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Abstract
Background  Anthocyanins are water-soluble flavonoids in plants, which give plants bright colors and are widely 
used as food coloring agents, nutrients, and cosmetic additives. There are several limitations for traditional techniques 
of collecting anthocyanins from plant tissues, including species, origin, season, and technology. The benefits of using 
engineering microbial production of natural products include ease of use, controllability, and high efficiency.

Results  In this study, ten genes encoding enzymes involved in the anthocyanin biosynthetic pathway were 
successfully cloned from anthocyanin-rich plant materials blueberry fruit and purple round eggplant rind. The Yeast 
Fab Assembly technology was utilized to construct the transcriptional units of these genes under different promoters. 
The transcriptional units of PAL and C4H, 4CL and CHS were fused and inserted into Chr. XVI and IV of yeast strain 
JDY52 respectively using homologous recombination to gain Strain A. The fragments containing the transcriptional 
units of CHI and F3H, F3’H and DFR were inserted into Chr. III and XVI to gain Strain B1. Strain B2 has the transcriptional 
units of ANS and 3GT in Chr. IV. Several anthocyanidins, including cyanidin, peonidin, pelargonidin, petunidin, and 
malvidin, were detected by LC-MS/MS following the predicted outcomes of the de novo biosynthesis of anthocyanins 
in S. cerevisiae using a multi-strain co-culture technique.

Conclusions  We propose a novel concept for advancing the heterologous de novo anthocyanin biosynthetic 
pathway, as well as fundamental information and a theoretical framework for the ensuing optimization of the 
microbial synthesis of anthocyanins.
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Introduction
Anthocyanins are water-soluble pigments in the form 
of glycosylated flavonoids, which produce the red to 
blue colors in fruits, vegetables, and grains [1]. Antho-
cyanins and anthocyanidins are frequently employed as 
food additives because of their vivid hues, nutritional 
values, and health function [2]. In addition, consumption 
of anthocyanin-rich foods could reduce the incidence 
of diseases in the circulatory system [3, 4], endocrine 
system [5, 6], digestive system [7], urinary system [8], 
nervous system [9], immune system [10], and ocular dis-
orders [11], as well as play a role as an anticancer agent 
through the inhibition of inflammation and the reduc-
tion of oxidative stress [12]. The traditional method of 
obtaining anthocyanins is to extract them from plant tis-
sues [13]. However, anthocyanins extracted from plants 
have the problems of seasonal and regional fluctuations 
in content, difficulty in controlling quality, and relatively 
low purity [14, 15]. Microbial synthesis of secondary 
metabolites has the advantages of being fast-growing, 
easy to culture, simpler, controllable, and cost-effective. 
Microbial cell factories are currently the most promis-
ing system for increasing anthocyanin production, using 
metabolic and genetic engineering methods to optimize 
genes in the synthetic pathway or directly transfer them 
into host cells to achieve anthocyanin production [16]. 
The use of microorganisms for anthocyanin biosynthesis 
is potentially advantageous.

To date, anthocyanins have been discovered in more 
than one thousand different natural varieties. The most 
prevalent and prolific anthocyanidins are six major 
classes: Pg (pelargonidin), Cy (cyanidin), Pn (peonidin), 
Dp (delphinidin), Pt (petunidin), and Mv (malvidin) [17]. 
Because of containing abundant anthocyanins, blueber-
ries, one of the most commonly consumed berries with 
high nutritional value and several biological properties, 
have various health benefits for humans. The purple 
eggplant, one of the the Solanaceous vegetables, is more 
popular for the rich anthocyanins in the fruit skin. How-
ever, few studies have used the anthocyanins biosynthetic 
genes of blueberry and eggplant for heterologous synthe-
sis of anthocyanins in microorganisms.

The anthocyanins biosynthetic genes of blueberry 
could be used for anthocyanins heterologous synthesis 
in microorganisms. The primary phases of anthocyanin 
manufacturing include the creation of flavonoid precur-
sors, dihydro flavanone alcohols, and a variety of antho-
cyanins (Fig. 1). The most important synthetic enzymes 
in the role of creating the fundamental components of 
flavonoid compounds are phenolalanine ammonia lyase 
(PAL), cinnamate 4-hydroxylase (C4H), and 4-coumar-
oyl-CoA ligase (4CL) [18]. Chalcone synthase (CHS) and 
chalcone isomerase (CHI) are involved in the synthesis 
of flavanones, which follow the phenylalanine synthesis 

pathway [19]. Flavonoid 3-hydroxylase (F3H), flavo-
noid 3’-hydroxylase (F3’H), and flavonoid 3’-5’-hydroxy-
lase (F3’5’H) catalyze a series of hydroxylation reactions 
to generate dihydroflavanols [20], and these are then 
reduced to unstable intermediates through dihydrofla-
vonol reductase (DFR) to produce leucoanthocyanidins 
[21]. which are converted to anthocyanidin in the form 
of glycosides by anthocyanidin synthase (ANS) and then 
glycosylated by 3-O-glycosyl transferase (3GT) [22]. 
Under certain conditions, these hydroxyl groups are fur-
ther methylated by O-methyltransferase (OMT) to pro-
duce other anthocyanins such as peonidin 3-O-glucoside, 
petunidin 3-O-glucoside, and malvidin 3-O-glucoside 
(Fig. 1) [23].

The eukaryotic nature of Saccharomyces cerevisiae as a 
metabolic engineering platform for anthocyanin produc-
tion may have the potential to promote the functional 
expression of plant-derived genes, in addition to its well-
established synthetic biology technology. As a unicellular 
eukaryotic microorganism, S. cerevisiae has the advan-
tages of simple cultivation conditions and rapid repro-
duction [24]. In contrast to the prokaryotic expression 
system, it can undergo post-transcriptional and transla-
tional modifications so that the expressed heterologous 
protein is structurally and functionally similar to the nat-
ural protein. One report showed that 400 µM naringenin 
was obtained from S. cerevisiae strain IMX106 in the 
culture medium [25]. Furthermore, by integrating four-
teen additional genes into the yeast genome, and deleting 
three endogenous genes from the genome, the pelargo-
nidin reached 0.01 µmol/gCDW in yeast intracellular with 
aerated, pH-controlled batch reactors [26]. By multiple 
strategies, a high-yield kaempferol-producing yeast strain 
was obtained with 86  mg/L of kaempferol. Meanwhile, 
220  mg/L of naringenin and 200  mg/L of mixed flavo-
noids were achieved by two yeast strains’ co-culture sys-
tem and supplementation of Tween 80 surfactants in the 
culture medium [27]. Another report developed a brew-
er’s yeast co-culture platform to enhance the production 
of naringenin (144.1  mg/L), kaempferol (168.1  mg/L), 
cornflower (31.7 mg/L), geraniol (33.3 mg/L), and delph-
inidin (15.8 mg/L) [28]. This co-culture strategy offers the 
possibility to efficiently and economically utilize micro-
organisms for anthocyanin production. Although sev-
eral studies have achieved anthocyanin biosynthesis in 
S. cerevisiae, there are few reports about synthetic genes 
from blueberry used for anthocyanin heterologous bio-
synthesis in yeast.

In the study, the entire de novo anthocyanin synthetic 
pathway, including eight genes (C4H, 4CL, CHS, CHI, 
F3H, DFR, ANS, and 3GT) from blueberry (Vaccinium 
corymbosum), and two genes (PAL and F3’H) from pur-
ple round eggplant (Solanum melongena), were inte-
grated into the S. cerevisiae different chromosomes by 
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homologous recombination (HR) to construct three yeast 
strains (Strain A, B1 and B2). The production of different 
anthocyanins and anthocyanidins was successfully real-
ized in yeast using glucose as the substrate by coculture 
and pH control.

Materials and methods
Genes, strains, plasmids, and media
All genes, strains, and plasmids used in this study are 
listed in Additional file 1: Table S1 and the primers 
used here are listed in Additional file 1: Table S2 and 
Table S3. Highbush blueberry and purple round egg-
plant were used for five anthocyanin synthetic genes 
cloning. Genome integration was performed by HR 
in S. cerevisiae JDY52 using the POT vector. Yeast 

host strain JDY52-URR1-His-URR2 (MATahis3Δ200 
leu2Δ0lys2Δ0trp1Δ63 ura3Δ0 met15Δ0) was donated by 
Dr. Junbiao Dai of Tsinghua University [29].

All plasmid-containing E. coil DH5α strains were cul-
tured in Luria - Bertani (LB) broth with shaking at 37°C. 
Yeast was cultured in YPD medium with shaking at 30°C. 
Recombinant yeast was cultured in SD nutrient-defi-
cient medium (containing 20 g/L glucose, 6.7 g/L YNB), 
replenished with 10× amino acid triple-deficient master 
batch and 100×LEU/URA/TRP masterbatch.

Cloning of the anthocyanin synthetic genes
The mRNA was extracted from blueberry and egg-
plant using the Trizol Method. The first strand cDNA 
was synthesized by Reverse Transcription Kit (Yisheng, 

Fig. 1  Anthocyanin biosynthesis pathway in plants. Bold arrows indicate the synthetic routes in this study. Different colors represent different stages of 
anthocyanin synthesis. Yellow: synthesis stage of flavonoid precursors; pink: synthesis stage of dihydro flavanone alcohols; other colors: synthesis stages 
of various anthocyanins and anthocyanidins. The boxes on the right display the names of synthetic enzymes
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Shanghai) and stored at -20℃. The PAL, C4H, 4CL, CHS, 
and F3’H were amplified (Additional file 1: Table S2), 
ligated with a T-vector (Tiangen, Beijing), and trans-
formed into E. coli DH5α. The positive bacteria verified 
by PCR was expanded and cultured, and then the plas-
mid was extracted, identified, and sequenced.

Construction of transcription units of anthocyanin 
synthetic genes
The anthocyanin synthetic genes, PAL, C4H, 4CL, CHS, 
and F3’H obtained by cloning, CHI, F3H, DFR, ANS, and 
3GT stored at the lab [30], were used to construct com-
plete transcription units, including promoters, CDS and 
terminator, by the Yeast Fab Assembly method as previ-
ously described [31]. The vectors of HCKan-Pro (the pro-
moter pf GPD, TEF2, ADH1, or ACS2), HCKan-T (the 
terminator of ADH1), and POT-RFP (used for carrying 
the transcriptional unit) were digested by Bsm BI (NEB, 
Beijing), and the open reading frames (anthocyanin 
synthetic genes) were digested by BsaI (NEB, Bejing). 
Then, due to the generation of specific sticky ends after 
enzymatic cleavage, transcription units (POT-TUs) are 
assembled to ligate promoters, open reading frames, ter-
minators, and POT vectors in turn by T4 ligase (NEB, 
Beijing) (Fig. 2a). Finally, 6×His or HA tag (Additional file 
1: Table S3) was added to the C-terminus of transcription 
units by overlap extension PCR for subsequent protein 
validation.

Construction of the tandem recombinant S. Cerevisiae 
strain
To construct recombinant yeast strains expressing enti-
tled anthocyanin biosynthetic pathway independently of 
the maintenance medium, PAL and C4H, 4CL and CHS, 
CHI and F3H, F3’H and DFR, ANS and 3GT were linked 
in tandem and integrated into the chromosomes III, IV, 
and XVI of yeast respectively (Fig.  2b). Firstly, PMV- 
ADP1(PGK1)/URRs/SURTUTDs (the homologous arms) 
and PMV- LEU/URA/TRP (the selection marker) were 
digested with BsmBI (NEB), and different transcription 
units were digested with BsaI (NEB). Then, the five frag-
ments, including the homologous arm (Left), transcrip-
tion unit 1, transcription unit 2, selection marker, and 
homologous arm (Right), were sequentially ligated to one 
fragment by T4 DNA ligase (NEB) due to the specificity 
of cohesive ends, which was transformed to yeast strain 
JDY52 using the classical lithium acetate (LiAc) method 
[32] and recombinant yeast strains were enabled to 
grow on SD-LEU/URA/TRP dystrophic medium. Single 
colonies of recombinant S. cerevisiae strains purified by 
streaking on SD screening plates were picked in 3 mL of 
YPD and incubated in an incubator at 30°C and 180 rpm 
for 24 h. Yeast cells were centrifuged and genomic DNA 
[33] was extracted for detection by PCR.

Western blotting
The strains with correct genotype verification were 
delineated and purified for subsequent protein expres-
sion assays. Single colonies were picked in 3 mL of YPD, 
cultured overnight at 180  rpm 30℃ for 12  h, and then 
transferred to a triangular flask of 10 mL YPD at a ratio 
of 1: 50, and continued to be cultured at 180 rpm 30℃ for 
48  h. The proteins in the supernatant were lysed, dena-
tured at high temperature, and then subjected to electro-
phoresis on sodium dodecyl sulfate-polyacrylamide gels. 
After electrophoresis, the proteins were transferred onto 
a polyvinylidene fluoride membrane using rabbit anti-
His (anti-HA) monoclonal antibody (Yeasen, Shanghai) 
diluted 1: 5000 as primary antibody and enzyme-labeled 
goat anti-rabbit IgG (Yeasen, Shanghai) antibody diluted 
1: 5000 as secondary antibody. Signals were excited using 
Super Signal West Pico PLUS Chemiluminescent sub-
strate (Bio-Rad, USA) and images were acquired using a 
Gel DocTM XR + imaging system (Bio-Rad, USA).

Quantitative analysis of anthocyanins
The recombinant S. cerevisiae strains (A, B1 and B2), 
obtained through the specified genetic manipulation, 
were inoculated into 3 mL of YPD medium in the ratio 
of 4: 2: 1 and incubated at 30 °C with shaking at 180 rpm 
for 24 h. As a crucial control, the original strain S. cere-
visiae JDY52 was similarly inoculated and incubated 
under identical conditions (30  °C, 180  rpm for 24  h) in 
parallel. Following this initial incubation, yeast cells from 
both the recombinant strains and the control strain were 
collected by centrifugation and resuspended in 10 mL 
of yeast synthesis medium (containing 20  g/L glucose, 
6.7 g/L YNB, 10 g/L (NH4)2SO4, 3 g/L KH2PO4, 0.24 g/L 
MgSO4, adjusted to pH 5.0). Subsequently, Dimethyl 
2-oxoglutarate (0.1 mM) and sodium ascorbate (2.5 mM) 
were added to the suspensions. All cultures were fur-
ther incubated for 48 h at 30 °C with shaking at 140 rpm. 
After this extended incubation period, the cultures were 
concentrated, with the performance of the recombinant 
strains being compared to that of the original JDY52 
strain, which served as the primary control for assessing 
the effects of genetic modifications.

The quantitative analysis was carried out using an AB 
SCIEX QTRAP 6500PLUS MS/MS (AB Sciex, Fram-
ingham, MA, USA). Chromatographic separation of 
the analytes and IS was performed on an ACQUITY 
BEH C18 (1.7 μm, 2.1 × 100 mm) at 40℃. The tempera-
ture of the autosampler was maintained at 4 °C and 2 µL 
was injected into the system. The mobile phase of water 
(containing 0.1% formic acid, A) and acetonitrile (B) was 
performed at gradient elution with a flow rate of 0.2 mL/
min: 0 min, 80% A, 20% B; 1 min, 80% A, 20% B; 3 min, 
25% A, 75% B; 4  min, 25% A, 75% B; 4.05  min, 80% A, 
20% B; 6.5 min, 80% A, 20% B; 7 min, 80% A, 20% B. The 
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electrospray ion source temperature is 550  °C; the mass 
spectrometry voltage in positive ion mode is 4500 V; and 
the gas curtain gas pressure is 35 psi. In the LC-MS/MS 
coupler, each ion pair is scanned and detected based on 
optimized de-clustering voltages and collision energies.

Results
The genes cloning of anthocyanin biosynthetic pathway
Despite the abundance of anthocyanins in blueberries 
and their potential health benefits, cloning all the nec-
essary genes for a complete anthocyanin biosynthetic 

pathway from blueberries alone proved to be a signifi-
cant bottleneck. While we had successfully cloned five 
essential anthocyanin synthetic genes (CHI, F3H, DFR, 
ANS, and 3GT, stored in our laboratory) from blueber-
ries, we encountered difficulties in isolating two crucial 
genes: phenylalanine ammonia-lyase (PAL) and flavo-
noid 3’-hydroxylase (F3’H). PAL is a key enzyme in the 
initial steps of the phenylpropanoid pathway, which feeds 
into the anthocyanin biosynthetic pathway. Similarly, 
F3’H plays a pivotal role in determining the color and 
pattern of anthocyanin pigmentation by catalyzing the 

Fig. 2  Workflow diagram for constructing recombinant yeast strains. (a) Construction of the transcription units. Anthocyanin synthetic genes were di-
gested by BsaI (NEB). The promoters (HCKan-PGPD/TEF2/ADH1/ACS2), terminator (HCKan-TADH1), and vector carrying the transcriptional unit (POT-RFP) 
were digested by BsmBI (NEB). Then, four fragments were ligated by T4 ligase to form the transcription unit. TUs: transcription units. (b) Construction of 
recombinant yeast strains. pMV-ADP1(PGK1)/URRs/SURTUTDs and pMV-LEU/URA/TRP were digested with BsmBI (NEB), and different transcription units 
were digested with BsaI (NEB). These five digested fragments were sequentially ligated to one fragment by T4 DNA ligase (NEB), which was transformed 
to yeast strain JDY52 using the classical LiAc method. HAs: homology arms, ADP1(PGK1)/URRs/SURTUTDs. AAs: amino acids, LEU/URA/TRP. Pn: promoter, 
n = 1, 2
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hydroxylation of flavonoids at the 3’ position. Given the 
urgent need to complete the pathway, we turned to pur-
ple round eggplant as an alternative source. Eggplants, 
like blueberries, are rich in anthocyanins and possess a 
similar biosynthetic machinery. Through diligent efforts, 
we were able to clone PAL and F3’H from purple round 
eggplant, overcoming the cloning difficulties encountered 
with blueberries (Fig. 3). The incorporation of these two 
additional genes, along with the previously cloned five 
from blueberries and three others (C4H, 4CL, and CHS) 
also sourced from blueberry, allowed us to assemble a 
comprehensive set of ten genes capable of synthesizing 
two major types of anthocyanins: cyanidin and pelargo-
nidin (Table 1).

The construction of transcription units
Using the Yeast Fab Assembly method, we successfully 
created transcription units for ten anthocyanin synthase 
genes. These units replaced the RFP region of the POT-
RFP plasmid, enabling easy screening based on colony 
color: ligation failures appeared red, while successful 
colonies were white. Through colony PCR with gene-
specific primers (Table S3), we validated and selected 
the white colonies, resulting in ten plasmids carrying 
the respective anthocyanin synthase genes: POT-PACS2-
4CL, POT-PGPD-CHS, POT-PTEF2-PAL, POT-PADH1-C4H, 
POT-PADH1-CHI, POT-PTEF2-F3H, POT-P TEF2-F3’H, 
POT-PGPD-DFR, POT-PGPD-ANS, and POT-PACS2-3GT, 
were gained (Fig. 4a). The red/white spot screening tech-
nique significantly enhanced the accuracy of our selec-
tion process.

To facilitate protein expression analysis, we appended 
either a 6×His or HA tag to the C-terminal of each gene 

via PCR amplification. The construction details, pro-
tein sizes, and identified tags were shown as Table  2. 
After selecting a single clone for cultivation and plasmid 
extraction, PCR confirmed the presence of the correct 
tag (Fig.  4b), and sequencing verified the final plasmid 
constructs.

Construction of recombinant yeast strains
Using Yeast Fab Assembly, we successfully constructed 
complete transcriptional units for anthocyanin biosyn-
thetic genes in vitro. The PAL and C4H transcriptional 
units were fused and integrated into Chr. XVI of S. cerevi-
siae JDY52 via HR, confirming the successful creation of 
recombinant yeast strain JDY52-PAL-C4H. PCR analysis 
verified the presence of the PAL target band (Fig. 5b), and 
Western Blot analysis confirmed the expression of PAL 
and C4H proteins in the strain (Fig.  5c). Furthermore, 
the transcriptional units of 4CL and CHS were fused and 
inserted into chromosome IV of JDY52-PAL-C4H, gener-
ating strain JDY52-PAL-C4H-4CL-CHS (Strain A). PCR 
confirmed the presence of the 4CL target band (Fig. 5d), 
and Western Blot analysis validated the expression of 
4CL and CHS proteins in the strain (Fig.  5e). These 
results demonstrate the successful construction of Strain 
A, harboring multiple anthocyanin biosynthetic genes.

The results demonstrated successful construction of 
the recombinant yeast strain S. cerevisiae JDY52-CHI-
F3H-F3’H-DFR (Strain B1), evidenced by PCR confir-
mation of F3H and F3’H integration and Western Blot 
verification of CHI, F3H, F3’H, and DFR protein expres-
sion (Fig.  6b-d). However, when integrating additional 
transcriptional units of ANS and 3GT into S. cerevi-
siae JDY52 to create Strain B2 (JDY52-ANS-3GT), PCR 

Table 1  The information of anthocyanin synthetic genes cloned in this study
Gene NCBI ID Size (bp) Amino acid (aa) Acids Theoretical Isoelectric point
SmPAL KT259041.1 2163 720 6.15 34.47
VcC4H MH321458.1 1518 506 8.88 42.02
Vc4CL MH321459.1 1182 393 5.24 33.55
VcCHS JN654702.1 1260 419 8.39 40.92
SmF3’H - 1545 514 8.51 29.14

Fig. 3  Cloning of anthocyanin synthase genes PAL, C4H, 4CL, CHS, and F3’H. Three synthase genes C4H, 4CL, and CHS were amplified using blueberry 
cDNA as the template. Vc: blueberry (V. corymbosum). The cDNA of purple round eggplant was used as a template to amplify the remaining two synthase 
genes PAL and F3`H. Sm: purple round eggplant (S. melongena). M: DNA marker
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confirmed their insertion (Fig. 6e-f ), but targeted protein 
bands were not detected by Western Blot, suggesting 
limited expression of these proteins. Notably, culturing 
these strains revealed that growth duration correlated 
with gene integration complexity, potentially indicative 
of expression inhibition due to high gene load. Despite 

attempts, the medium did not turn red, indicating inad-
equate anthocyanin production, likely due to low ANS 
and 3GT expression levels as seen in protein assays. This 
suggested the possibility of proanthocyanidins or other 
precursors being produced instead of anthocyanins in 
the yeast strains.

Anthocyanins detection and analysis of fermentation 
broth by LC-MS/MS
To alleviate the problem of metabolic stress in single-
strain fermentation and accurately assess the benefits 
of multi-strain co-culture for anthocyanin synthesis, 
this study employed a comprehensive control approach. 
Firstly, Strains A, B1, and B2 were individually pre-culti-
vated in YPD medium under standard conditions, serv-
ing as baselines for their individual growth and metabolic 
activities. Additionally, as a crucial control, the original 
strain S. cerevisiae JDY52 was also pre-cultivated in YPD 
medium for 24 h, mimicking the initial growth phase of 
the experimental strains. Subsequently, Strains A, B1, 
and B2 were inoculated into a single flask in the ratio 

Table 2  The information for transcription units of the 
anthocyanin and anthocyanidin synthatic genes
Gene Promoter Terminator Integra-

tion site
Protein 
size (kDa)

Tag

PAL PTEF2 TADH1 SURTUTD 78.0 6×His
C4H PADH1 TADH1 58 0.1 6×His
4CL PACS2 TADH1 URRs 42.7 6×His
CHS PGPD TADH1 45.7 HA
CHI PADH1 TADH1 ADP1/PGK 23.3 6×His
F3H PTEF2 TADH1 41.3 6×His
F3’H PTEF2 TADH1 SURTUTD 57.0 6×His
DFR PGPD TADH1 38.5 6×His
ANS PGPD TADH1 URRs 40.5 6×His
3GT PACS2 TADH1 50.1 6×His

Fig. 4  Transcription units construction and validation. (a) Plasmids construction diagram. The standard parts (Promoter, Ori, Terminator) and the “POT” 
acceptor vector are mixed with buffer and enzymes to assemble a transcription unit. (b) Verification results of adding 6×His or HA tag to the transcription 
unit of plasmids. The transcription units of PAL, C4H, 4CL, CHI, F3H, F3’H, DFR, 3GT, and ANS were constructed with a 6×His tag added to the C-terminus 
of these genes, and CHS was constructed with an HA tag added to the C-terminus of the target gene by Overlap PCR. The plasmid PCR validation of the 
genes together with tag using gene-specific primers. M: DNA marker
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of 4: 2: 1 for co-culture in YPD medium, supplemented 
with dimethyl 2-ketoglutarate and sodium ascorbate to 
enhance anthocyanin production. This co-culture was 
then concentrated and subjected to LC-MS/MS detec-
tion for quantitative analysis of anthocyanin content.
Parallel to this, the original yeast JDY52 strain was also 
inoculated into a separate flask, fermented under identi-
cal conditions (YPD medium with dimethyl 2-ketoglu-
tarate and sodium ascorbate) for 24 h, and processed in 
the same manner as the co-culture. The supernatant of 
fermentation broth was concentrated and analyzed by 
LC-MS/MS.

The anthocyanins present were identified in each peak 
by matching the m/z values, fragmentation patterns, and 
retention times. A total of twenty-seven peaks contain-
ing previously identified anthocyanins, many of which 

were differently modified, were found in fermentations 
by LC-MS/MS analysis (Additional file 1: Table S4). All of 
the six most common anthocyanidins, including cyani-
din, peonidin, pelargonidin, delphinidin, petunidin, and 
malvidin were detected here (Additional file 1: Table 
S4). Meanwhile, based on the peak area results, cyanidin 
accounted for about 9.3% of the total anthocyanins in 
control group, which was elevated to 12.1% in co-culture 
strains. The peonidin, pelargonidin, petunidin, and mal-
vidin were from 2.0%, 10.0%, 4.0%, and 19.5–6.8%, 28.1%, 
21.2%, and 35.6% respectively. However, delphinidin was 
reduced from 54.7 to 11.1% (Additional file 1: Table S4). 
These data identified the anthocyanin biosynthetic path-
way constructed in the yeast strain could increase the 
levels of anthocyanin by coculture. Furthermore, the del-
phinidin content was reduced may because F3’5’H was 

Fig. 5  Construction and detection of yeast strain JDY52-PAL-C4H-4CL-CHS (Strain A). (a) Schematic diagram of constructing JDY52-PAL-C4H-4CL-CHS 
(Strain A). (b) PCR verified the PAL from the recombinant yeast JDY52-PAL-C4H. (c) The protein levels of PAL and C4H were detected in the strain JDY52-
PAL-C4H by western blotting. (d) PCR verified the 4CL from the recombinant yeast JDY52-PAL-C4H-4CL-CHS. (e) The protein levels of PAL, C4H, and 4CL 
were detected in the strain JDY52-PAL-C4H-4CL-CHS by western blotting. (f) The protein levels of CHS were detected in the strain JDY52-PAL-C4H-4CL-
CHS by western blotting
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not cloned and integrated into the yeast genome in this 
study.

Furthermore, elevated relative intensities of six antho-
cyanidins, oenin chloride, callistephin chloride, pelar-
gonidin O-acetylhexoside, peonidin chloride, cyanidin 
O-acetylhexoside, and pelargonidin O-acetylhexoside, 
were detected in the fermentation broth of recombinant 
yeast strains as compared to the original JDY52 strain 
(Fig.  7). Compared to JDY52 control cultures, the rela-
tive intensities of eight anthocyanins and anthocyanidins 
reduced in recombinant co-cultures, in recombinant 

strain cultures reduced, including malvidin 3,5-digluco-
side, cyanidin 3-O-glucoside, delphinidin O-malonyl-
malonylhexoside, petunidin 3-O-rutinoside, delphinidin 
3-sophoroside-5-rhamnoside, delphinidin O-malonyl-
hexoside, cyanidin O-malonyl-malonylhexoside, and pel-
argonidin 3-O-malonylhexoside (Fig. 8). There is enough 
evidence for the final synthesis of cyanidin, peonidin, 
pelargonidin, petunidin, and malvidin was catalyzed 
in the coculture of yeast recombinant strains by ten 
anthocyanin synthases, PAL, C4H, 4CL, CHS, CHI, F3H 
/F3’H, DFR, ANS, and 3GT. The successful synthesis 

Fig. 6  Construction and detection of yeast strain JDY52-CHI-F3H-F3’H-DFR (Strain B1) and JDY52-ANS-3GT (Strain B2). (a) Schematic diagram of con-
structing JDY52-CHI-F3H-F3’H-DFR (Strain B1) and JDY52-ANS-3GT (Strain B2). (b) PCR verified the F3H from the recombinant yeast JDY52-CHI-F3H. (c) 
PCR verified the F3’H from the recombinant yeast JDY52-CHI-F3H-F3’H-DFR. (d) The protein levels of CHI, F3H, F3’H, and DFR were detected in the strain 
JDY52-CHI-F3H-F3’H-DFR by western blotting. (e) PCR verified the ANS from the recombinant yeast JDY52-ANS-3GT. (f) PCR verified the 3GT from the 
recombinant yeast JDY52-ANS-3GT
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of anthocyanins was identified by mass spectrometry, a 
more sensitive method, demonstrating the feasibility of 
synthesizing anthocyanins from scratch in S. cerevisiae.

Discussion
Traditional methods for extracting anthocyanins from 
plant tissues are limited by plant growth, arable land 
constraints, and operationally difficult extraction meth-
ods, making it very expensive to obtain anthocyanins. 
Although metabolic engineering with microbes is a very 
promising approach, there are still challenges associated 
with the large-scale production of anthocyanins [34]. In 
this study, the de novo anthocyanin synthesis pathway 
was constructed in yeast using anthocyanin synthase 
genes from anthocyanin-rich blueberry and eggplant. We 
selected different promoters to regulate the expression 
of ten anthocyanin synthesis genes in constructing tran-
scription units in vitro (Fig. 2a), and HR was carried out 
through different homology arms ADP1(PGK1), URRs, 
and SURTUTDs. Using the Yeast Fab Assembly method, 
the assembled complete transcription units were inte-
grated into the target Chr. III, IV, and XVI, respectively. 
There were enzyme cleavage sites and unique nucleotide 
sequences of BsmBI added upstream and downstream of 
the homology arms and screening markers. The unique 

four-base sticky end will appear after the enzymatic 
cleavage, ensuring that the individual elements could be 
connected in passing, realizing the two-by-two tandem 
linkage of anthocyanin synthesis-related enzyme genes 
(Fig. 2b). In this study, the type IIs restriction endonucle-
ase was used to realize the ligation of four or five frag-
ments, and several fragments were digested and ligated at 
the same time under certain conditions, instead of being 
digested and then ligated by T4 ligase [35]. In advance, 
we realized the sequential joining of several fragments by 
designing unique sticky ends. In addition, the recombi-
nant yeast vectors were constructed by different screen-
ing markers for subsequent cultures.

Although some anthocyanin synthase genes from sev-
eral different plants have been used for constructing 
the anthocyanin synthase pathway in microorganisms, 
the genes of anthocyanin-rich blueberry and eggplant 
were not reported for the anthocyanin synthase through 
microbial fermentation to our knowledge. This study was 
initially envisioned to use anthocyanin-rich blueberry 
fruits exclusively as the experimental material, and it was 
proposed to amplify all genes of three main anthocyanin 
synthase pathways from blueberries, aiming to synthesize 
all six common anthocyanidins (Fig.  1). By maintaining 
the species uniformity of synthase genes to maintain the 

Fig. 7  LC-MS/MS analysis of the control JDY52 and recombinant yeast co-culture fermentation broth with elevated anthocyanin content. These types of 
anthocyanins and anthocyanidins increased in co-culture fermentation broth. The peak area of Oenin chloride (a), Callistephin chloride (c), Pelargonidin 
O-acetylhexoside (e), Peonidin chloride (g), Cyanidin O-acetylhexoside (i), and Pelargonidin O-acetylhexoside (k) produced in the fermentation broth 
of JDY52 (control). The peak area of Oenin chloride (b), Callistephin chloride (d), Pelargonidin O-acetylhexoside (f), Peonidin chloride (h), Cyanidin O-
acetylhexoside (j), and Pelargonidin O-acetylhexoside (l) produced from the recombinant co-culture strains
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consistency of anthocyanin synthase activity. At the same 
time, blueberry fruits are rich in anthocyanins, which 
predicts a high activity of anthocyanin synthase (at cer-
tain times) in blueberries. However, in the actual research 
process, when blueberry cDNA was used as the template 
to amplify the PAL and F3’H, there was no purpose-
ful band, and attempts to replace a variety of conditions 
failed to obtain the desired results. Finally, the pericarp 
cDNA of purple round eggplant was selected as the tem-
plate to amplify the PAL and F3’H. Several attempts to 
amplify the F3’5’H resulted in no target bands, so the 
pathway strain where the F3’5’H is located was not con-
structed. Theoretically, Yeast Fab Assembly technology 
can realize the tandem of six transcriptional units [29]. 
However, in this study, the construction of the three-gene 
tandem unit of ANS, 3GT and OMT was unsuccessful in 

this study. So it was replaced by the construction of the 
tandem of ANS and 3GT, and successfully transformed 
yeast. When culturing recombinant yeast strains, it was 
found that the time required for yeast growth was pro-
longed as more genes were integrated into the genome. It 
was suspected that a single strain inhibited itself growth 
due to the integration of too many genes. So an attempt 
was made to integrate the tandem ANS and 3GT frag-
ment alone into the JDY52 strain, and the JDY52-ANS-
3GT (Strain B2) was constructed.

In yeast strains, the purposeful bands of ANS and 3GT 
were not detected. ANS catalyzed the conversion of col-
orless intermediates to colored anthocyanidins. However, 
at this point, the anthocyanidins produced were unsta-
ble [36]. 3GT subsequently catalyzes their conversion to 
more stable, colored anthocyanins and anthocyanidins 

Fig. 8  LC-MS/MS analysis of the control JDY52 and recombinant yeast co-culture fermentation broth with reduced anthocyanin content. These types 
of anthocyanins and anthocyanidins were lower in co-culture fermentation broth than that of JDY52 strain. The peak area of Malvidin 3,5-diglucoside 
(a), Cyanidin 3-O-glucoside (c), Delphinidin O-malonyl-malonylhexoside (e), Petunidin 3-O-rutinoside (g), Delphinidin 3-sophoroside-5-rhamnoside (i), 
Delphinidin O-malonylhexoside (k), Cyanidin O-malonyl-malonylhexoside (m), and Pelargonidin 3-O-malonylhexoside (o) produced in the fermentation 
broth of JDY52 (control). The peak area of Malvidin 3,5-diglucoside (b), Cyanidin 3-O-glucoside (d), Delphinidin O-malonyl-malonylhexoside (f), Petunidin 
3-O-rutinoside (h), Delphinidin 3-sophoroside-5-rhamnoside (j), Delphinidin O-malonylhexoside (l), Cyanidin O-malonyl-malonylhexoside (n), and Pelar-
gonidin 3-O-malonylhexoside (p) produced from the recombinant co-culture strains
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[22]. Codon optimization of these two genes has been 
proposed in multiple studies to increase anthocyanins 
content [26]. In this study, codon optimization of the 
genes was not performed, which may have contributed 
to the non-expression of ANS and 3GT, or it may have 
been impossible to detect protein expression due to low 
expression levels or spatiotemporal specificity.

Although there were no purposeful bands for ANS and 
3GT in the Western Blot assay, this did not rule out the 
possibility that they might pass the WB assay due to low 
expression, so an attempt at anthocyanin synthesis was 
made in this study. Ideally, the medium that produces 
anthocyanins and anthocyanidins would turn red, how-
ever, the medium color did not change during the experi-
ment. Based on the results of the protein expression assay 
in recombinant yeast, the ANS and 3GT may not have 
been expressed, and it is suspected that anthocyanins 
were not produced. But proanthocyanidins or other col-
orless intermediates may have been produced, or there 
may also be cases where the amount of anthocyanins 
or anthocyanidins produced was too low to be recog-
nized by changes in the color of the medium. Therefore, 
the yeast fermentation broth was analyzed by LC-MS/
MS to determine if anthocyanin analogs were synthe-
sized, and the results showed that five anthocyanidins 
increased in the recombinant yeast, providing sustain-
able implications for the production of anthocyanins in 
microorganisms.

Conclusion
We cloned ten anthocyanin synthase genes from blue-
berry or eggplant, and created complete transcriptional 
units for each of them, which were inserted into the dif-
ferent chromosomes of yeast to construct recombinant 
strains (A, B1 and B2). Ultimately, using the LC-MS/
MS method, the increases of cyanidin, peonidin, pelar-
gonidin, petunidin, and malvidin were identified in the 
broth extract of recombinant yeast fermentation com-
pared with that of JYD52. The construction of heter-
ologous de novo biosynthesis pathway for anthocyanins 
in S. cerevisiae will facilitate the production of antho-
cyanins through microbial fermentation. Our research 
offers fresh concepts for developing a de novo heterolo-
gous pathway for the biosynthesis of anthocyanins. It also 
offers fundamental information and a theoretical frame-
work for optimizing the microbial synthesis of anthocya-
nins in the future.
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