4
Average productivity (144–168 h) mg/L/h nd 37.6

Fig. 6   Time-courses for hypero-
side production by recycling of 
resting cell fermentation
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83.7%, which was 393% of that in the batch fermentation 
and the first to reach 10 g per liter scale in E. coli. Therefore, 
this study provides an efficient method for construction of 
UDP-galactose synthesis pathway and hyperoside produc-
tion in E. coli.

3.4 � Structural Elucidation of Hyperoside

The molecular weight and structure of the bioconver-
sion product by the strain BL-phUGT-III were deter-
mined through LC/MS and NMR. A comparison of the 
m/z of molecular ions [M-H]− of the bioconversion prod-
uct (463.0839) showed that differences corresponded to a 
d-galactose residue in quercetin (301.0324) (Fig. S2), and 
the bioconversion product had a retention time similar to the 
authentic hyperoside (Fig. S3) Furthermore, the 1H-NMR 
and 13C-NMR spectra were analyzed and compared to the 
reference compounds [16] (Fig. S4). These results confirmed 
that the bioconversion product was hyperoside.

4 � Conclusion

In this study, a recombinant strain was reconstructed by 
introducing an efficient UDP-galactose biosynthesis path-
way and E. coli UDP-galactose/4-epimerase (GalE) to pro-
duce hyperoside from quercetin. Recycling of resting cell 
fermentation was used to improve hyperoside production. 
Finally, maximal hyperoside production reached equivalent 
to 18,000 mg/L by recycling 7 times of resting cell in 168 h, 
which was 393% of that in the batch fermentation and the 
first to reach 10 g per liter scale in E. coli.
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