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A B S T R A C T   

Dopamine can be used to treat depression, myocardial infarction, and other diseases. However, few reports are 
available on the de novo microbial synthesis of dopamine from low-cost substrate. In this study, integrated omics 
technology was used to explore the dopamine metabolism of a novel marine multi-stress-tolerant aromatic yeast 
Meyerozyma guilliermondii GXDK6. GXDK6 was found to have the ability to biosynthesize dopamine when using 
glucose as the substrate. 14 key genes for the biosynthesis of dopamine were identified by whole genome-wide 
analysis. Transcriptomic and proteomic data showed that the expression levels of gene AAT2 encoding aspartate 
aminotransferase (regulating dopamine anabolism) were upregulated, while gene AO-I encoding copper amine 
oxidase (involved in dopamine catabolism) were downregulated under 10 % NaCl stress compared with non- 
NaCl stress, thereby contributing to biosynthesis of dopamine. Further, the amount of dopamine under 10 % 
NaCl stress was 2.51-fold higher than that of zero NaCl, which was consistent with the multi-omics results. Real- 
time fluorescence quantitative PCR (RT-qPCR) and high-performance liquid chromatography (HPLC) results 
confirmed the metabolic model of dopamine. Furthermore, by overexpressing AAT2, AST enzyme activity was 
increased by 24.89 %, the expression of genes related to dopamine metabolism was enhanced, and dopamine 
production was increased by 56.36 % in recombinant GXDK6AAT2. In conclusion, Meyerozyma guilliermondii 
GXDK6 could utilize low-cost carbon source to synthesize dopamine, and NaCl stress promoted the biosynthesis 
of dopamine.   

1. Introduction 

As a neurotransmitter transmits signals in the brain, dopamine can 
change in its level to affect people’s behavior, such as learning memory, 
exercise, and emotion [1]. Insufficient production amounts of dopamine 
can cause Parkinson’s disease, schizophrenia, and heart diseases in 
humans [2]. Dopamine is effective in the treatment of depression, 
myocardial infarction, and other diseases [3]. At present, dopamine can 

be synthesized from the frontal cortex and striatum of the animal brain, 
such as rats [4]. In addition, dopamine can be produced in plant organs 
[5]. Dopamine inhibits plant senescence and influences nutrient con-
centrations under drought conditions by regulating the uptake, trans-
port, and resorption of nutrients [6]. Furthermore, the chemical 
synthesis of dopamine has the problems of high production cost, low 
conversion efficiency, high requirements for equipment, the use of 
dangerous chemical reagents in the reaction process, and pollution of 
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the environment [7]. The production of dopamine is not sufficient to 
meet medical or industrial needs. Therefore, finding a more economical 
and efficient way to produce dopamine has become a current scientific 
research hotspot. 

In the synthesis of natural dopamine, microbial fermentation has 
good attributes such as short fermentation cycle and reduced environ-
mental pollution. The common intestinal bacteria such as Escherichia coli 
[8,10] and Enterococcus faecium [9] could also produce dopamine. 
Shishov et al. found that the culture fluid of E. coli contained nanomolar 
of dopamine during the late growth phase [8]. In addition, the yield of 
dopamine for E. faecium ML1082 was 133 μg/mL [9]. However, the 
synthesis of dopamine by these intestinal microorganisms e.g. Entero-
coccus faecium are in small amounts and mostly requires exogenous 
addition of the metabolic precursor dopa for dopamine synthesis [9], 
which poses an obstacle to efficient biosynthesis of dopamine in one step 
fermentation. Therefore, identifying high efficiently microorganisms in 
biosynthesize dopamine using low-cost raw materials in large-scale 
seems urgent [10]. However, few reports of natural biosynthesis of 
dopamine by the fungal yeast are found. The yeast Meyerozyma guil-
liermondii, which has natural physiological metabolic advantages, as a 
model organism for studying the dopamine metabolic process can help 
us better understand the metabolic regulation and catalytic mechanisms 
involved in dopamine synthesis in fungal yeast. At present, the meta-
bolic regulation and catalytic mechanism of dopamine synthesis in 
Meyerozyma guilliermondii, especially under environmental stress con-
ditions, are still kept unclear. 

In addition to clinical medical applications, dopamine is involved in 
a variety of other important roles, such as the stress responses. Dopa-
mine participates in the process of plant growth and development, and 
helps plants withstand multiple abiotic stresses by regulating the 
expression of stress-related genes. Furthermore, both endogenous 
dopamine and exogenously applied dopamine have been shown to 
enhance tolerance to various stresses, such as salt stress [6,11,12]. Liang 
et al. reported that exogenous dopamine significantly increased the 
concentrations, uptake, and transport of nutrients under drought stress, 
and also altered their distribution within the whole plant [13]. Ahmad 
et al. reported that dopamine alleviated hydrocarbon stress in Brassica 
oleracea through modulation of physio-biochemical attributes and 
antioxidant defense systems [14]. Jiao et al. reported that the presence 
of dopamine significantly alleviated the effects of alkali stress and the 
application of exogenous dopamine increased the antioxidant capacity 
of apple seedlings under alkali stress by increasing the level of chloro-
genic acid [11]. Gao et al. reported that dopamine regulated the 
expression of genes related to metabolism of nitrogen, secondary com-
pounds, and amino acids under drought stress [6]. However, the 
expression levels of dopamine in microorganisms under extreme envi-
ronments and the differences in the expression of genes and proteins 
associated with its synthesis have been rarely reported. 

In our previous studies, a novel marine multi-stress-tolerant aromatic 
yeast Meyerozyma guilliermondii GXDK6 with abundant amino acid 
metabolism genes was identified from subtropical marine mangrove 
microorganisms, which showed excellent salt-tolerant survivability 
[15]. Based on its typical physicochemical characteristics, GXDK6 had 
unique regulatory network of amino acid metabolism under NaCl stress, 
which could produce a variety of natural functional amino acid me-
tabolites. To date, few reports had been found on the natural fermen-
tation of dopamine synthesis by yeast. We hypothesized that 
M. guilliermondii GXDK6 had the potential for biosynthesis of dopamine 
using low-cost raw materials (such as glucose or sucrose) as the sub-
strate. The expression level of dopamine was significantly increased 
when GXDK6 was exposed to high salt stress to alleviate the damage 
caused by salt stimulation. For the test of this hypothesis, the fermen-
tation products were analyzed by gas chromatography-mass spectrom-
etry (GC-MS) and high-performance liquid chromatography (HPLC), 
and the key proteins regulating dopamine synthesis in the whole 
genome of GXDK6 were deeply explored to reveal the key amino acid 

residues and map the pathway of dopamine metabolism in yeast. In 
addition, a combination of transcriptomic and proteomic data was used 
to systematically reveal the differences in dopamine metabolism of 
M. guilliermondii GXDK6 under salt stress. This study provided new in-
sights into the metabolic differences regulating dopamine synthesis 
under high salt stress. 

2. Materials and methods 

2.1. Experimental strain 

The fungal yeast M. guilliermondii GXDK6, which was obtained from 
the subtropical marine mangrove microorganisms, was released in the 
China General Microbiological Culture Collection Center (CGMCC) with 
the preservation number CGMCC No.16007. 

2.2. Multi-omics analysis of M. guilliermondii GXDK6 

Genome-wide profiling in M. guilliermondii GXDK6. CTAB method 
was used to extract the whole genomic DNA of M. guilliermondii GXDK6, 
and the purity of the extracted DNA was verified by PCR (Polymerase 
Chain Reaction) and agarose gel electrophoresis. The whole-genome 
sequencing data of GXDK6 were deposited in the National Microbi-
ology Data Center database (see footnote 1) under accession number 
NMDC60014229 [15]. 

Transcriptome profiling in M. guilliermondii GXDK6. The trizol 
method was used to extract the total RNA of GXDK6 cultured at different 
salt concentrations (0 %, 5 %, and 10 % NaCl) (Trizol reagent kit, 
Invitrogen, Carlsbad, CA, USA) [16]. Sequencing was performed using 
Illumina HiSeq2500 by Gene Denovo Biotechnology Co. (Guangzhou, 
China). DESeq2 was used to analyze the differential expression of RNAs 
[17,18]. The genes/transcripts with the parameter of false discovery 
rate (FDR) below 0.05 and absolute fold change (FC) ≥ 2 were consid-
ered differentially expressed genes/transcripts. The RNA-Sequencing 
data of GXDK6 under NaCl stress had been deposited in GenBank with 
the accession number PRJNA752222. 

Proteomic profiling in M. guilliermondii GXDK6. Samples from the 
same batch used for transcriptome sequencing were analyzed simulta-
neously for proteomic data. SDT Lysis method was used to extract the 
proteins in GXDK6 at different salt concentrations (0 %, 5 %, and 10 % 
NaCl) from three biological replicates of each sample and separated on 
12.5 % SDS-PAGE gel [19]. Sequencing of the extracted proteins was 
conducted using a tandem mass tag (TMT)-based quantitative prote-
omics [20]. Proteins with FC > 1.2 and p-value (Student’s t-test) < 0.05 
were considered to be differentially expressed proteins (Detailed 
methods were described in Sun et al. [21]). 

To assess the potential relevance of quantitative information be-
tween mRNA and proteins, the cut off values (DEGs: |Fold change (FC)| 
> 2.0 and FDR ≤0.001; DEPs: p-value <0.05 and |FC| > 1.20) were used 
to screen the subsets of mRNA and proteins with apparent expression. 
Then, we used RNA-seq data as a searchable database, all identified 
protein sequences were analyzed and queried with the RNA-seq data. To 
further dig out the information from proteomes, the correlation analysis 
was conducted between DEPs and the whole transcript database. 

2.3. Detection of dopamine by gas chromatography-mass spectrometry 
(GC-MS) 

GXDK6 was cultured in YPD medium for 48 h and then centrifuged at 
12, 000 rpm for 10 min to remove the cell sediment. The supernatant 
was filtered using a 0.22 μm sterile filter membrane, concentrated 
through refrigerated centrifugation (Shanghai, China), and then freeze- 
dried into powder. First, alkylation reaction of the samples was per-
formed by adding 80 μL methoxyamine pyridine hydrochloride solution 
(a special reagent for GC analysis) with a concentration of 20 mg/mL 
and then oscillating in a rotary shaker at 200 rpm and 37 ◦C for 120 min. 
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Second, when the alkylation reaction was completed, 80 μL of MSTFA 
was added in the samples for derivatization reaction, which was also 
conducted in a rotary shaker at 200 rpm and 37 ◦C for 120 min. Sub-
sequently, the samples were centrifuged at 12, 000 rpm for 10 min to 
collect the supernatant for GC–MS detection. The metabolites were 
detected and analyzed using GC–MS according to Pautova et al. [22] and 
Cai et al. [23], with slightly modifications. 

2.4. Detection of dopamine content in M. guilliermondii GXDK6 based on 
HPLC 

Dopamine standards were diluted using anhydrous ethanol (chro-
matographic grade) and standard curves were plotted (range 1–100 mg/ 
L). The dopamine content was measured using HPLC when GXDK6 was 
incubated for 16 h at 0 %, 5 %, and 10 % NaCl, respectively (culture 
conditions: protected from light). 9 mL of samples was aspirated, 
quenched under liquid nitrogen, and then dried to powder using a 
centrifugal concentrator (SCIENTZ-1LS, China). After drying, 1 mL of 
the anhydrous ethanol was added to each tube of the sample, which was 
then mixed well and macerated by shaking (30 ◦C, 200 rpm). The su-
pernatant after maceration was obtained by centrifugation at 12, 000 
rpm for 10 min and subsequently filtered using a 0.22 μm filter mem-
brane. The HPLC (WATERS, E2695, USA) was equipped with a Com-
masil TM C18 column (4.6 mm × 250 mm, 5 μm) and a 2998 PAD 
detector. Detection conditions: mobile phase 100 % methanol: 1 ‰ 
phosphoric acid solution = 20:80, flow rate 0.8 mL/min, column tem-
perature 30 ◦C, loading volume 10 μL, detection wavelength 220 nm. 
Each group of samples was set up in 3 parallel. 

2.5. Effect of adding exogenous dopamine on the growth of 
M. guilliermondii GXDK6 

M. guilliermondii GXDK6 was cultured in YPD liquid medium con-
taining 0 %, 5 %, and 10 % NaCl with 1 mg/L exogenous dopamine and 
without exogenous dopamine as a control. Subsequently, the OD600 was 
detected to evaluate the effect of adding exogenous dopamine on the 
growth of M. guilliermondii GXDK6. In addition, GXDK6 was coated onto 
YPD solid medium with 1 mg/L exogenous dopamine under 0 %, 5 %, 
and 10 % NaCl, respectively, and without exogenous dopamine as a 
control (10− 5 concentration of GXDK6). Then the colony morphology 
and number of GXDK6 were observed. Three biological replicates were 
set up for each group and were considered significantly different at p <
0.05 (t-test). 

2.6. Sequence analysis of AST and CAO 

To identify regions of structurally and/or functionally important, the 
amino acid residues of AST and CAO were analyzed using the ConSurf 
web server (http://consurf.tau.ac.il) [24]. The ConSurf server was a 
bioinformatics tool for estimating the evolutionary conservation of 
amino acid positions in a protein molecule based on the phylogenetic 
relations between homologous sequences. The BLAST in NCBI (https:// 
blast.ncbi.nlm.nih.gov/Blast.cgi) was used to search for close homolo-
gous sequences. A multiple sequence alignment (MSA) of the homolo-
gous sequences was constructed using Clustal Omega (https://www.ebi. 
ac.uk/Tools/msa/clustalo/). The conservation scores were calculated 
using the Bayesian method (default). The continuous conservation 
scores were divided into a discrete scale of nine grades for visualization, 
from the most variable positions (grade 1) colored turquoise, through 
intermediately conserved positions (grade 5) colored white, to the most 
conserved positions (grade 9) colored maroon. The enzyme activity 
centre of the protein was predicted using PyMOL software. 

2.7. Construction of the overexpression strain GXDK6:AAT2 

The column-based yeast genomic DNA extraction kit (provided by 

SBS Genetech Co., Ltd., catalog number B518257) was used to extract 
the total DNA. The AAT2 was amplified using a PCR reaction using the 
genome as a template (Supplementary Tables S1, S2, and S3). The 
plasmid pPICZA was linearized by reverse amplification PCR using 
primers (Supplementary Tables S1, S2, and S3). The PCR product was 
purified and recovered using a PCR purification kit (Vazyme Biotech 
Co., Ltd., catalog number DC301). The purified product was subjected to 
1 % agarose gel electrophoresis for identification. The linearized 
plasmid obtained above was ligated with the target gene using seamless 
cloning to obtain the recombinant plasmid pPICZA-AAT2 (Supplemen-
tary Table S4). The constructed recombinant plasmid was transformed 
into E. coli DH5α cells for amplification, and the positive transformants 
were obtained by colony PCR. The positive transformants were cultured 
in LB medium containing 25 μg/mL zeocin for 12 h, and the recombinant 
plasmids were extracted. The accuracy of the recombinant plasmids was 
verified by amplifying pPICZA and AAT2 in PCR reactions using the 
extracted recombinant plasmids as templates. Subsequently, the re-
combinant plasmids were transformed into M. guilliermondii GXDK6 
receptive cells by the lithium acetate method. Positive transformants 
were selected by PCR of fungal colonies and cultured in YPD liquid 
medium containing 1000 μg/mL zeocin. The dopamine content of 
GXDK6 and GXDK6AAT2 was detected by HPLC, respectively. The 
protein concentration and AST enzyme activity were detected using a 
BCA assay kit (Beyotime Biotechnology Co., Ltd., catalog number 
PC0020) and an AST kit (Nanjing Jiancheng Bioengineering Institute, 
catalog number C010-2-1). Each group of samples was set up in 3 
parallel. 

2.8. RT-qPCR analysis 

To assess the RNA-seq quality, the same set of RNAs for RNA-seq 
were subjected to a two-step RT-qPCR assay with high-throughput 
real-time fluorescence quantitative PCR instrument (ROCHE 480II, 
Switzerland) using SYBR green RT-PCR kit (Yifeixue Biotechnology Co., 
Ltd., YFXM0001/2/3). The genes (AO-I, AAT2, and ARO4) which 
regulated dopamine metabolism and the other five genes (CAR1, 
ARO10, URE2, RNR2, and HPD) involved in the metabolism of amino 
acids above eight genes from the DEGs were selected for RT-qPCR to 
verify the accuracy and reproducibility of the RNA-Seq data (The for-
ward and reverse primers were provided in Supplementary Table S5). 
The internal reference gene was ACT. Three sets of parallel trials were 
set up for each gene. The relative FC in target gene expression was 
calculated using the 2− ΔΔCt method [25]. In addition, expression levels 
of genes in the dopamine metabolic pathway in GXDK6 and 
GXDK6AAT2 were also analyzed based on RT-qPCR as described above 
(The forward and reverse primers were provided in Supplementary 
Table S6). 

2.9. Statistical analysis of data 

The experimental data were processed with SPSS 25, Excel 2019, 
TBtools, the PyMOL Molecular Graphics System (1.7.2.1), and Diamond 
software. The relevant query databases were UniProt, SWISS-MODEL, 
KEGG, and NCBI. Significant difference was set at p < 0.05. 

3. Results 

3.1. Dopamine was synthesized by M. guilliermondii GXDK6 

In order to explore the metabolites in M. guilliermondii GXDK6, a non- 
targeted metabolomics study was performed using a Gas 
chromatograph-mass spectrometer (GC-MS). For increasing the vola-
tility of the sample or improving the detection sensitivity, the sample 
was derivatized before instrument injection. The results showed that 
dopamine was quantified with the peak time of 16.245 min and the peak 
area of 5, 914, 857, indicating that marine mangrove-derived 
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M. guilliermondii GXDK6 could be used to obtain dopamine from glucose 
fermentation without engineering. The hydrogen on the hydroxyl group 
and amino group were replaced by trimethylsilane (TMS) after the 
derivatization of dopamine. At this time, the chromatographic behavior 
was good. The mass spectrum of the derived dopamine was shown in 
Fig. 1. The mass spectra showed that the derivatives of dopamine had 
characteristic ions at m/z 116.9, 146.9, 173.9, 206.8, and 298.8, and the 
proportional relationships of these fragment ions could be used for the 
qualitative analysis of dopamine. The quantified ion was used at m/z 
173.9, because this characteristic ion had a certain abundance and was 
less disturbed by impurities. This was the first report on the synthesis of 
dopamine by fermentation in fungal yeast. 

3.2. The proposed pathway of dopamine in M. guilliermondii GXDK6 
revealed by the whole genome wide analysis 

40 % sequence identity were used as a confident threshold for 
assessing functional conservation because functional variation was rare 
when the sequence identity was above 40 % [26]. Catechol-O-methyl-
transferase (COMT) was the major enzyme determining cortical dopa-
mine flux [27]. Based on the genome-wide data, by comparing the 
COMT sequence in M. guilliermondii GXDK6 with that in Candida albicans 
P94015 (sequence ID: KGQ82201.1), 51.3 % sequence identity was 
observed, speculating that M. guilliermondii GXDK6 had the potential to 
express COMT (encoded by COMT, scaffold8.t127) and thus further 
metabolize dopamine. In addition, copper amine oxidase encoded by 
AO-I, which was involved in the metabolism of dopamine [28], was 
expressed in M. guilliermondii GXDK6. Therefore, it was speculated that 
M. guilliermondii GXDK6 had the potential to biosynthesize dopamine. 

Fourteen genes (ARO4, ARO1, ARO2, ARO7, TYR1, AAT2, ARO8, 
HIS5, CYP76AD1, mfnA, AO-I, COMT, FMS1, and ALDH) through 
sequence alignment with functional proteins had been demonstrated 
relating with dopamine metabolism. Then the proposed pathway of 
dopamine in M. guilliermondii GXDK6 had been constructed successfully 
(as shown in Fig. 2A) [29]. D-Erythrose 4-phosphate had been found to 
be converted into 3-deoxy-D-arabino-heptulosoate 7-phosphate (DAHP) 
under the action of 3-deoxy-7-phosphoheptulonate synthase (encoded 
by ARO4). AROM protein (encoded by ARO1), which catalyzed 5-step 
consecutive enzymatic reactions to convert DAHP to 5-O-3-phos-
phoshikimate. 5-O-3-phosphoshikimate synthesized chorismate under 
the action of chorismate synthase (encoded by ARO2), and then cho-
rismate was converted into prephenate under the action of chorismate 
mutase (encoded by ARO7). Then prephenate was then converted to 
4-hydroxyphenylpyruvate by the action of prephenate dehydrogenase 
(encoded by TYR1), followed by further production of L-tyrosine under 
the combined action of aspartate aminotransferase (AST, encoded by 
AAT2), aromatic amino acid aminotransferase I (encoded by ARO8), and 
histidinol-phosphate transaminase (encoded by HIS5), respectively. 

Tyrosine was further converted to L-dopa (CYP76AD1 was the regulatory 
gene) [30]. Tyrosine decarboxylase (encoded by mfnA) was one of the 
key enzymes in the catecholamine biosynthesis pathway, which could 
catalyze the synthesis of the neurotransmitter dopamine from L-dopa. 
Meanwhile, dopamine was converted to 3,4-dihydroxyphenylacetalde-
hyde by the action of copper amine oxidase (CAO, encoded by AO-I). 
Further, the dopamine synthesized in M. guilliermondii GXDK6 was 
catalyzed by catechol O-methyltransferase (encoded by COMT) to 
3-methoxytyramine. Subsequently, 3-methoxytyramine was trans-
formed into 3-methoxy-4-hydroxyphenylacetaldehyde by monoamine 
oxidase (encoded by FMS1), and finally, 3-methoxy-4-hydroxyphenyla-
cetaldehyde was catalyzed to homovanillic acid by aldehyde dehydro-
genase (NAD(P)+) (encoded by ALDH). 

Furthermore, network interaction analysis of the above genes 
revealed strong interactions among ARO1, ARO2, ARO4, ARO7, ARO8, 
TYR1, HIS5, and AAT2, while the interactions among other genes were 
not revealed in STRING (functional protein association networks), sug-
gesting that new protein interaction networks were present in 
M. guilliermondii to participate in the metabolism of dopamine [31]. In 
addition, homovanillic acid is able to perform a variety of functions such 
as antioxidant, anti-inflammatory, and anti-tumor, which have a wide 
range of applications in medical, food and cosmetic fields [32]. It is 
hypothesized that dopamine or homovanillic acid natural synthesized 
by fermentation with low-priced glucose contributes to the stress 
tolerance of the yeast GXDK6 under environmental stress. 

3.3. Multiple sequence alignment of aspartate aminotransferase and 
copper amine oxidase 

In addition, according to the transcriptome data, the expression 
levels of AAT2 and AO-I were significantly different under 10 % NaCl 
stress compared with no stress, so the AST for dopamine synthesis and 
CAO involved in dopamine catabolism were screened for multiple 
sequence alignment with homofunctional proteins, and conserved re-
gions of the proteins, as well as key amino acid residues, were analyzed. 
AST generally forms a homodimer consisting of two active sites in the 
vicinity of subunit interfaces; these active sites bind to its cofactor PLP 
and substrate independently [33]. Researches showed that AST in 
M. guilliermondii GXDK6 had high homology with that of Meyerozyma sp. 
JA9 (RLV85771.1, 86.07 %), Candida parapsilosis (KAI5906130.1, 53.98 
%), Candida viswanathii (RCK59576.1, 52.75 %), Candida railenensis 
(CAH2351020.1, 51.48 %), and Metschnikowia aff. pulcherrima 
(QBM85876.1, 50.38 %), respectively (Supplementary Fig. S1). The 
conserved sequences were Cys-His-Asn-Pro-Thr-Gly and 
Pro-Ala-Phe-Gly-Ala-Arg. The A chain of AST (PDB ID: 1YAA) was 
selected to show the conserved region of the protein with other se-
quences, and the results were shown in Fig. 2B, which visualized the 
position of the conserved region (red area) in the protein structure. 

Fig. 1. Mass spectra of dopamine in M. guilliermondii (after derivatization).  
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Fig. 2. The biosynthetic pathway of dopamine in M. guilliermondii GXDK6. (A) The biosynthetic pathway of dopamine; (B) The conserved sequences of aspartate 
aminotransferase; (C) The key amino acid residues of aspartate aminotransferase; (D) The conserved sequences of copper amine oxidase; (E) The key amino acid 
residues of copper amine oxidase. 
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Analysis of the active centre of the enzyme revealed that chemical small 
molecule ligands (within the 5A range) interacted with their targets 
through hydrogen bonding (polar interaction) and that water molecules 
929 and 936 in the protein were involved in the formation of hydrogen 
bonds between the protein and the ligand. The key amino acid residues 
involved in hydrogen bonding were shown in Fig. 2C. The key amino 

acid residue sites of AST were identified as aspartic acid (Asp), aspara-
gine (Asn), tyrosine (Tyr), and arginine (Arg). The analysis of the sites of 
key amino acid residues in the enzyme protein structure can lay the 
foundation for further investigation of the catalytic mechanism of AST 
protein in M. guilliermondii GXDK6. 

In addition, multiple sequence alignment analysis revealed that CAO 

Fig. 3. Transcriptome and proteome reveal the expression levels of key genes regulating dopamine metabolism under NaCl stress. (A) Association analysis comparing 
transcriptome and proteome under 0 % and 5 % NaCl conditions; (B) Association analysis comparing transcriptome and proteome under 0 % and 10 % NaCl 
conditions; (C) Association analysis comparing transcriptome and proteome under 5 % and 10 % NaCl conditions; (D) Association analysis comparing transcriptome 
and proteome in amino acid metabolism; (E) Expression levels of key genes regulating dopamine metabolism revealed based on transcriptomic data; (F) Expression 
levels of key proteins regulating dopamine metabolism revealed based on proteomic data. 
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from M. guilliermondii GXDK6 had have high homology to Schefferso-
myces stipitis CBS 6054 (XP_001384892.1, 81.49 %), Candida railenensis 
(CAH2353551.1, 80.82 %), Suhomyces tanzawaensis NRRL Y-17324 
(XP_020065782.1, 81.31 %), Candida viswanathii (RCK55058.1, 80.70 
%), and Candida albicans P34048 (KGU28736.1, 78.39 %), indicating 
that the protein in M. guilliermondii GXDK6 had the same or similar 
functions to that of the other species compared above (regulation of 
dopamine metabolism), which had the same conserved sequence as Arg- 
Ala-Thr-Gly-Ile-Leu-Ser-Thr-Met-Pro-Ile-Asp-Glu-Asn-Val-Lys-Val-Pro- 
Trp-Gly-Thr-Ile-Val-Gly-Pro-Asn-Val-Met-Ala-Ala-Tyr-His-Gln-His-Ile- 
Leu (Supplementary Fig. S2). In addition, CAO encoded by AO-I were 
involved in the metabolism of xenobiotic and biogenic amines [34]. 
When Cu2+ as a cofactor, CAO can catalyze the oxidation of primary 
amines to aldehydes, while reducing dioxygen to hydrogen peroxide. 
The cofactor Cu2+ played a crucial role in the activity of CAO. The A 
chain of CAO (PDB ID: 3N9H) was selected to show the conserved region 
of the protein with other sequences, and the results were shown in 
Fig. 2D. Analysis of the active centre of the enzyme revealed that 
chemical small molecules (within the range of 5A) interacted with their 
targets through hydrogen bonding (polar interaction), and water mol-
ecules 1205, 1503, 1029, 1498, 1053, 1497, and 1499 in the protein 
were involved in the formation of hydrogen bonds between the protein 
and the small molecules.The key amino acid residue sites of CAO were 
aspartic acid and tyrosine. The key amino acid residues involved in 
hydrogen bonding were shown in Fig. 2E, which laid the foundation for 
the subsequent study of the catalytic mechanism of the CAO. 

3.4. Integration of genome-wide, transcriptomic and proteomic data 
analysis revealed that NaCl stress contributed to the biosynthesis of 
dopamine in M. guilliermondii GXDK6 

The transcriptome and proteome were used to investigate the dif-
ferential regulation of dopamine metabolism in M. guilliermondii GXDK6 
under NaCl stress. 5175 genes and 3604 proteins were identified in 
GXDK6, each protein was matched with their corresponding gene. The 
expression changes of genes in transcriptome and proteome were further 
divided and a four-quadrant diagram was constructed. Quantitative and 
enrichment analysis were performed on the genes in each quadrant of 
the four-quadrant diagram. In the four-quadrant diagram, the largest 
number of proteins (genes) were those with no differential expression at 
both transcript and translation levels, followed by those with differential 
expression at either the protein or mRNA level (Fig. 3). Compared to the 
0 % NaCl condition, both non-differentially expressed proteins (NDEPs) 
and non-differentially expressed genes (NDEGs) were 2934, NDEGs with 
differentially expressed proteins (DEPs) were 344, differentially 
expressed genes (DEGs) with NDEPs were 255, DEGs with DEPs were 71 
under 5 % NaCl condition (Fig. 3A). Compared to the 0 % NaCl condi-
tion, NDEPs with NDEGs were 2161, NDEGs with DEPs were 662, DEGs 
with NDEPs were 438, DEGs with DEPs were 343 under 10 % NaCl 
condition (Fig. 3B). Compared to the 5 % NaCl condition, NDEPs with 
NDEGs were 2647, NDEGs with DEPs were 498, DEGs with NDEPs were 
340, DEGs with DEPs were 119 under 10 % NaCl condition (Fig. 3C). The 
above results indicated that the corresponding proteins (genes) at both 
transcriptional and translational levels were fewer revealed under NaCl 
stress, while more genes were expressed at a single level of transcription 
or translation, thereby promoting growth and metabolism of GXDK6 
under NaCl stress, which was similar with Jia et al. [35]. 

Twelve DEGs and DEPs in amino acid metabolism were associated 
under 10 % NaCl (vs. 0 % NaCl) (Supplementary Table S7), while four 
DEGs and DEPs were associated under 10 % NaCl (vs. 5 % NaCl) (Sup-
plementary Table S8). In addition, four DEGs and DEPs in the meta-
bolism of other amino acids were associated under 10 % NaCl (vs. 0 % 
NaCl) (Supplementary Table S9), while one DEG and DEP was associated 
under 10 % NaCl (vs. 5 % NaCl) (Supplementary Table S10). The DEGs 
and DEPs associated with amino acid metabolism were involved in the 
regulation of tyrosine metabolism, arginine and proline metabolism, and 

phenylalanine metabolism (Fig. 3D). Annotated DEGs enriched in 
tyrosine metabolism (the primary pathway of dopamine metabolism) 
include AO-I (involved in dopamine degradation) and AAT2 (involved in 
regulating dopamine synthesis). Therefore, it was speculated that salt 
stress affected the process of dopamine metabolism. The eight genes 
(AO-I, AAT2, ARO4, CAR1, ARO10, URE2, RNR2, and HPD) involved in 
the metabolism of amino acids from the DEGs were selected for RT-qPCR 
to verify the accuracy and reproducibility of the RNA-Seq data (Sup-
plementary Fig. S3). The results showed that the expression trends of 
these genes were similar to those of RNA-seq, indicating the reliability of 
RNA-seq analysis. 

Transcriptomic analysis revealed that ARO4 (scaffold1.g160) was 
upregulated 1.02-fold under 5 % NaCl (vs. 0 % NaCl), 2.40-fold under 
10 % NaCl (vs. 0 % NaCl), and 1.38-fold under 10 % NaCl (vs. 5 % NaCl), 
respectively (Fig. 3E). In addition, AAT2 (scaffold3.g530) was down-
regulated 0.27-fold under 5 % NaCl (vs. 0 % NaCl), while AAT2 was 
upregulated 4.54-fold under 10 % NaCl (vs. 0 % NaCl), and 4.81-fold 
under 10 % NaCl (vs. 5 % NaCl), respectively. ARO4 and AAT2 
contributing to dopamine biosynthesis were significantly upregulated in 
M. guilliermondii GXDK6 under 10 % NaCl. Meanwhile, AO-I (scaffold1. 
g90), which promotes dopamine catabolism, was downregulated 0.70- 
fold under 5 % NaCl (vs. 0%NaCl), 3.06-fold under 10 % NaCl (vs. 0% 
NaCl), and 2.35-fold under 10 % NaCl (vs. 5%NaCl), respectively. Pro-
teomic analysis showed that aspartate aminotransferase (AST, encoded 
by AAT2) was upregulated 0.33-fold under 5 % NaCl (vs. 0 % NaCl), 
0.66-fold under 10 % NaCl (vs. 0 % NaCl), and 0.33-fold under 10 % 
NaCl (vs. 5 % NaCl), respectively. Meanwhile, copper amine oxidase 
(encoded by AO-I) was downregulated 0.27-fold under 5 % NaCl (vs. 0 % 
NaCl), 0.83-fold under 10 % NaCl (vs. 0 % NaCl), and 0.56-fold under 
10 % NaCl (vs. 5 % NaCl), respectively (p＜0.05) (Fig. 3F). Dopamine 
was characterized as a strong water-soluble antioxidant with higher 
anti-oxidative capability than glutathione, contributing to the normal 
growth of microorganisms under NaCl stress. Transcriptomic data 
showed that genes (e.g. AAT2 and AO-I) regulating dopamine meta-
bolism were significantly differentially expressed under salt stress, and 
proteomic data obtained from the same fermentation batch showed a 
corresponding trend of differential expression. The integrated multi- 
omics analysis showed that the genes or proteins involved in dopa-
mine synthesis and catabolism had the same change pattern, which 
revealed the regulatory influence mechanism between gene expression 
and protein, contributing to the mechanism of dopamine biosynthesis in 
M. guilliermondii GXDK6 under salt stress. 

3.5. The amount of dopamine biosynthesized by M. guilliermondii GXDK6 
was increased after perceived salt stress 

Dopamine content was assayed using HPLC when GXDK6 was 
incubated at 0 %, 5 %, and 10 % NaCl for 16 h, respectively (Fig. 4A and 
B). The results showed that the concentration of dopamine reached 
29.00 mg/L when M. guilliermondii GXDK6 was not stressed, 62.01 mg/L 
under 5 % NaCl stress, and 72.83 mg/L under 10 % NaCl stress, 
respectively. The amount of dopamine synthesized by M. guilliermondii 
GXDK6 under 10 % NaCl stress was 2.51-fold higher than that of no 
stress. Multi-omics analysis revealed that the synthesis of dopamine 
increased under salt stress. The results of HPLC also confirmed the 
conclusions from the multi-omics analysis. The final results demon-
strated that NaCl stress contributed to the synthesis of dopamine, 
considering that dopamine, a strong water-soluble antioxidant, was 
beneficial to alleviating oxidative stress caused by excessive oxygena-
tion due to NaCl stress [36]. 

Furthermore, it was found that exogenous addition of dopamine 
contributed to enhancing the growth of GXDK6 under high NaCl stress, 
and the results were shown in Fig. 4C (p < 0.05). Under 0 % NaCl and 1 
mg/L exogenous dopamine, the OD600 of GXDK6 was 1.57 after 16 h, 
which was 5.37 % higher than that under 0 % NaCl and no dopamine. 
Under 5 % NaCl and 1 mg/L exogenous dopamine, the OD600 of GXDK6 
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Fig. 4. The amount of dopamine biosynthesized by M. guilliermondii GXDK6 at 0 %, 5 %, and 10 % NaCl respectively by HPLC. (A) Chromatograms of dopamine 
biosynthesized by M. guilliermondii GXDK6 at 0 %, 5 %, and 10 % NaCl, respectively; (B) The amount of dopamine biosynthesized by M. guilliermondii GXDK6 after 16 
h of fermentation with 0 %, 5 %, and 10 % NaCl, respectively; (C) Effect of exogenous addition of dopamine on the growth of M. guilliermondii GXDK6 at 0 %, 5 %, 
and 10 % NaCl, respectively; (D) Effect of exogenous addition of dopamine on the colony morphology for M. guilliermondii GXDK6 at 0 %, 5 %, and 10 % NaCl, 
respectively. 
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was 1.38 after 16 h, which was 2.99 % higher than that under 5 % NaCl 
and no dopamine. Meanwhile, under 10 % NaCl and 1 mg/L exogenous 
dopamine, the OD600 of GXDK6 was 0.46 after 16 h, which was 9.52 % 
higher than that under 10 % NaCl and no dopamine. In addition, the 
number of colonies under 5 % and 10 % NaCl was 93.19 % and 7.96 % of 
that under 0 % NaCl, respectively, indicating a significant inhibition of 
growth under 10 % NaCl. Further analysis revealed the number of col-
onies were increased by 17.24 %, 16.70 %, and 108.89 % under 0 %, 5 
%, and 10 % NaCl, respectively, when 1 mg/L dopamine was added 
(Fig. 4D and Supplementary Table S12). These findings highlighted the 
potential of exogenously added dopamine in promoting growth under 
different salt stresses, with the highest enhancement observed under 10 
% NaCl. A significant role of dopamine was further demonstrated in 
mitigating the impact of high salt stress upon the growth of GXDK6 by 
reducing oxidative stress. Liu et al. reported that endogenous or exog-
enous application of dopamine improved the tolerance against several 
abiotic stresses, such as drought, salt, and nutrient stress, which was 
similar to our results [37]. 

3.6. GXDK6:AAT2 strain enhanced AST enzyme activity and thus further 
stimulated the dopamine production 

AAT2 was inserted into pPICZA vector to construct the recombinant 
plasmid, which was subsequently introduced into GXDK6 to construct 
GXDK6AAT2 (as shown in Fig. 5A). The linearized vector pPICZA (3323 
bp) and AAT2 gene fragment (1209 bp) were obtained through PCR 
amplification (Supplementary Fig. S4). These two fragments were 
seamlessly ligated using cloning techniques to generate the recombinant 
plasmid. The recombinant plasmid was amplified after being transferred 
into the E. coli DH5α. Subsequently, AAT2 was amplified by colony PCR 
to screen for positive transformants (the positive transformants con-
tained pPICZA-AAT2), and the results were shown in Fig. 5C, which 
showed a bright band of 1209 bp size. The recombinant plasmid 
extracted from the positive transformants was used as a template to 
amplify the pPICZA and AAT2 to verify the accuracy of the recombinant 
plasmid again, and the results were shown in Supplementary Fig. S5, 
which showed bright band of 3323 bp and 1209 bp, respectively, indi-
cating that the recombinant plasmid pPICZA-AAT2 had been success-
fully obtained. The recombinant plasmid was further introduced into 
GXDK6 to overexpress gene AAT2 (Fig. 5D). Furthermore, compared 
with GXDK6, the total protein concentration in GXDK6AAT2 was 
increased by 6.28 % (Fig. 5B), additionally, the enzyme activity of AST 
in GXDK6AAT2 was increased by 24.89 % (Fig. 5F). Moreover, the 
dopamine production in GXDK6AAT2 was stimulated and increased by 
56.36 % (Fig. 5E). The RT-qPCR results showed that the overexpression 
of AAT2 led to an increase in the expression level of other related genes, 
which enhanced the expression of other genes in the dopamine meta-
bolic pathway, resulting in a more vigorous dopamine metabolism and 
further accumulation of dopamine (Fig. 5A). The overexpression of 
AAT2 also further verified the regulatory mechanism of dopamine 
metabolism. 

4. Discussion 

Dopamine is a precursor substance for the biosynthesis of many 
natural antioxidant drugs, acting as a neurotransmitter in the human 
body to regulate various physiological functions of the central nervous 
system, which is commonly used in the clinical treatment of many types 
of shock. At present, de novo synthesis of dopamine has been achieved 
through microbial synthesis technology, but the synthesis efficiency is 
very low [38]. In this study, the wild yeast M. guilliermondii GXDK6 was 
separated from marine mangrove microorganisms, which could bio-
synthesize dopamine using a low-valent carbon source (glucose) as a 
metabolic precursor substance. The process of dopamine was efficient 
and simple, contributing to the large-scale production. 

The expression profiles of genes regulating dopamine metabolism in 

M. guilliermondii GXDK6 under NaCl stress were systematically revealed 
by multi-omics techniques (whole genome, transcriptome, and prote-
ome). Through whole-genome analysis, CYP76AD1 mediates tyrosine 
hydroxylation to form dopa, and further catalyzes to dopamine. Dopa-
mine synthesized by GXDK6 using glucose can be catalyzed by catechol 
O-methyltransferase, monoamine oxidase, and aldehyde dehydrogenase 
(NAD(P)+) to synthesize homovanillic acid. Transcriptome and prote-
ome analysis found that AAT2 and its encoded enzyme AST promoting 
dopamine synthesis showed an upward trend of expression under NaCl 
stress, while AO-I and its corresponding enzyme CAO which regulated 
dopamine degradation showed a downward trend, which reduced the 
degradation of dopamine thereby accumulating. Self-synthesized 
dopamine (a strong water-soluble antioxidant) was used to attenuate 
the oxidative stress produced by NaCl stress. HPLC results showed that 
the production of dopamine increased under salt stress, verifying the 
accuracy of the multi-omics results. At present, the biosynthesis of 
dopamine by E. coli had been reported, but the synthesis of dopamine by 
yeast has not yet been found. This study has revealed for the first time 
that M. guilliermondii GXDK6 has the ability to biosynthesize dopamine, 
while the genes and proteins regulating dopamine synthesis have been 
mined, expanding the gene pool of dopamine metabolism, and providing 
a new source for dopamine acquisition. Moreover, the association be-
tween NaCl stress and dopamine metabolism was comprehensively 
revealed by integrated multi-omics techniques. This study also provides 
a new idea to construct a chassis cell factory for dopamine biosynthesis 
based on M. guilliermondii GXDK6. 

The total synthesis content was detected using HPLC after 16 h in-
cubation at different salt concentrations. The results showed that the 
concentration of dopamine reached 29.00 mg/L when M. guilliermondii 
GXDK6 was not stressed, 62.01 mg/L under 5 % NaCl stress, and 72.83 
mg/L under 10 % NaCl stress, respectively. Moreover, the extracellular 
dopamine content was detected using HPLC on the fermentation broth 
(measuring the extracellular secretion content) after 16 h incubation at 
different salt concentrations. The results showed that the extracellular 
concentration of dopamine reached 18.66 mg/L when M. guilliermondii 
GXDK6 was not stressed, 13.65 mg/L under 5 % NaCl stress, and 12.50 
mg/L under 10 % NaCl stress (dopamine peak time in the range of 3.266 
± 0.05, respectively) (Supplementary Table S11). Therefore, the intra-
cellular concentration of dopamine reached 10.34 mg/L when 
M. guilliermondii GXDK6 was not stressed, 48.36 mg/L under 5 % NaCl 
stress, and 60.33 mg/L under 10 % NaCl stress, respectively. With the 
NaCl stress increasing, the amount of dopamine accumulated in the cell 
increased and the amount excreted outside the cell decreased. It is 
natural suggested that NaCl stress causes an increase in intracellular 
reactive oxygen species (ROS), which triggers an intracellular oxidative 
stress response [39]. Dopamine, a strong water-soluble antioxidant 
under NaCl stress, could accumulate in large amounts intracellularly and 
reduces efflux, thereby alleviating the oxidative stress response induced 
by high salt stimulation, enhancing the redox capacity of cells, 
contributing to maintain intracellular redox homeostasis, and protecting 
cells from oxidative damage [40]. The final results showed that the 
addition of dopamine or the increase of endogenous dopamine synthesis 
contributed to the growth and metabolism of M. guilliermondii GXDK6 
under salt stress. 

5. Conclusions 

Genes regulating dopamine metabolism were identified and the 
differential expression profiles of these genes under NaCl stress were 
investigated with the genome-wide, transcriptomic, and proteomic an-
alyses. GC-MS qualitatively revealed that GXDK6 had the ability to 
biosynthesize dopamine using glucose in natural fermentation. Based on 
the whole genome sequence analysis, 14 genes on dopamine metabolism 
were annotated. Multi-omics analysis revealed that NaCl stress 
contributed to dopamine accumulation, which was further confirmed by 
high performance liquid chromatography. Self-biosynthesized 
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Fig. 5. Overexpression of AAT2 in M. guilliermondii GXDK6. (A) Expression levels of other related genes in dopamine metabolism pathway in GXDK6AAT2 as 
compared to GXDK6; (B) Protein concentration in GXDK6 and GXDK6AAT2; (C) PCR electropherogram of colonies for positive transformants of E. coli; (D) PCR 
electrophoresis of colonies for positive transformants of M. guilliermondii GXDK6; (E) Concentration of dopamine in GXDK6 and GXDK6 AAT2; (F) AST enzyme 
activity in GXDK6 and GXDK6AAT2. 
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dopamine was used as a strong water-soluble antioxidant to alleviate 
oxidative stress in M. guilliermondii GXDK6 after perceived NaCl stress. 
Exogenous addition of dopamine also showed that dopamine alleviated 
the damage caused by NaCl stress and promoted cell growth. Further, 
when the dopamine anabolism-regulated gene AAT2 was overexpressed 
in GXDK6, the expression level of AAT2 was increased and the enzyme 
activity of AST encoded by AAT2 was enhanced, which led to the up- 
regulation of other genes of dopamine metabolism, resulting in an in-
crease in dopamine synthesis. This study revealed the association be-
tween the regulatory mechanism of dopamine and NaCl stress in 
M. guilliermondii, and expanded the gene pool regulating dopamine 
synthesis, contributing to the efficient production of dopamine. 
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