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PUBLIC SUMMARY
■   Elucidation and construction of neohesperidin biosynthesis pathway in Yarrowia lipolytica.

■   A biochemical process for producing neohesperidin dihydrochalcone (NHDC) was developed.

■   This process enables sustainable, high-yield industrial production of the natural low-calorie sweetener NHDC.
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Neohesperidin  dihydrochalcone (NHDC),  a  natural,  low-calorie,  high-inten-
sity  sweetener  derived  from  plants,  faces  sustainable  supply  challenges
due  to  its  limited  natural  abundance.  Here  we  developed  a  biochemical
synthetic process for NHDC production at 5000-L bioreactor system. First,
a heterologous synthetic pathway for neohesperidin, which is the precursor
of NHDC, was constructed in Yarrowia lipolytica through the screening and
assembly of candidate genes sourced from 25 species. Through key gene
mining,  metabolic  flux  regulation  and  fermentation  optimization,  we
constructed 106  engineering  strains  and  improved  the  titers  of  neohes-
peridin  by  6,481-fold reaching  28.52  g/L.  Finally,  the  precursor  neohes-
peridin  was  integrated  with  a  chemical  conversion  system  leading  to  the
establishment  of  an  efficient  biochemical  process  for  high-yield  NHDC
production  at  an  industrial  scale.  Our  findings  provide  a  roadmap  for
sustainable production of high-value flavonoids and their derivatives.

 INTRODUCTION
The increasing global  prevalence of  obesity  and diabetes has accelerated

the  development  of  non-nutritive  sweeteners.1-4 Neohesperidin dihydrochal-
cone (NHDC), a natural low-calorie sweetener,5 exhibits a sweetness potency
1,000–1,500 times greater  than that  of  sucrose.6 Distinct  from conventional
artificial  sweeteners,  NHDC not  only  avoids inducing systemic inflammation
and  fatty  liver  development  in  murine  models,4 but  also  exhibits  significant
therapeutic potential  due to its antioxidant,  hepatoprotective,  anti-inflamma-
tory,  and  anti-apoptotic  properties.7 Furthermore,  owing  to  its  remarkable
bitter-masking  capacity  and  synergistic  effects  with  other  sweeteners,8-10 it
has  been  approved  as  a  food  and  drug  additive  in  many  countries  and
regions. However, the industrial-scale production of NHDC continues to face
significant constraints,  primarily  due  to  inherent  limitations  in  the  conven-
tional alkaline-mediated ring-opening synthesis process using neohesperidin,
a  flavonoid  extracted  from  citrus  fruits,  as  the  precursor  substrate,  whose
exceptionally low natural abundance in citrus sources creates severe supply
chain bottlenecks and ultimately restricts scalable production capabilities.11,12

Although the industrial production process for NHDC has been in place since
the 1980s, the severe scarcity of raw materials has rendered plant extraction
incapable of meeting market demand.

The  biosynthesis  of  neohesperidin  requires  an  extensive  13-step enzy-
matic  cascade  within  the  phenylpropanoid  pathway  (Figure  1).  The  initial
biosynthetic  pathway  from  L-tyrosine  or  L-phenylalanine  to  naringenin  has
been  well  established  in  previous  studies.13 Subsequently,  naringenin  is
converted to hesperetin through sequential catalysis by flavonoid 3`-hydroxy-
lase  (F3`H)  and  flavonoid  4`-O-methyltransferase  (F4`OMT).14 Hesperetin  is
further modified through two glycosylation steps mediated by flavonoid 7-O-
β-glucosyltransferase  (F7GlcT)  and  1,  2-rhamnosyltransferase  (1,2RHAT),
yielding the final  product  neohesperidin.15 Although heterologous biosynthe-
sis  of  naringenin  has  achieved  remarkable  titers  of  8.65  g/L  in  engineered
systems,16 the production efficiency of hesperetin remains significantly lower
(178.2 mg/L).17 This bottleneck primarily arises from the catalytic promiscu-
ity and suboptimal activity of F4`OMT, which severely limits the heterologous

biosynthesis of neohesperidin.18

Yarrowia lipolytica can utilize diverse carbon sources, particularly glycerol,
fatty  acids,  and  alkanes,  which  are  suitable  for  industrial  production.19 Vari-
ous flavonoids have been successfully synthesized in engineered Y. lipolytica
strains, and previous studies have shown that Y. lipolytica can provide suffi-
cient UDP-glucose (UDPG) as a precursor.16,20,21 In this study, we engineered
Y.  lipolytica to  achieve  enhanced de  novo biosynthesis  of  neohesperidin,
which  was  subsequently  integrated  with  a  chemical  conversion  system  to
establish a scalable  biochemical  process for  high-yield NHDC production at
an industrial scale.

 MATERIALS AND METHODS
 Genetic manipulation for the construction of plasmids and strains

Candidate genes for the biosynthesis pathway of neohesperidin and MCR-
C, BeuA, BbPK and EcPTA were  synthesized  by  GenScript  (Nanjing,  China)
with  codon  optimization  for  different  strain.  Endogenous  genes YlOMT,
SAHH, ADO, ALAS, YlCYB5, ARO1, ARO2, ARO3, ARO4 and ARO7 were ampli-
fied  from Y.  lipolytica genomic  DNA.  All  strains  used  here  are  listed  in
Table  S1.  All  the  vectors  described  in  this  paper  were  constructed  through
Gibson  assembly  are  listed  in Table  S2. All  the  fragments  used  for  overex-
pression  of  genes  were  amplified  by  PCR  using  primers  as  described  in
Table S3. Amino acid sequences of functional genes used to construct engi-
neering strains are listed in Table S4. Cloning was performed with chemically
competent Escherichia coli strain DMT.

Saccharomyces  cerevisiae strain  W303-1B was  used  for  characterization
of  candidate  genes  involved  in  neohesperidin  biosynthesis  pathway  from
naringenin.  Head-to-head  promoters  (pPGK1-pTDH3), ATR2 and  candidate
F3`Hs were  cloned  into  Y22-TC.  To  optimize  the  expression  of  P450s,  we
truncated the transmembrane domains of CsF3`H and ATR2 and constructed
a fusion protein. However, none of these strategies led to an improvement in
eriodictyol  production  (Figure  S1).  Candidate OMTs and UGTs were  cloned
into Y33-PE separately. The modularized two-step (M2S) integration method
was  used  for  chromosome  integration.  T-Series  vectors  were  used  to
construct integrative plasmids. The expression vector with homologous arms
was amplified and transformed with selection marker Lue2 into PC1 at inte-
gration site YORWΔ15 to realize gene integration generating strain SC48. Due
to the fact that the main way of repairing double strand breaks in Y. lipolytica
is through non-homologous end joining (NHEJ). To increase the efficiency of
homologous  recombination, Y.  lipolytica strain  W29  that  was  knocked  out
KU70 related  to  NHEJ repair  mechanism and Cas9 gene  was  integrated. Y.
lipolytica strain W29 ΔKU70 (MATa KU70Δ::PrTEF1-cas9-TTef12::PrGPD-hyg-
TLip2)  was used as the parent  strain for  all  engineered strain here.  A single
gRNA  plasmid  and  integrative  plasmid  were  applied  as  the  basis  for
constructing  integrative  strains  through  CRISPR/Cas9  system.  The  detailed
construction process  and  integration  methods  could  be  found  in  the  previ-
ous work.22

The  full-length  of CsOMT-15 and YlOMT with  C-terminal  hexahistidine
(6×His) tag were cloned into pCWOri (+) and pET28a (+) vector forming plas-
mids,  pCWOri  (+)-CsOMT-15 and  pET28a  (+)-YlOMT respectively.  These
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expression vectors were then transformed into E. coli BL21 (DE-3).

 Media and growth conditions
Yeast  nitrogen  base  without  amino  acids  and  ammonium  sulfate  (YNB),

amino  acids,  adenine,  peptone,  tryptone,  yeast  extract,  (NH4)2SO4,
MgSO4·7H2O, KH2PO4, K2HPO4, NaCl, MgCl2, trace metals and vitamins in MM
medium,  glucose,  glycerol,  imidazole,  isopropyl-β-D-thiogalactopyranoside
(IPTG),  PEG3350,  PEG4000,  LiAc and ssDNA were purchased from Solarbio.
Kanamycin and ampicillin were purchased from Sigma-Aldrich, USA. Authen-
tic reference standards of flavonoids were purchased from Yuanye Bio-Tech-
nology. Nourseothricin was purchased from Mei5 Biotechnology

E. coli were cultured in LB at 37 °C with appropriate antibiotic. S. cerevisiae
strains were grown in the corresponding nutritionally deficient media at 30 °C.
Transformation  of Y.  lipolytica cells  were  grown  on  the  YPD  plates  with
250  mg/L  nourseothricin.  YP  and  MM  medium  was  used  for  shake-flask
fermentation of Y. lipolytica23 and the concentration of carbon source varies from
10  g/L-40  g/L  (Figure  S2).  All  yeast  strains  were  grown  in  24-well  plate
containing 3 mL medium and at 30 °C, 500 rpm to an OD600 of approximately
1.0. The seeds were inoculated into 250 mL flasks containing 50 mL medium
were to an OD600 of 0.05 and were grown at 30 °C, 220 rpm for 3-4 days.

 Heterologous expression and enzyme assay of CsOMT-15 and YlOMT
Engineered strains were grown in LB medium at 37oC supplemented with

100  mg/L  of  respective  antibiotic  (kanamycin  for  pET28a  (+)  and  ampicillin
for pCWOri (+) vector) until the OD600 reached between 0.6-0.8. Recombinant
protein was then induced with 1mM IPTG at 16oC for 20 h. Induced bacterial
cells  were harvested by centrifugation at 5000×g for  10 min.  Then,  the cells
were lysed in lysis buffer (0.1 M PBS, 10% glycerol  (v/v))  using a high-pres-
sure  homogenizer  (JNBIO,  China)  and  the  supernatant  (10,000×g,  60  min)
was  then  subjected  to  Ni2+-chelating  affinity  chromatography  column  that
was preconditioned with the same lysis buffer. After washing the column with
40  mL  wash  buffer  (0.1  M  PBS,  10%  glycerol,  50  mM  imidazole),  40  mL
elution buffer (0.1M PBS, 10% glycerol, 250 mM imidazole) was used to elute
the  OMTs.  The  eluted  OMTs  was  dialyzed  against  lysis  buffer  (0.1  M  PBS,
10%  glycerol  (v/v))  using  ultrafiltration  centrifugal  columns  (Millipore,  USA).
Purified  proteins  were  verified  with  12%  SDS-PAGE  and  the  concentration
was estimated with BCA Protein Assay Reagent Kit (Pierce, USA).

Recombinant enzymes CsOMT-15 and YlOMT were incubated with eriod-
ictyol to explore their activities. In a final volume of 200 µL, 40 µg of purified
enzyme, 10 mM MgCl2,  200 µM SAM and 200 µM eriodictyol  were added in
0.1 M NaAc buffer (pH = 4.5-6.0), 0.1 M PBS buffer (pH = 6.0-7.5) and 0.1 M
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Figure 1.  Biochemical  coupling synthesis of  NHDC Module I  (precursor  supply  module,  dark green label)  is  to  provide the precursor  malonyl-CoA, p-coumaric  acid and UDP
glucose from glycerol. Reconstruction of the neohesperidin synthesis pathway by introducing Module II (naringenin synthesis module, light green label) and Module III (neohes-
peridin synthesis module, orange label). Module IV (chemical reaction module, yellow label) is chemical conversion of neohesperidin to synthesize NHDC. DHAP dihydroxyace-
tone phosphate, GA-3-P Glyceraldehyde-3-phospate, G6P Glucose-6-phospate, E4P erythrose 4-phosphate, PEP phosphoenolpyruvate, DAHP 3-deoxy-D-arabino-heptulosonic
acid 7-phosphate, L-Tyr L-tyrosine, L-Phe L-phenylalanine, UDP-G UDP-glucose, UDP-R UDP-rhamnose. TAL tyrosine ammonia-lyase, PAL phenylalanine ammonia-lyase, C4H
cinnamate-4-hydroxylase, 4CL 4-coumaroyl-CoA-ligase, CHS chalcone  synthase, CHI chalcone  isomerase, F3`H flavonoid  3`-hydroxylase, CPR cytochrome  P450  reductase,
F4`OMT flavonoid 4`-O-methyltransferase, F7GlcT flavonoid 7-O-β-glucosyltransferase 1, 2RHAT 1, 2-rhamnosyltransferase, RHM rhamnose synthase.
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Tris-HCl  buffer  (pH  =  7.5-9.0)  containing  10%  glycerol  (v/v).  Assays  were
carried out for 1 h at 30oC and stopped with equal volume methanol with 10%
H2SO4 (v/v).

 Protein modeling, docking, and electrostatic analysis
The three-dimensional structure of YlOMT and CsOMT-15 were predicted

using AlphaFold2 with  the default  settings.  To guide substrate  and cofactor
placement,  we  referred  to  the  crystal  structure  of  a  related  O-methyltrans-
ferase (PDB ID: 1SUI), in which the positions of the methyl donor SAH and a
phenolic  substrate  are  resolved.  Based  on  this  reference,  we  employed
GNINA (v1.0) to dock SAM as the methyl donor and eriodictyol as the accep-
tor ligand into the AlphaFold2-predicted OMT models. A Ca2+ ion was manu-
ally  placed  at  the  conserved  metal  coordination  site,  guided  by  the  spatial
arrangement in 1SUI, and its position was refined during energy minimization.
The resulting ternary complexes were subjected to energy minimization using
the OpenMM toolkit  under the AMBER force field (ff14SB for  proteins,  GAFF
for small molecules, and standard ion parameters for Ca2+). Ligand parame-
ters  were  generated  using  the  Antechamber  module  in  AmberTools.  To
assess  the  protonation  states  and  potential  catalytic  relevance  of  charged
residues  under  acidic  conditions,  we  estimated  the  pKa  values  of  ionizable
amino acids in the minimized complexes using PropKa v3.5.

 Fed-batch fermentation in 5-L, 200-L, and 5000-L bioreactor
For  5-L  fermentation  production  of  naringenin  and  neohesperidin,  seed

culture  medium  was  cultured  in  250  mL  flasks  containing  50  mL  MM
medium at  30°C,  220  rpm  for  24  h.  Then  seed  culture  medium  was  inocu-
lated into a 5-L bioreactor (Shanghai Baoxing Bio-engineering Equipment Co.,
Ltd)  with  2  L  MM  medium  containing  20  g/L  glycerol,  5  g/L  KH2PO4,  5  g/L
(NH4)2SO4, 0.8 g/L MgSO4·7H2O, 2.5 mL/L trace metal solution and 1.5 mL/L
vitamin  solution.  Dissolved  oxygen  was  controlled  at  20%  (production  of
naringenin)  or  40%  (production  of  neohesperidin)  by  agitation  speed  (200-
900  rpm)  and  ventilation  flow  rate  (1.5  L/min),  pH  was  controlled  at  5.0
(production of naringenin) or 5.5 (production of neohesperidin) by adding 28%
NH3·H2O, and the fermentation temperature was controlled at 30 °C through-
out the entire fermentation process. After 12 h, the feeding medium consist-
ing  of  800  g/L  glycerol  was  continuously  added  into  bioreactor  (feeding
speed was sustained at 6-10 mL/h).

For 200-L fermentation production of neohesperidin, seed culture medium
was cultured in 3 L shake-flask comprising 1 L MM medium at 30°C, 220 rpm
for 24 h. Then seed culture medium was inoculated into a 200-L bioreactor,
and  initial  fermentation  medium  was  consistent  with  the  5-L  bioreactor.
Agitation speed (100-400 rpm) ventilation flow rate (30-50 L/min) controlled
dissolved oxygen at 40%. The feeding speed was 40 times faster than that of
5-L bioreactor. Other parameters were consistent with the 5-L bioreactor.

For 5000-L  fermentation  production  of  neohesperidin,  cultivation  method
of  the  first-class  seed  was  consistent  with  the  200-L  seed  cultivation
method. Then the first-class seed culture medium was inoculated to a 500-L
fermenter  for  24  h.  Subsequently,  the  secondary  seed  was  transferred  to  a
5000-L fermentation tank. Dissolved oxygen was controlled at 40% by venti-
lation flow rate  (0.5  vvm) and agitation speed (150 rpm).  Start  feeding after
dissolved oxygen and pH rose,  and feeding speed was cntroled at 6600 g/h
(800  g/L  glycerol).  Initial  fermentation  medium without  nitrogen  source  and
other parameters were consistent with the 5-L bioreactor.

 Product extraction and quantification
For  the  extraction  of  flavonoid  compounds,  an  equal  volume of  methanol

was  mixed  with  fermentation  broth  and  the  mixture  was  sonicated  for  30
min.  After centrifugation at 12,000 ×g for 15 min,  the supernatant was used
for analyzed. HPLC and LC-MS assays were the same as described before.24

For  the  separation  and  purification  of  neohesperidin  from  fermentation
broth.  First,  adjust  the  pH  of  the  fermentation  broth  to  11.0  using  sodium
hydroxide, and stir at 60°C for 2 h. The extract was filtered while hot, and the
filtrate  was cooled to  room temperature.  Then,  citric  acid  was slowly  added
dropwise to pH 4.0 to precipitate crude neohesperidin. Static at 4 °C for 12 h,
filter  and  collect  the  precipitate,  wash  with  distilled  water  until  neutral.  The
crude product was mixed with 70% ethanol at a ratio of 1:50 (w/v),  followed
by the addition of 3% (w/v) activated carbon for decolorization. After filtration,

the  solution  was  allowed  to  stand  for  12  h  to  facilitate  crystallization.  The
resulting  white  needle-shaped crystals  were  collected  by  filtration.  Crystal-
lization is vacuum dried to constant weight in a vacuum dryer to obtain pure
neohesperidin.

 Chemical reaction catalyzes the formation of NHDC from neohesperidin
Considering the cost and operational difficulty, alkaline extraction and acid

precipitation was used to separate and purify neohesperidin from fermenta-
tion  broth.  5  g  purified  neohesperidin  was  weighed  and  dissolved  in  4.8%
(w/v)  sodium  hydroxide  solution  and  the  resulting  mixed  solution  was
magnetically  stirred  at  70°C for  2  h.  After  cooling,  1.1  g  palladium-on-char-
coal  (Pd  /C)  was  added  into  the  mixed  solution  and  the  air  in  the  reaction
system was replaced with hydrogen for three times. The reaction was carried
out at  30°C for 48 h under atmospheric pressure.  After the end of the reac-
tion  was  aspirated  and  filtered,  the  filtrate  was  taken  to  adjust  the  pH  to
neutral using concentrated hydrochloric acid. The crystals were then crystal-
lized at 4°C for 72 h,  and the white cake obtained after filtration was that of
NHDC crude.

 RESULTS
 Elucidation of neohesperidin biosynthesis pathway

We first screened candidate genes in the biosynthetic pathway from narin-
genin  to  neohesperidin  in S.  cerevisiae.  The  eriodictyol  synthesis  pathways
from naringenin were constructed by combining five cytochrome P450s with
ATR2,  cytochrome  P450  reductase  (CPR)  from Arabidopsis  thaliana
(Figure S3).25-28 CsF3`H from Citrus sinensis exhibited the best hydroxylation
activity (Figures 2A & S3). Then, we proposed to resolve the rate-limiting step
in  the  pathway  by  obtaining  24  candidate OMTs in C.  sinensis based  on
genomic,  transcriptomic  and  modeling  analysis  (Table  S5),  as  well  as  four
known  plant-derived OMTs.29-32 However,  only CsOMT-15, CsOMT-18,
CsOMT-21 from C. sinensis and CCoAOMT from A. thaliana catalyzed the 4`-
O-methylation of eriodictyol  to produce hesperetin,  where CsOMT-15 exhib-
ited the highest activity (Figures 2A & S4). According to previous reports,33-35

six F7GlcTs were selected to evaluate their activity toward hesperetin using a
UDPG-producing strain PC1,36 indicating that CsUGT from C. sinensis exhib-
ited the highest  efficiency in  converting hesperetin to hesperetin 7-O-gluco-
side (Figures 2A & S5). Finally, CsF3`H, ATR2, CsOMT-15, CsUGT, rhamnose
synthase  from A.  thaliana (AtRHM1),  and Cm1,2RHAT from Citrus  maxima
were  introduced  into S.  cerevisiae,  which  produced  35.19  mg/L  (0.06  mM)
neohesperidin when fed with 0.6 mM naringenin (Figure 2E).

In order to further improve the productivity of neohesperidin, we proposed
to transfer  the biosynthetic  pathway into Y.  lipolytica.  Surprisingly,  when we
integrated the combination of CsF3`H and ATR2 (YL1, Y. Lipolytica strain 1),
we  detected  not  only  eriodictyol  but  also  hesperetin  by  feeding  naringenin,
indicating that an endogenous OMT may catalyze the methylation of eriodic-
tyol  at  the  4`  position  (Figure  S6).  Indeed,  knocking  out  the  coding  gene  in
Y. lipolytica (here named YlOMT, strain YL2) abolished hesperetin production
by feeding eriodictyol (Figures 2B & S6). The function of YlOMT on eriodictyol
was  also  proved  by  enzyme  assays in  vitro (Figure  2C).  To  compare  the
activities  of YlOMT and CsOMT-15,  we  overexpressed  them  in Y.  lipolytica
and  the  titer  of  hesperetin  in  the  strain  with YlOMT (YL3)  was  improved  by
14.85%  comparing  to  the  strain  containing CsOMT-15 (YL4)  (Figure  2B).  In
addition, CsOMT-15 was  inactive  at  pH  <  5.0,  whereas YlOMT exhibited
higher activity under acidic conditions in vitro (Figure 2C).  This pH tolerance
may partially explain the superior intracellular efficiency of YlOMT in Y. lipoly-
tica because  the  low  intracellular  pH  environment  in  yeast  (pH  <  6.0)
attributed to acidic metabolite production.37 To further investigate the molec-
ular basis of this pH-dependent activity, we analyzed the key residues in the
active  site  of  the OMTs.  Structural  modeling  revealed  that YlOMT contains
two aspartic acids residues that coordinate with Ca2+, which is crucial for the
catalytic  process  by  providing  the  environment  for  substrate  deprotonation.
These two residues (166D and 194D) exhibit low predicted pKa values (2.08
and 0.89, respectively, estimated by PropKa), allowing them to remain nega-
tively  charged  state  even  under  acidic  conditions  (Figures  2D  & S7). There-
fore, we integrated the biosynthesis pathway of neohesperidin using endoge-
nous YlOMT,  producing  123.46  mg/L  (0.2  mM)  neohesperidin  with  feeding
0.6 mM naringenin (YL6). The yield was about 3.51-fold that of S. cerevisiae
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(Figure 2E). However, multiple glycosylation by-products of intermediate were
detected  indicating  the  hybridization  of  glycosyltransferases  and  excess
supply of UDPG in Y. lipolytica (Figures S2 & S8). In order to realize de novo
biosynthesis of neohesperidin in Y. lipolytica, a naringenin biosynthesis path-
way  comprising FjTAL,  tyrosine  ammonia-lyase  (TAL)  from Flavobacterium
johnsoniae,  along  with Eb4CL,  4-coumaroyl-CoA-ligase  (4CL)  and EbCHS,
chalcone synthase (CHS) from Erigeron breviscapus, was integrated into YL6
to generate  YL7.  However,  the  achieved  yield  (only  4.4  mg/L)  was  signifi-
cantly lower  than  the  above  yield  by  feeding  naringenin,  indicating  insuffi-
cient supply of the naringenin precursor (Figure 2E).

 Construction of a high-yield naringenin-producing strain
The low activity of heterologous enzymes is one of the major obstacles in

the  heterologous  biosynthesis  of  flavonoids.38 To  construct  a  high-yield
naringenin-producing  strain  for  neohesperidin  biosynthesis,  we  screened
three  key  enzymes,  phenylalanine  ammonia-lyase  (PAL), TAL and CHS
involved  in  naringenin  biosynthesis  pathway  (Figure  3A),  which  were  often
regarded as the rate-limiting enzymes in flavonoid production.39 RgPAL from
Rhodotorula glutinis40 and EbPAL from E. breviscapus, which was previously
demonstrated  to  be  effective  for  scutellarin  production  in  our  earlier  work,22

were used to assess the productivity of cinnamic from phenylalanine. At the
same  time,  we  observed p-coumaric  acid  accumulation  (Figure  S9). There-

fore, to accurately evaluate the activity of two PALs, ATR2, YlCYB5 (Y. lipolyt-
ica endogenous cytochrome b5) and EbC4H, cinnamate-4-hydroxylase (C4H)
from E. breviscapus were introduced and the yield of p-coumaric acid in the
strain with RgPAL (182.96 mg/L) was 4.24 times higher that of the strain with
EbPAL (43.12  mg/L)  (Figure  3B).  Next,  six TALs were  individually  integrated
into Y. lipolytica to produce p-coumaric acid from tyrosine based on enzyme
kinetic  parameters  (Table  S6).  Although RcTAL from Rhodobacter capsula-
tus DSMZ 1710 possessed the highest catalytic activity in vitro, CluTAL from
Chryseobacterium luteum sp. nov exhibited the best performance in Y. lipoly-
tica with  a  yield  of  168.26 mg/L p-coumaric  acid  (Figure  3C).  Finally,  seven
CHSs from  the  previous  studies  were  used  to  screen.24,41-46 MdCHS2 from
Medicago sativa (184.07 mg/L) demonstrated the highest activity (Figure 3D).
Previous  studies  showed  that  the CHST132G mutant  exhibited  enhanced
catalytic  activity  compared to  the  wild-type  enzyme.47 Unfortunately,  we did
not detect higher activity for the mutant MdCHS2T132G� (Figure 3D).  Based on
these enzymes that show higher efficiency in Y.  lipolytica,  we constructed a
robust  platform  strain  enabling  naringenin  production  from  both  L-tyrosine
and L-phenylalanine,  reaching a titer of 188.51 mg/L (Figure S10).  However,
the synergistic enhancement between the two pathways remains modest, as
the flavonoid synthetic pathway is constrained by downstream enzymes and
additionally regulated by the upstream shikimate pathway.
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nous F4`OMT (YlOMT) of Y. lipolytica and comparison of activity with CsOMT-15 in vivo. (C) Enzymatic activities of YlOMT and CsOMT-15 towards eriodictyol at different pH. The
reaction  pH  was  controlled  by  different  buffer,  i.  e.  0.1  M  NaAc  buffer  (pH  4.5–6.0),  0.1  M  KH2PO4/K2HPO4 buffer  (pH  6.0–7.5)  and  0.1  M  Tris-HCl  buffer  (pH  7.5–9.0).  (D)
Comparison of key residues of YlOMT and CsOMT-15 in reaction centers. (E) The de novo production of neohesperidin in YL7 and comparison neohesperidin yield in S. cere-
visiae and Y. lipolytica feeding naringenin. S. cerevisiae strains were cultivated in corresponding defective medium and Y. lipolytica strains were cultivated in MM medium with 20
g/L glucose. All data are presented as mean of n = 3 biologically independent samples and error bars show the standard deviations. The circles represent individual data. Source
data are provided as a Supplementary Table.
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To enhance metabolic flux toward naringenin synthesis, the feedback inhi-
bition-resistant  mutant  alleles ARO4K221L and ARO7G139S were  introduced
(YL30) to relieve L-tyrosine-mediated feedback inhibition. Although the narin-
genin  titer  in  the  resulting  strain  (YL31)  did  not  increase,  the  titer  of p-
coumaric  acid  reached 1213.96 mg/L  (Figure  3E).  Moreover,  the  shikimate
pathway  flux  in Y.  lipolytica is  primarily  regulated  by ARO4 and ARO7 since

overexpression of ARO1, ARO2, and ARO3 did not enhance p-coumaric acid
or naringenin production (Figure 3E). In order to further enhance the conver-
sion  from p-coumaric  acid  to  naringenin,  we  attempted  to  simultaneously
increase  the  copy  number  of Eb4CL and MdCHS2.  The  naringenin  titer
reached  473.91  mg/L  when  the  copy  number  of Eb4CL and MdCHS2 were
increased  simultaneously  to  four  (Figure  3F).  In  addition,  we  observed  the
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biologically independent samples and error bars show the standard deviations. The circles represent individual data. Student’s t-test was used for comparing two groups (*p <
0.05, **p < 0.01, ***p < 0.001). Source data are provided as a Supplementary Table.
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degradation of p-coumaric acid and cinnamic acid in Y. lipolytica cultured in
minimal medium, which might be mediated by the CoA-dependent β-oxida-
tion  pathway  (Figures  S11-S12).48 Thus,  the  multifunctional β-oxidation
hydratase/dehydrogenase  (MFE1)  was  knocked  out  in  wild  type  strain  and
engineered  strain  YL40.  Although  the  knockout  strain  eliminated  the
consumption of p-coumaric acid and cinnamic acid, the production of narin-
genin  decreased  instead  (Figures  S11 & S13).  This  phenomenon  may  be
attributable  to  the  diversion  of  carbon  fluxes  due  to  competitive  metabolic
demands. Finally, we conducted fermentation tests using strain YL40 in a 5-L
fermenter with glycerol as the carbon source. The yield of naringenin reached
8.87 g/L after 156 h, however, the strain YL40 exhibited a significantly lower
OD600 (Figure S14).  This phenomenon could be attributed to the cytotoxicity
of flavonoids, which can be reduced by glycosylating the product.49

 Metabolic engineering of neohesperidin producing strain
With  the  advancement  of  naringenin  biosynthesis,  we were  committed  to

refining  the  biosynthetic  pathway  of  neohesperidin  (Figure  4A).  Initially,
CsF3`H and ATR2 were integrated into YL40,  but  the low yield of  eriodictyol
(18.07 mg/L) revealed that hydroxylation is a rate-limiting step (Figure 4B). To
eliminate  this  bottleneck,  the  expression  intensity  and  ratio  of  P450  to  CPR
were  optimized.  The catalytic  activity  of  the  two genes on naringenin  under

different promoters was compared.  The yield  of  eriodictyol  in  the fermenta-
tion product of YL45 (pTEFin-CsF3`H and pGPD-ATR2) reached 62.75 mg/L,
which  was  3.47-fold  that  of  YL44  (pTEFin-ATR2 and  pGPD-CsF3`H).  This
indicated that  the expression of CsF3`H under a strong promoter was more
conducive  to  the  production  of  eriodictyol  (Figure  4B).  We further  increased
the copy number of P450 and CPR to enhance eriodictyol production. It has
been reported that increasing the ratio of P450 to CPR in heterologous hosts
is beneficial for better simulating its state in natural hosts.50 Thus, YL46 (with
additional ATR2),  YL47  (with  additional CsF3`H and ATR2)  and  YL48  (with
additional CsF3`H)  were  constructed.  Comparing  with  the  starting  strain
YL45,  the  eriodictyol  titer  increased  61.37%  in  YL48  (101.26  mg/L)  and
27.94% in  YL47 (80.28 mg/L)  (Figure 4B).  The lower yield  of  YL46 might  be
due  to  the  cytotoxicity  caused  by  overexpression  of  CPR.  Then,  the  strain
YL48 was engineered to generate strain YL49 by overexpressing YlOMT. The
yield of hesperetin increased from 27.67 mg/L to 66.67 mg/L (Figure 4B). We
attempted to introduce additional copies of YlOMT into strain YL49 to reduce
the  accumulation  of  eriodictyol.  However,  the  production  of  hesperetin  was
not significantly improved (67.99 mg/L) (Figure 4B). Finally, two glycosylation
steps were integrated to create strain YL52, resulting in a neohesperidin titer
of 105.38 mg/L (Figure 4D).

To  further  enhance  the  neohesperidin  yield  and  reduce  by-product accu-

L f

 

pTEFin-CsF3`H

pGPD-ATR2

pGPD-CsF3`H

pTEFin-ATR2

YlOMT

0
YL44

50

100

150

YL45 YL46 YL47 YL48 YL49 YL50

Ti
te

r(
m

g/
L)

ERI
HES

***
***

***

- + + ++ ++ ++ ++

- + + ++ + + +

+ - - - - - -

+ - + - - - -

- - - - - + ++

SAHH-ADO BueA-MCR-C

Additional 
Eb4CL, MdCHS2ALAS

0

50

100

150

200

YL52

79.93%

95.72%

YL53 YL54 YL54 YL55 YL56 YL57 YL58
Ti

te
r(

m
g/

L)
0

50

100

150

Ti
te

r(
m

g/
L)

NHP
NAR

NHP
NAR

*** ***

*** ***

- + + -

- - 1 2 3

+ + + +

- - +

Naringenin

Naringenin 7-O-glucoside Naringin

Hesperetin 7-O-glucoside Neohesperidin 

Eriodictyol

Hesperetin

OH

OH

O

O

HO

OH

OH

O

O

HO
OH

OH

O

O

O

HO
OH

H

H

OH

OH

O

O

O

O

OH

O

O

HO

OH

O

O

O

O

O

OH

HO

HO

HO

OH

OH

OH

O

O

O

O

O

HO

HO

HO

O

OH
OHHO

OH

O

O

O

O

O

O

HO

HO

HO

O

OH
OHHO

OH

1.2RHAT
F7GlcT

F7GlcT
1.2RHAT

F4`OMT

F3`H/ATR2

Glycerol

Pyruvate

3-Oxopropanoate

Malonyl-CoA

α-Ala

β-Ala
BauA

MCR-C

Malonyl-CoA module P450 module OMT module

p-CA-CoA

NAG

Suc-CoA+Gly

5-ALA

Heme

2×CsF3`H, ATR2

Met

SAM
ERI HES

NHP

SAH

ATP

ADO

Pi+PPi Ade

SAHH

AMP

THF CH3-THF

Hcys

2×YlOMT

ALAS

Figure 4.  Engineering  for  efficient  production  of  neohesperidin  in Y.  lipolytica (A)  Scheme of  the  engineered  metabolic  pathway  for  neohesperidin  biosynthesis.  Dark  green
arrow: NCM pathway was induced into engineered strain to increase malonyl-CoA supply and reduce carbon losses. Light green arrow: Optimization of P450 enzyme and CPR
copy number and enhancement of heme supply were applied to promote the conversion of NAG to ERI. Orange arrow: Eliminating the rate-limiting step in the OMT-catalyzed
synthesis of HES through SAM regeneration and increasing the copies of YlOMT. NCM non-carboxylative malonyl-CoA, β-Ala β-alanine, α-Ala α-alanine, Suc-CoA, succinyl-CoA,
Gly  glycine,  5-ALA 5-aminolevulinic  acid,  SAM S-adenosylmethionine,  Met  methionine,  Hcys homocysteine,  SAH S-adenosylhomocysteine,  THF tetrahydrogen folic  acid,  CH3-
THF  5-methyl  tetrahydrogen  folic  acid,  ATP  adenosine  triphosphate,  AMP  adenosine  monophosphate,  Ade  adenosine. BauA β-alanine-pyruvate  transaminase  from Pseu-
domonas aeruginosa, MCR-C C-terminal fragment of malonyl-CoA reductase from Chloroflexus aurantiacus, ALAS 5-ALA synthase, ADO adenosine kinase, SAHH SAH hydro-
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ations. The circles represent individual data. Student’s t-test was used for comparing two groups (*p < 0.05, **p < 0.01, ***p < 0.001). Source data are provided as a Supplemen-
tary Table.
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mulation, we optimized the cofactor supply for the key enzymes CsF3`H and
YlOMT. OMT catalyzes  the  transfer  of  methyl  groups  from  S-adenosyl-L-
methionine (SAM) to substrates, forming O-methyl derivatives and S-adeno-
syl-L-homocysteine  (SAH).51 However,  insufficient  SAM  often  obstructs  the
production of methylation products,52 and SAH may act as an OMT inhibitor.53

We  first  added  0.5  g/L  methionine  during  the  fermentation  process  to
increase the SAM pool, however, comparing with the control group, the yield
of  neohesperidin  decreased  by  20%  (Figure  S15). Thus,  we  tried  to  overex-
press  SAH hydrolase  (SAHH)  and adenosine  kinase  (ADO)  in  strain  YL52 to
enhance  SAH  degradation  and  accelerate  SAM  recycling  generating  strain
YL5354 and  the  neohesperidin  titer  reached  126.32  mg/L  (Figure  4D).  To
further  enhance the activity  of CsF3`H for  redirecting naringenin flux toward
eirodictyol, we introduced 5-aminolevulinic acid synthase (ALAS) to increase
the supply of the P450 cofactor heme (Figure S16).55 This strategy promoted
the  production  of  neohesperidin  to  192.57  mg/L  and  effectively  reduced
naringin accumulation (Figures 4C-D).

Considering  the  low  level  of  naringenin  accumulation,  we  proposed  to
further increase the carbon yield by introducing a non-carboxylative malonyl-
CoA  (NCM)  pathway,  which  could  enhance  the  flux  of  malonyl-CoA  and
prevent  carbon  source  loss  caused  by  decarboxylation  reaction.56 When
fermenting with 20 g/L glycerol,  the neohesperidin titer increased by 17.28%
from  117.73  mg/L  (YL54)  to  138.07  mg/L  (YL55),  while  the  naringin  titer
increased by 19.44% from 150.9 mg/L (YL54) to 180.24 mg/L (YL55), indicat-
ing that the malonyl-CoA supply was boosted (Figure 4D).  The concomitant
significant increase in the yield of the by-product naringin could be attributed
to an augmented supply of glycosylation donors, mediated by the heightened

availability of carbon precursors. To enhance the channeling of the malonyl-
CoA metabolic pool toward target biosynthesis, we strategically amplified the
gene dosage of Eb4CL and MdCHS2 through genetic modification. A propor-
tional increase in neohesperidin biosynthesis was observed with incremental
amplification  of  transgene  copy  numbers.  The  final  strain  YL58  achieved  a
yield of  262.36 mg/L of  neohesperidin,  while  the production of  the by-prod-
uct naringin also showed a slight increase (Figure 4D). Compared with YL55,
YL58 exhibited a 26.47% increase in neohesperidin production (from 0.3 mM
to 0.43 mM) and a 16.67% increase in naringin production (from 0.24 mM to
0.28  mM)  (Figure  S17).  The  above  results  indicate  that  carbon  flux  was
further directed towards product synthesis.

 Efficient  production  of  neohesperidin  in  bioreactor  and  conversion  of
NHDC

To  further  enhance  neohesperidin  production,  we  conducted  fed-batch
fermentation of the top-performing engineered strain YL58 in a 5-L bioreac-
tor.  To  mitigate  foam  formation  and  reduce  costs,  minimal  medium  (MM)
supplemented with glycerol was employed as the carbon source. During the
initial 60 h, the OD600 surged to 140 and only exhibited minor fluctuations until
the  end  of  fermentation  (Figure  5A).  The  enhanced  growth  of  engineered
strain  YL58  over  YL40  was  consistent  with  the  hypothesis  that  product
glycosylation  alleviates  its  detrimental  effects  on  yeast  cell  viability.  The
producntion  of  neohesperidin  increased  rapidly  after  24  hours,  reaching
28.52  g/L  by  the  end  of  fermentation  (216  h)  in  the  5-L  bioreactor.  Finally,
1,352  g  glycerol  was  consumed,  achieving  a  neohesperidin  yield  of  99.82  g
with a glycerol-to-neohesperidin conversion efficiency of 73.83 mg/g,  which
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is the highest conversion rate of heterologous synthesis of flavonoids so far.
To  further  test  our  strain  under  industrial  conditions,  we  employed  crude
glycerol  as  the  carbon  source  in  a  200-L  bioreactor.  The  strain  exhibited
performance  comparable  to  that  in  the  5-L  bioreactor,  accumulating
25.34  g/L  neohesperidin  at  216  h  (Figure  5B).  Notably,  the  by-product
naringin  remained  relative  low  level  across  both  5-L  and  200-L fermenta-
tions (Figures S18-S19). This suppression might be attributed to the continu-
ous  feeding  strategy,  which  maintained  glycerol  at  low  concentrations
(< 1 g/L) throughout fermentation. Consequently,  the limited supply of UDP-
glucose from glycerol shifted glycosyltransferase catalytic preference toward
neohesperidin  synthesis  over  naringin  formation.  Subsequently,  we
performed fermentation in a 5,000-L industrial-scale trial.  Fermentation was
halted at 130 h due to excessive foam formation to prevent vessel overflow.
At the last, the titer of neohesperidin reached 18.55 g/L at 130 h (Figure 5C).
Despite the yield reduction, the production rate (142.69 mg/L/h) increased by
8%  compared  to  the  5-L  bioreactor.  These  results  demonstrate  the  strain’s
robust  scalability  and  significant  commercial  potential  for  cost-effective
manufacturing of neohesperidin.

Given the efficiency of enzymatic biotransformation from neohesperidin to
NHDC  is  not  satisfied  industrial  production,  we  employed  an  alternative
chemical  conversion  strategy  according  to  previous  studies.57 To  ensure
reaction  specificity,  neohesperidin  was  initially  purified  from  fermentation
broth,  effectively  eliminating  matrix  interference  from  complex  microbial
metabolites  (Figures  5D  & S20). Finally,  approximately  50.70  kg  neohes-
peridin  was  purified  from 3100-L  fermentation  broth,  achieving  a  purity  of
98%  and  an  actual  yield  of  87%.  The  entire  chemical  reaction  included  two
critical  transformations:  (1)  cleavage  of  the  C-O  bond  of  neohesperidin  to
generate  neohesperidin  chalcone,  and  (2)  following  the  selective  ring-open-
ing reaction of neohesperidin with 4.8% NaOH, the resulting intermediate was
subsequently subjected to catalytic hydrogenation using Pt/C as the catalyst
and  H2 as  the  reducing  agent,  effectively  reducing  the α, β-unsaturated
ketone moiety of neohesperidin chalcone (Figure 5E). Finally, we achieved the
synthesis  of  NHDC  from  neohesperidin  with  a  conversion  rate  about  98%
(Figures 5F-H).

 DISSCUSION AND CONCLUSION
NHDC is an important natural sweetener due to its superior sweetness, low

calorie content, safety, and stability.58,59 Here, we systematically engineered Y.
lipolytica for de  novo biosynthesis of  neohesperidin  by  functionally  identify-
ing  biosynthetic  enzymes  and  optimizing  metabolic  flux.  This  study
constructed a total of 106 engineering yeasts, including 48 S. cerevisiae and
58 Y.  lipolytica.  The  final  strain  comprises  43  chromosomal  modifications,
including 36 genes integrations and 7 genes deletions (Figure S21). The engi-
neered strain was scaled up from 5-L to 5000-L fermentation tank, achieving
the  production  rate  to  0.14  g/L/h.  Comparing  plant  extraction  from Fructus
Aurantii,  neohesperidin  constitutes  approximately  3.8%  of  the  plant's  dry
weight,  producing  approximately 1500 kg  of  dried  fruit  per  acre  per  year.
Through microbial  fermentation  optimization,  our  engineered  strain  gener-
ates 1250 kg  of  neohesperidin  annually  within  a  1  m3 fermentation  system.
This  industrial-scale  output  represents  a  production  equivalent  to  that
obtained from traditional cultivation spanning 100,000 m2.

The  identification  of  key  catalytic  elements  in  biosynthetic  pathways
provides  the  foundation  for  the  heterologous  production  of  valuable  plant
natural  products.60 In  this  study,  we  screened  candidate  genes  from  25
species across plants,  fungi,  and bacteria  to identify  catalytic  elements with
enhanced  activity  for  neohesperidin  pathway  reconstruction  (Table  S7).
Notably,  we  identified  a  native  OMT  (YlOMT)  in Y.  lipolytica that  efficiently
catalyzes hesperetin production and the activity is 2.43-fold that of CsOMT-
15 at  pH 5.5  (Figure  2C).  Previous  study  showed that OMTs might  become
inactive under acidic conditions in the cytoplasm.61 Therefore, YlOMT is more
suitable  for  producing  neohesperidin  in Y.  lipolytica.  Furthermore,  we  have
successfully screened PAL, TAL, CHS with higher activities. It is worth noting
that these catalytic elements are superior to the enzymes commonly used in
flavonoid  cell  factories  at  present  (Figures  3B-D).  Compared  to  the  initial
enzyme used, the catalytic activity of PAL, TAL, and CHS has increased 324%
(RgPAL vs EbPAL),  81%  (CluTAL vs FjTAL)  and  60%  (MdCHS2 vs EbCHS)
respectively.  Introducing  these  efficient  catalytic  components  into  the

construction  of  engineered  strains  resulted  in  a  48-fold increase  in  narin-
genin production.

Cofactor  balance  also  plays  a  crucial  role  in  maintaining  intracellular
biochemical  homeostasis.  SAM and heme,  as  methyl  donors  for  OMTs and
cofactors  for  P450  enzymes,  are  tightly  regulated  in  microorganisms.55,62

Exogenous  supplementation  is  expensive  and  may  cause  cytotoxicity.52,54,55

Thus,  we  accelerated  the  conversion  from  SAH  to  L-homocysteine  through
the  introduction  of SAHH and ADO, increasing  the  production  of  neohes-
peridin by 19.87%. Then we boost cellular heme supply via ALAS overexpres-
sion. This strategy significantly enhances the activity of CsF3`H. The conver-
sion of neohesperidin from naringenin increased by 1.52-fold and the synthe-
sis of the by-product naringin was also reduced (3.68-fold).

Fermenter  scale-up cultivation is  an effective approach for  enhancing the
production  yield  of  microbial  cell  factories.21 In  this  study,  we  successfully
increased  the  production  of  neohesperidin  by  more  than  100-fold  through
continuous  fed-batch  scale-up  cultivation.  First,  during  the  5-L  scale-up
cultivation, the continuous feeding increased the fermentation carbon source
around 20-fold compared to shake flask cultivation. Second, the supplemen-
tation  of  a  large  amount  of  carbon  source  increased  the  cell  population  by
more than approximately 10-fold compared to shake flask cultivation. Finally,
by controlling the continuous feeding process, the proportion of by-products
was also significantly reduced. For example, the proportion of the byproduct
naringin  decreased  by  26.72%  (5-L  fermenter,  from  38.31%  to  11.59%)  and
29.13% (200-L fermenter, from 38.31% to 9.18%), respectively. These factors
together  contributed  to  a  significant  increase  in  neohesperidin  production.
This  feeding  strategy  is  also  applicable  to  the  fermentation  of  other
compounds  prone  to  glycosylation  byproduct  formation.  Excessive  foam
formation is  a  factor  that  compromises  the  efficiency  of  aerobic  fermenta-
tion processes. Subsequently, the composition of the culture medium will be
optimized  and  alternative  antifoaming  agents  will  be  evaluated  to  mitigate
foam formation during fermentation.

In  conclusion,  this  study  combined  engineered  microbial  production  of
neohesperidin with chemical  catalysis to obtain NHDC, thereby enabling the
sustainable  and  efficient  synthesis  of  this  low-calorie  sweetener.  The
coupling strategy exhibits promising applicability in industrial  manufacturing
contexts.  Using  crude  glycerol  as  a  carbon  source  also  enables  high-level
neohesperidin production, significantly enhancing the economic feasibility of
this  technology.  The  implementation  of  diverse  metabolic  and  fermentation
engineering strategies has established a robust platform for producing vari-
ous  flavonoid  derivatives.  As  a  natural  low-calorie  sweetener  with  various
biological  activities,  NHDC  not  only  has  the  potential  to  alleviate  diseases
such  as  diabetes  but  also  holds  broad  prospects  for  future  applications  in
nutrition regulation and related fields.
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