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Abstract 

Background: Alternaria sp. MG1, an endophytic fungus isolated from grape, is a native producer of resveratrol, 
which has important application potential. However, the metabolic characteristics and physiological behavior of MG1 
still remains mostly unraveled. In addition, the resveratrol production of the strain is low. Thus, the whole-genome 
sequencing is highly required for elucidating the resveratrol biosynthesis pathway. Furthermore, the metabolic 
network model of MG1 was constructed to provide a computational guided approach for improving the yield of 
resveratrol.

Results: Firstly, a draft genomic sequence of MG1 was generated with a size of 34.7 Mbp and a GC content of 
50.96%. Genome annotation indicated that MG1 possessed complete biosynthesis pathways for stilbenoids, fla-
vonoids, and lignins. Eight secondary metabolites involved in these pathways were detected by GC–MS analysis, 
confirming the metabolic diversity of MG1. Furthermore, the first genome-scale metabolic network of Alternaria sp. 
MG1 (named iYL1539) was reconstructed, accounting for 1539 genes, 2231 metabolites, and 2255 reactions. The 
model was validated qualitatively and quantitatively by comparing the in silico simulation with experimental data, 
and the results showed a high consistency. In iYL1539, 56 genes were identified as growth essential in rich medium. 
According to constraint-based analysis, the importance of cofactors for the resveratrol biosynthesis was successfully 
demonstrated. Ethanol addition was predicted in silico to be an effective method to improve resveratrol produc-
tion by strengthening acetyl-CoA synthesis and pentose phosphate pathway, and was verified experimentally with a 
26.31% increase of resveratrol. Finally, 6 genes were identified as potential targets for resveratrol over-production by 
the recently developed methodology. The target-genes were validated using salicylic acid as elicitor, leading to an 
increase of resveratrol yield by 33.32% and the expression of gene 4CL and CHS by 1.8- and 1.6-fold, respectively.

Conclusions: This study details the diverse capability and key genes of Alternaria sp. MG1 to produce multiple 
secondary metabolites. The first model of the species Alternaria was constructed, providing an overall understanding 
of the physiological behavior and metabolic characteristics of MG1. The model is a highly useful tool for enhancing 
productivity by rational design of the metabolic pathway for resveratrol and other secondary metabolites.

Keywords: Alternaria sp. MG1, Secondary metabolites, Genome-scale metabolic model, Resveratrol, Constraints-
based flux analysis

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/
publi cdoma in/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

Microbial Cell Factories

*Correspondence:  sjlshi2004@nwpu.edu.cn 
1 Key Laboratory for Space Bioscience and Biotechnology, School of Life 
Sciences, Northwestern Polytechnical University, 127 Youyi West Road, 
Xi’an 710072, Shaanxi, China
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12934-019-1063-7&domain=pdf


Page 2 of 16Lu et al. Microb Cell Fact           (2019) 18:13 

Background
Endophytic fungi from plants have attracted increas-
ing scientific attention due to their capability to produce 
high value bioactive compounds [1]. During the evo-
lutionary process of plant symbiosis, many endophytic 
fungi obtained the capability to synthesize secondary 
metabolites similar to their host plants [2, 3]. Under the 
current market demand, endophytic fungi exhibit sig-
nificant potential for producing plant-original drugs 
and functional compounds, such as taxol, which is a 
renowned antitumor agent that was originally isolated 
from the bark of the Pacific Yew, Taxus brevifolia [4]. 
Moreover, endophytes offer the advantages of accumulat-
ing higher concentrations of functional compounds that 
would be toxic to genetically modified Escherichia coli 
and yeast since they possess higher resistance to their 
self-produced metabolites [5]. Alternaria sp. MG1 is an 
endophytic fungus previously isolated from the cob of 
Vitis vinifera L. cv. Merlot that could stably produce res-
veratrol. Resveratrol is a stilbene with multiple functions 
including antitumor, cardioprotective, antioxidant, lifes-
pan-extending, and anti-inflammatory activities [6, 7]. 
Compared to the complex procedures and toxic organic 
solvents needed for its chemical synthesis [8, 9], genomic 
instability for plant cell culture [10], and the time-con-
sumption and product inhibition for genetically modified 
E. coli and yeast [11], Alternaria sp. MG1 showed notable 
advantages: It does not require genetic modification and 
offers stable production of resveratrol in the microbial 
fermentation in vitro. However, the production of resver-
atrol by Alternaria sp. MG1 was low to be directly used 
as an industrial resveratrol producer. It is therefore nec-
essary to obtain a full understanding of the resveratrol 
biosynthesis pathway in Alternaria sp. MG1, since it has 
not been verified in any microorganisms at the gene level.

Genome-scale metabolic modeling (GSMM) is a novel 
systematic biology technology for the construction of a 
framework for the integrative analysis of the metabolic 
functions of a microorganism. GSMM is conducted 
based on genome annotation, ‘omics’ data sets, and leg-
acy knowledge [12], clarifying the relationships between 
genes, proteins, and reactions. GSMM results provide 
important support that guides metabolic engineering 
and strain improvement, integrate high-throughput data 
by providing a visualization  platform for the analysis of 
multi-omic information, and investigate strain evolution 
[13, 14]. So far, more than 300 GSMMs, covering approx-
imately 150 microbial species, have been successfully 
established [15]. For example, GSMM analysis indicated 
the central role of secondary replicons for the growth 
of the legume symbiont Sinorhizobium meliloti in three 
ecological niches and clarified the specialized function 
of these replicons for host-associated niche adaption 

[16]. The model iHZ771 of Komagataeibacter nataicola 
RZS01 was successfully constructed and used to predict 
potential targets for the over-production of cellulose in 
silico [17]. Based on GSMM, it is easy to obtain a com-
prehensive understanding of the physiological behavior 
and metabolic characteristics of a microorganism under 
different environmental or genetic disturbance. However, 
there is no report on the GSMM of Alternaria sp. up to 
now.

In this study, the whole genome of Alternaria sp. MG1 
was de novo sequenced, assembled, annotated, and sub-
sequently used for the reconstruction of a GSMM of 
Alternaria sp. strain MG1, which offers a systematic 
insight into the metabolic characteristics involved in the 
production of resveratrol. The resveratrol biosynthesis 
pathway was verified by flux analysis in the model. The 
roles of cofactors in the regulation of resveratrol bio-
synthesis were investigated, and both biochemical and 
genetic strategies were proposed for the improvement of 
resveratrol production. Additionally, GC/HPLC–MS was 
conducted to mine the capability of metabolic diversity of 
MG1. The results reported herein provide a reliable plat-
form and reference for future studies on the resveratrol 
biosynthesis pathway in microorganisms and are a pre-
requisite for the exploitation of other valuable secondary 
metabolites produced by Alternaria sp. MG1.

Results and discussion
Genome sequencing and characteristics
To obtain a comprehensive understanding of the func-
tional genes, especially those response for the biosyn-
thesis of resveratrol and other functional metabolites in 
Alternaria sp. MG1, genome sequencing and charac-
terization were conducted on this strain. The 34.7  Mb 
genome sequence with a GC content of 50.96% was 
acquired from a 600 bp pair-end library and a 3 kb pair-
end library. The Q20 values of the short-insert and long-
insert libraries were 91.98% and 97.45%, respectively. 132 
scaffolds (> 1 kb) and 1506 contigs were assembled with 
N50 sizes of 1,661,510 and 44,208  bp, respectively. The 
repeat sequences number was 1771 and the length was 
115,952 bp. A total of 13,606 genes were predicted, and 
37 rRNA and 129 tRNA were identified. 96.19% out of 
13,606 predicted protein-coding genes were successfully 
functionally annotated via aligning of the sequence with a 
variety of databases as listed in Table 1.

Annotation of the biosynthesis pathways of secondary 
metabolites including resveratrol
Gene annotation was conducted based on the genome 
sequencing results. This provided an overall informa-
tion on the functional genes that are responsible for 
the biosynthesis of different metabolites. As expected, 
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21 proteins encoded by more than one gene each, were 
identified in the phenylpropanoid pathways, especially 
those responsible for the biosynthesis of stilbenes, flavo-
noids, and lignins, indicating the presence of a resvera-
trol biosynthesis pathway and the metabolic diversity in 
the strain (Fig.  1). For the synthesis of resveratrol, the 
key genes of the upstream metabolic pathway 4-cou-
marate coenzyme A ligase (4CL, 6.2.1.12) and cinnamate 
4-hydroxylase (C4H, 1.14.13.11) were identified. Stilbene 
synthase (STS, 2.3.1.95), which catalyzes the last step in 
resveratrol synthesis, was not annotated in any database, 
while chalcone synthase (CHS, 2.3.1.74) was identified. 
Several of the CHS-like genes could exhibit activities 
in catalyzing stilbene formation. For example, the CHS 
gene cloned from Psilotum nudum showed pinosylvin 
synthase activity and that from Hydrangea macrophylla 
showed stilbenecarboxylate synthase activity to catalyze 
the formation of 5-hydroxy-lunularic acid [18]. In addi-
tion, STSs and CHSs showed high similarity at the amino 
acid level, which often confuses the distinction between 
both enzymes in gene annotation [19]. For instance, when 
three initially annotated STS genes (Morus atropurpurea 
Roxb.) were co-expressed with Ma4CL, the formation of 
naringenin, not resveratrol, was detected [20]. Further-
more, although CHS is naturally responsible for the nar-
ingenin biosynthesis, cross reactivity between CHS and 

Table 1 Genome characteristics of Alternaria sp. MG1

General features

 Genome size (Mb) 34.7

 GC content (%) 50.96

 Number of scaffolds 132

 Scaffold N50 (bp) 1,661,510

 Number of contigs 1506

 Contig N50 (bp) 44,208

 Number of protein-coding sequences 13,606

Properties of gene annotation

 Number of rRNA genes 37

 Number of tRNA genes 129

 COG annotation 5037

 GO annotation 6602

 KAAS annotation 2663

 KOG annotation 6413

 Pfam annotation 8955

 Swissprot annotation 8330

 TrEMBL annotation 13,055

 Nr annotation 13,045

 Nt annotation 10,080

 Total 13,088

Fig. 1 Phenylpropanoid and downstream secondary metabolites synthesis pathways in Alternaria sp. MG1. F5H ferulate-5-hydroxylase. Enzymes 
in red font are present in Vitis vinifera but are not annotated in Alternaria sp. MG1. Dashed arrows indicate the phenylalanine/tyrosine synthesis 
pathways that are not listed in detail
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STS has been demonstrated with CHS forming resvera-
trol and STS forming naringenin [21]. In the presence 
of p-coumaroyl-CoA as the substrate, STS isolated from 
Rheum tataricum L. showed in vitro activity to form res-
veratrol as well as trace amounts of naringenin chalcone 
[22]. All these results indicated that CHS and STS had 
overlapped functions for the formation of flavonoids and 
stilbene. Therefore, it was reasonable to assume that the 
identified CHS in our study possessed activity to catalyze 
the formation of resveratrol. Very recently, Wenderoth 
et al. [23] established a CRISPR/Cas9 system and success-
fully inactivated two genes of the melanin-biosynthesis 
pathway in Alternaria alternata. This indicated a possible 
method to verify the capability of the function of iden-
tified chalcone synthase in biosynthesizing resveratrol. 
Phenylalanine/tyrosine ammonia-lyase (PTAL, 4.3.1.25) 
in the resveratrol biosynthesis pathway was also success-
fully identified by BLASTp through further mining the 
transcriptome data. This is consistent with previous find-
ings that indicated the Alternaria sp. MG1 could produce 
resveratrol using tyrosine as the sole substrate [24]. These 
results enriched the resveratrol synthesis pathway of the 
Alternaria sp. MG1 at the gene level.

The enzymes catalyzing resveratrol into pterostil-
bene and piceatannol were also successfully annotated 
as trans-resveratrol di-O-methyltransferase (ROMT, 
2.1.1.240) and piceatannol synthase in Alternaria sp. 
MG1, respectively. Pterostilbene is a dimethyl ether 
analog of resveratrol that exhibits multiple properties 
e.g., cancer chemopreventive, anti-oxidative, antifungal, 
and hypolipidemic properties [25]. The accumulation 
of pterostilbene in MG1 was identified using UPLC-
Qtof-MS (Additional file 1: Figure S1), since there is no 

standard of this compound in the used database of GC–
MS. Piceatannol is a resveratrol analogue that has anti-
tumorigenic and immunosuppressive activities, as well as 
stronger antioxidant activity than resveratrol. It has been 
suggested to have potential for the development as an 
antiarrhythmic agent [26]. The specific enzyme respon-
sible for synthesizing piceatannol has been assigned 
an obscure EC number (1.14.-.-) that belongs to the 
cytochrome P450 family. CYP1B1 (the cytochrome P450 
enzyme) has been reported to have capability for the con-
version of resveratrol into piceatannol [26]. Piceatannol 
accumulation was also detected in the culture of Alter-
naria sp. MG1 using gas chromatography–mass spec-
trometry (Table 2).

In addition, shikimate O-hydroxycinnamoyltransferase 
(HCT, 2.3.1.133), the enzyme responsible for driving 
metabolic flux from p-coumaric CoA to the lignin bio-
synthesis pathway was successfully annotated in Alter-
naria sp. MG1. However, ferulate-5-hydroxylase (F5H), 
which is a key gene in the lignin biosynthesis pathway 
(in Vitis vinifera), was not found in Alternaria sp. MG1. 
Moreover, key enzymes in the flavonoid biosynthesis 
pathway from p-coumaric CoA to naringenin chalcone 
were also annotated.

Multiple phenylpropanoid biosynthesis pathways 
identified in Alternaria sp. MG1
Phenylpropanoid biosynthesis has the same precursors 
and key genes in the upstream pathway for downstream 
biosynthesis of stilbenes, flavonoids, and lignins. There-
fore, the functional genes in these pathways were also 
annotated based on the genomic data of Alternaria sp. 
MG1, and the corresponding metabolites were detected 

Table 2 Stilbenoid, lignin, and flavonoid compounds detected in Alternaria sp. MG1

CAS chemical abstracts service (CAS) registry number, RI retention index, RT retention time

Classification CAS Putative identification RI RT Biological activity References

Stilbenoid 501-36-0 Resveratrol 843,980 22.5333 Anticancer, antidiabetic, cardioprotective, antioxidant, neu-
roprotective, lifespan-extending

[7, 78, 79]

10083-24-6 Piceatannol 985,592 25.9867 Antioxidant, anticancer, chemopreventive, immunomodula-
tory, anti-adipogenesis, anti-proliferative and anti-inflam-
matory

[27, 80]

Lignin 331-39-5 Caffeic acid 749,379 21.9350 Antioxidant, anti-inflammatory, anti-tumor, antiurolithic, 
antithrombosis, antihypertensive, antiviral

[28, 81, 82]

537-33-7 Sinapyl alcohol 682,370 18.5742 Anti-inflammatory, antinociceptive [29]

458-35-5 Coniferyl alcohol 675,750 20.1625 Antibacterial [30]

530-59-6 cis-Sinapinic acid 716,675 21.1475 Anxiolytic, anti-inflammatory, antioxidant, antihyperglyce-
mic, antihypertensive, cardiovascular protective

[31, 83]

Flavonoid 93602-28-9 Naringenin 1,017,864 28.3933 Anti-inflammatory, antioxidant, anti-microbial, antiviral, 
anti-amnestic, anti-thrombotic, anti-tumorigenic, anti-
atherosclerotic, and anti-hypercholesterolemic

[32, 84]

480-18-2 Taxifolin 1,007,499 26.5208 Antioxidant, anti-inflammatory, antitumor, cardioprotective, 
hepatoprotective

[33, 85]
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via GC–MS analysis. As a result, a total of 379 com-
pounds were detected inside cells and in the cell-free 
culture by setting the identification standard of similarity 
value greater than 200 (Additional file 2). Two stilbenes 
(resveratrol and piceatannol), two flavonoids (naringenin 
and taxifolin), and four lignins (caffeic acid, sinapyl alco-
hol, coniferyl alcohol, and cis-sinapinic acid) were identi-
fied as products of Alternaria sp. MG1 (Table 2). These 
compounds have been found to possess multifunctional 
functions e.g., anticancer, anti-inflammatory, antioxi-
dant, and anti-microbial activities [27–33]. Several of 
them are also important precursors for drug processing, 
e.g., coniferyl alcohol is the precursor for the synthe-
sis of ferulic acid and pinoresinol [34, 35]. In the field of 
environmental protection, coniferyl alcohol also showed 
significant potential as a marker compound for wood 
smoke emissions in the atmosphere [36]. More metabo-
lites would be detected if there were more standards in 
the used database. Overall, the obtained results indicated 
that Alternaria sp. MG1 possessed multiple metabolic 
pathways and provided diverse gene resources for the 
production of functional compounds, especially those 
normally produced by plants at low levels.

Construction of the genome‑scale metabolic model 
of Alternaria sp. MG1
Construction of GSMM is an efficient method toward 
understanding the overall metabolic network and pre-
dicting the potential application of microorganisms for 
producing valuable metabolites. Taking the phenylpro-
panoid-resveratrol biosynthesis pathway as an example, 
we constructed GSMM of Alternaria sp. MG1 based on 
genome annotation. The draft model was obtained via 
homologous alignment with reference strains using pre-
viously described procedures, followed by manual cura-
tion. Firstly, 97 reactions in the biosynthesis pathways of 
phenylpropanoid, stilbene synthesis, flavonoid synthe-
sis, and lignin biosynthesis were added to the model by 
referring to the KEGG database, BLASTp, and literature 
reports [24, 37]. A total of 220 transport reactions anno-
tated from the TCDB database and 133 exchange reac-
tions were also added into the model iYL1539. Secondly, 
biomass equation was built and used as objective func-
tion to simulate in silico flux values. The biomass com-
prised 32% cell wall, 20% proteins, 15% mannitol, 15% 
ash, 14% lipid, and 4% nucleic acid (Additional file  3). 
Thirdly, a total of 149 redundant and repeated reactions 
were removed from the model after careful checking of 
the reaction reversibility and both mass and charge bal-
ances. Finally, 43 reaction filling gaps were added to com-
plete the metabolic pathways. For example, the model 
could not utilize rhamnose as the sole carbon source to 
maintain cell growth, which contrasted with published 

literature [38]. Therefore, rhamnose transport and 
l-rhamnose: NADP+ 1-oxidoreductase reactions were 
added to the model. Additionally, spontaneous reactions 
as well as sink and demand reactions were also added to 
the model to improve both connectivity and coverage of 
the metabolic network. After an assortment of manual 
refinements, the complete GSMM encompassing 2255 
reactions, 2231 metabolites, and 1539 genes (11.31% 
of the total protein-coding genes) was constructed and 
named iYL1539 (Additional file 4).

In the model iYL1539, eight compartments (cytoplas-
mic, extracellular, mitochondrial, nuclear, plasma mem-
brane, peroxisome, endoplasmic reticulum, and vacuole) 
were linked via 140 trans-plasma membrane, 75 cyto-
plasmic-mitochondrial, three cytoplasmic-nuclear, one 
cytoplasmic-peroxisome, one cytoplasmic-vacuole trans-
port reactions, and 133 exchange reactions (Additional 
file  4). Among these, 54.84% protein-coding genes link-
ing 1105 reactions were situated in the cytosol (the main 
representative), followed by mitochondria (19.62%; 423 
reactions). It should be noted that the vast majority of 
enzymes responsible for phenylpropanoid and resveratrol 
biosynthesis pathways were localized in the cytoplasm. 
Therefore, it can be deduced that resveratrol might 
be biosynthesized in the cytoplasm and subsequently 
secreted to the extracellular space. The secretion of res-
veratrol from V. vinifera cells to the growth medium has 
been found and the active transport mechanism has been 
demonstrated to involve ATP-binding cassette (ABC) 
transporters, or  H+-gradient-dependent mechanism via 
 H+-antiport [39]. Additionally, Vos et al. [40] successfully 
overexpressed the SNQ2 gene, which encodes an ABC 
transporter to optimize the resveratrol export of engi-
neered Saccharomyces cerevisiae. Interestingly, 23 ABC 
transporters were successfully identified in Alternaria sp. 
MG1 (Additional file 1: Table S1), 21 of which localized 
in the plasma membrane. These ABC transporters might 
be responsible for resveratrol secretion.

Identification of essential genes in iYL1539 for cell growth
Similar to previous studies, potato-dextrose broth 
medium (PDB) was used as the medium to cultivate 
Alternaria sp. MG1 for the identification of essential 
genes for cell growth, because the strain showed very 
poor growth in synthetic media. PDB is rich in carbohy-
drates, proteins, and other nutrients. Here, the maximum 
uptake rates of glucose and 20 amino acids were set to 
2.0, and 0.01 mmol/gDW/h, respectively, based on mini-
mal medium [41]. As a result, 56 genes were identified as 
essential genes for cell growth (Additional file  5). More 
than 60% of these genes were involved in the lipid (37.5%) 
and nucleic acid metabolism (28.6%), followed by the 
carbohydrate metabolism (10.7%, Fig.  2). Furthermore, 
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8.9% of the essential genes were pivotal for the synthesis 
of secondary metabolites. For instance, Gglean003194.1 
was identified as an essential gene encoding hydroxym-
ethylglutaryl-CoA reductase, catalyzing the formation of 
mevalonate, which is an intermediate related to terpenoid 
backbone biosynthesis. Generally, fewer essential genes 
are required for cell growth on complex medium than on 
synthetic medium [42]. The essentialities of the identified 
genes were also validated by DEG database [41] and 52 
genes were found to be essential in sharing high homol-
ogy with reference organisms (Additional file  5). Of the 
56 essential genes obtained from cells cultivated in PDB 
medium, 52 genes (92.9%) matched with DEG database 
and the other four genes that did not match were mainly 
involved in the lipid metabolism. This implied that the 
lipid metabolism would play a vital role in the cellular 
growth of MG1. In order to verify this assumption, ceru-
lenin, a specific inhibitor of fatty acid biosynthesis, was 
used to investigate its effect on the growth of MG1. The 
results indicated that cerulenin treatment significantly 
inhibited the cellular growth of MG1 with much smaller 
colony than control (Additional file  1: Figure S2). This 
demonstrated that lipid metabolism was essential to the 
growth of MG1. More important, the analysis of essen-
tial genes should be reliable because similar results were 
obtained with two different methods.

Validation of model iYL1539
Model verification via utilization of carbon and nitrogen 
sources
To assess the practicability of model iYL1539, the 
growth phenotypes of Alternaria sp. MG1 were vali-
dated by comparing the predicted results in silico with 
those reported in relevant publications. Overall, the 
agreement between the simulated results and previ-
ous published studies achieved 85% (17/20) and 92% 

(11/12) for all tested carbon and nitrogen sources, 
respectively (Table 3). Discrepancies, where the strain 
showed the ability to metabolize, while the model 
cannot be used to predict biomass production, were 
mainly due to the presence of gene annotation gaps, 
missing transport reactions, and unknown synthetic 
pathways of the specific substrate [16]. For instance, 
pectin or citrate could not be used as sole carbon 
sources to maintain cell growth in the model due to 
incomplete genomic annotation. The model could not 
utilize acetamide because the metabolism of acetamide 
in Alternaria sp. has not been reported until now. 
These inconsistencies required the improvement of the 
model accuracy by purposefully checking and filling 
metabolic gaps. For example, after adding the reaction 
converting dextrin to glucose by dextrin 6-glucanohy-
drolase (EC: 3.2.1.10, encode by Gglean004959.1) and 
the corresponding transport reaction of dextrin, the 
model showed the capability to predict the cell growth 
using dextrin as carbon source.

Quantitative validation of iYL1539 for cell growth
Validation of the constructed model with experimen-
tal data is essential for the evaluation of its practica-
bility. According to a previous study [43], the glucose 
consumption rate was set to 2.0 mmol/gDW/h, and the 
maximum uptake rate of all 20 amino acids were set 
to 0.01  mmol/gDW/h [41] based on minimal medium 
in the model. In addition, exchange fluxes of  Na+,  K+, 
and  Fe2+ remained unconstrained to provide basic 
minerals for cell growth. Under these conditions, the 
predicted cell growth rate in silico was 0.1247  h−1, 
which was consistent with the literature derived value 
of 0.1104  h−1 (12.95% of the deviation). Still, different 
physiological characteristics were found among differ-
ent species. Hence, the fermentation curves (Fig. 3) of 

Fig. 2 Distribution of essential genes involved in metabolic subsystems
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Alternaria sp. MG1 in PDB medium were investigated 
to more accurately predict the cell growth capability 
and resveratrol biosynthesis. As shown in Table  3, the 

predicted results were matched experimental values 
with differences of 1.3% and 0.9% when glucose and 
sucrose were used as carbon sources, respectively. All 

Table 3 Qualitative and quantitative validation of iYL1539

Glc glucose, Suc sucrose, RES resveratrol

+ for growth/− for non-growth; * represents Alternaria sp. MG1 can utilize after filling gaps

Substrates In vivo In silico References

Prediction of growth phenotypes of Alternaria sp. MG1 on different carbon and nitrogen sources

 Carbon sources

  Glucose + + [24]

  Fructose + + [24]

  Galactose + + [86]

  Lactose + + [24]

  Maltose + + [86]

  Mannose + + [86]

  Pectin + − [86]

  Ribose + + [86]

  Starch* + + [24]

  Sucrose* + + [24]

  Xylose + + [86]

  Arabinose + + [38]

  Rhamnose* + + [38]

  Raffinose + + [38]

  Glycerol + + [87]

  Dextrin* + + [24]

  Citrate + − [87]

  Polygalacturonic acid + − [88]

  Cellobiose + + [89]

  Sorbose + + [89]

 Nitrogen sources

  NH4Cl + + [24]

  KNO3 + + [24]

  NaNO2 + + [86]

  Acetamide + − [38]

  Urea + + [24]

  Glycine + + [89]

  Glutamate + + [89]

  Arginine + + [89]

  Alanine + + [89]

  Aspartate + + [89]

  Asparagine + + [89]

  Tyrosine + + [89]

Comparison of in silico and in vivo growth rates

Constraints (mmol/gDW/h) Growth rate  (h−1)

Consumption rate RES synthesis rate In vivo In silico

Glc (v = 1.65) 8.36E−6 0.1000 0.1013

Suc (v = 0.73) 1.50E−6 0.0893 0.0885
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of these results indicate the high reliability of iYL1539 
and can therefore be used for further analysis.

Effect of cofactors on the resveratrol biosynthesis
Cofactors play an important role for the biosynthesis 
of resveratrol at different steps in the whole biosynthe-
sis pathway. Tracing the flow of cofactors in the model 
could reflect the metabolite connectivity, the total num-
ber of reactions that a metabolite involved in the model 
[44]. Under conditions where the glucose consumption 
rate was set to 1.0 mmol/gDW/h, growth rate 0.055 h−1, 
and the uptake rates of phenylalanine and tyrosine 
1E−06  mmol/gDW/h, flux balance analysis (FBA) was 
used to investigate the metabolic flux using the res-
veratrol exchange reaction as the objective function 
in the model iYL1539. As shown in Fig. 4a, 18 metabo-
lites showed high connectivity with reactions includ-
ing  H+ (149),  H2O [77], NADPH [47], NADP [47], ATP 
[44], ADP [41], phosphate [38], NAD [28], NADH [28], 
 CO2 [27], CoA [19],  O2 [18], AMP [17], glutamate [17], 
diphosphate [16],  NH3 [15], 2-oxoglutarate [10], and 
acetyl-CoA [9] in order. They were mainly related to the 
metabolism of energy and cofactors. Several of these 
were directly involved in the resveratrol synthesis, while 
others were involved in the synthesis of intermediates 
in the resveratrol biosynthesis pathway or were used to 
maintain cell growth (Fig.  4b). For instance, glutamate 
and its precursor 2-oxoglutarate showed high connec-
tivity, indicating that they played more important roles 
than other amino acids in the resveratrol biosynthesis by 
Alternaria sp. MG1.

Among the cofactors, we extensively analyzed the effect 
of acetyl-CoA on resveratrol production by Alternaria 
sp. MG1 because it is an essential precursor for the syn-
thesis of malonyl-CoA in the model. Malonyl-CoA and 
p-coumaroyl-CoA are direct precursors for the biosyn-
thesis of resveratrol. In the model iYL1539, acetyl-CoA 

could be generated from 2-methylacetoacetyl-CoA or 
pyruvate (Fig.  4b). 2-Methylacetoacetyl-CoA was con-
verted from l-isoleucine degradation. Pyruvate was con-
verted from methylisocitrate, phosphoenol pyruvate, or 
(R)-lactate. Predicted by model iYL1539, when the res-
veratrol production increased from 0.0073 mmol/gDW/h 
(μ = 0.055  h−1) to 0.02  mmol/gDW/h (μ = 0.0519  h−1), 
the mass flux from 2-methylacetoacetyl-CoA to acetyl-
CoA increased (1.90%), while that from pyruvate to 
acetyl-CoA decreased (0.62%) very slightly, despite the 
increasing conversion from methylisocitrate and lactate 
to pyruvate (by 4.84%) (Additional file  6). The decrease 
flux from pyruvate to acetyl-CoA could be explained 
because another important precursor phosphoenol pyru-
vate of pyruvate converted more flow from pyruvate syn-
thesis to the shikimate pathway, leading to a decreased 
flux (1.40%) from phosphoenol pyruvate to pyruvate. For 
acetyl-CoA consumption, acetyl-CoA could be consumed 
by the pathways of resveratrol synthesis, fatty acid syn-
thesis, amino sugar metabolism, and terpenoid backbone 
biosynthesis. FBA analysis showed noticeably decreas-
ing consumption of acetyl-CoA by the pathways other 
than resveratrol biosynthesis (22.55%) as resveratrol pro-
duction increased. Specifically, the fatty acid synthesis 
(acacp and aaccoa) decreased by 11.31% and the conver-
sion from malonyl-CoA to malonyl-ACP decreased by 
5.64%. This indicated that fatty acid synthesis was signifi-
cantly inhibited when the flux of resveratrol biosynthesis 
increased. Consequently, downregulation of fatty acid 
synthesis might be an effective strategy to enhance the 
resveratrol production by Alternaria sp. MG1. Blocking 
the fatty acid synthesis has been developed as an efficient 
method to enhance the resveratrol production by geneti-
cally modified Escherichia coli [45].

In addition, it should be mentioned that the decreased 
consumption of acetyl-CoA in the amino sugar metabo-
lism, such as the biosynthesis of N-acetyl-d-glucosamine 

Fig. 3 Fermentation diagram of Alternaria sp. MG1 for different carbon sources
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Fig. 4 The role of cofactors in the biosynthesis of resveratrol. a Metabolic network graph connecting metabolites, genes, and reactions with 
fluxes during resveratrol biosynthesis. The highlighted circles represent metabolites with high connectivity in the model. ACCOA acetyl-CoA, 
AKG 2-oxoglutarate, GLU glutamate, PI phosphate, PPI diphosphate. b Cofactors that participated in resveratrol biosynthesis pathway based on 
GSMM. Three modules represent the shikimate pathway (purple), phenylpropanoid pathway (blue), and the malonyl-CoA synthesis pathway 
(green), respectively. Dashed arrows indicate the pathways that are not listed in detail. Red arrows indicate the flow changes in response to 
increasing resveratrol production from 0.0073 to 0.02 mmol/gDW/h. Green/red circles: metabolites in cytosol/mitochondria, orange circles: 
cofactors. PPP pathway pentose phosphate pathway, EMP pathway glycolysis pathway, e4p d-erythrose 4-phosphate, pep phosphoenol pyruvate, 
3ddah7p 2-dehydro-3-deoxy-d-arabino-heptonate 7-phosphate, dqt 3-dehydroquinate, dhsk 3-dehydroshikimate, sme shikimate, sme3p shikimate 
3-phosphate, 3psme 5-O-(1-carboxyvinyl)-3-phosphoshikimate, chor chorismate, phen prephenate, 4hppyr 4-hydroxyphenylpyruvate, ty l-tyrosine, 
couma 4-coumarate, ppyr phenylpyruvate, phe l-phenylalanine, cinnm trans-cinnamate, cincoa cinnamoyl-CoA, 4cmcoa p-coumaroyl-CoA, 
malcoa malonyl-CoA, 2mlaacoa 2-methylacetoacetyl-CoA, ile l-isoleucine, pyr pyruvate, micit methylisocitrate, lac (R)-lactate, cit citrate, acacp 
acetyl-[acyl-carrier protein], aaccoa acetoacetyl-CoA, nag6p N-acetyl-d-glucosamine 6-phosphate, hmgcoa (S)-3-hydroxy-3-methylglutaryl-CoA, RES 
resveratrol
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6-phosphate (precursor of chitin), influenced cell growth 
and resulted in a decrease of biomass. This implied that 
resveratrol biosynthesis competed with cellular growth 
in mass flux. Therefore, keeping cells under starvation 
conditions might be helpful for the increase of resveratrol 
biosynthesis by Alternaria sp. MG1, which was consist-
ent with experimental data [46].

The important roles of these cofactors for metabo-
lite synthesis were demonstrated in other studies [47]. 
The first genome-scale cofactor metabolic model, 
icmNX6434, has been constructed to elucidate the 
effects of these cofactors on cell growth, metabolic flux, 
and industrial robustness [48].

Regulation of resveratrol biosynthesis based on GSMM
Addition of small molecules, such as ethanol and meth-
anol, to the medium is another efficient method to reg-
ulate the aspired production by microorganisms [1]. In 
addition, as an endophytic fungus of grape, Alternaria 

sp. MG1 exists in wine processing where ethanol is pro-
duced by S. cerevisiae. Therefore, the effect of ethanol 
on the resveratrol production by Alternaria sp. MG1 
was investigated when both glucose uptake rate and cell 
growth rate were constrained to 1.0 mmol/gDW/h and 
0.055  h−1, respectively. This increased the resveratrol 
production rate with the ethanol uptake rate that per-
turbed between 0 and 0.05  mmol/gDW/h (Fig.  5a). In 
a wet experiment, ethanol addition increased resvera-
trol production and inhibited the cellular growth in a 
concentration-dependent manner (Fig.  5b). Compared 
to the control, ethanol addition of 4% increased the 
resveratrol yield by 26.31%. However, ethanol addition 
of 5% caused a decrease of cell dry weight from 10.5 to 
6.5 g/L with an inhibition rate of 38.10% but it did not 
disrupt resveratrol production. This might be because 
cells death happened under high ethanol conditions, 
causing damage or inactivity of associated enzymes.

Fig. 5 Effect of environmental or genetic disturbance on the resveratrol biosynthesis pathway. a Robustness analysis of the resveratrol production 
with ethanol uptake rate by fixing the glucose uptake rate and cell growth rate at 1.0 mmol/gDW/h and 0.055 h−1, respectively. b Effect of 
different concentrations of ethanol on the resveratrol production and dry cell weight. Effects of salicylic acid (SA = 100 μM) and methyl jasmonate 
(MeJA = 100 μM) on resveratrol production (c) and expression of related genes (d). 4CL 4-coumaroyl-CoA synthetase, CHS chalcone synthase
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In mechanisms, the addition of ethanol provided a 
new source for the generation of acetyl-CoA, accom-
panied by an increase of the flow of reaction g0770 (ac
[c] + coa[c] + atp[c] → h[c] + accoa[c] + ppi[c] + amp[c]) 
from 0 to 0.038  mmol/gDW/h, thus synthesizing more 
malonyl-CoA (Additional file  7). Moreover, more flow 
of beta-d-fructose 6-phosphate produced from glycoly-
sis channeled into the pentose phosphate pathway (PPP 
pathway) and led to a vast improvement of d-erythrose 
4-phosphate production. This change strengthened 
p-coumaric CoA synthesis and thus generated more 
resveratrol.

The increase of resveratrol production by ethanol 
addition was also found in the fed-batch fermentation 
of engineered S. cerevisiae, where ethanol supplementa-
tion resulted in a final titer of 531.41  mg/L resveratrol, 
corresponding to a 27.85% increase compared to that 
of glucose [49]. Therefore, it can be shown that ethanol 
plays a dual role in the increase of resveratrol produc-
tion, presumably both as a precursor and carbon source. 
The increase of product yield by ethanol was also found 
in other endophytic fungi to improve the production of 
camptothecin and huperzine A [50, 51].

Identification and verification of target‑genes 
for enhanced resveratrol production
To find the key genes related to the enhancement of res-
veratrol production by Alternaria sp. MG1, the mini-
mization of metabolic adjustment (MOMA) algorithm 
was used to identify the gene candidates responsible for 
increased resveratrol production with the lower bound 
of the resveratrol exchange reaction constrained to 
0.001  mmol/gDW/h. As a result, six genes were identi-
fied by computationally overexpressing all reactions with 
non-zero flux value in a FBA simulation (Additional 
file 1: Table S2). Among the proteins encoded by these six 
genes, UCK (EC: 2.7.1.48) participates in the nucleotide 
metabolism which generates UMP and ADP (an indis-
pensable cofactor involved in the resveratrol synthesis). 
Overexpression of PFK (EC: 2.7.1.11) catalyzed beta-
d-fructose 6-phosphate to form more beta-d-fructose 
1,6-bisphosphate, which switched more flux to the PPP 
pathway, thus intensifying the shikimate pathway. PTAL, 
4CL, CHS, and ACC are directly involved in the biosyn-
thesis of resveratrol. Up-regulated expression of 4CL 
(EC: 6.2.1.12) or CHS (EC: 2.3.1.74) resulted in a twofold 
increase of resveratrol production in silico.

In practice, we tried to the implement salicylic acid 
(SA) and methyl jasmonate (MeJA) to verify whether 
the above identified genes were related to the enhance-
ment of resveratrol production by Alternaria sp. MG1 
because they had been reported as elicitors of the 

phenylpropane pathway genes toward accumulation of 
stilbenes and flavonoids. Xu et  al. [52] treated V. vin-
ifera cell cultures with SA and MeJA and successfully 
upregulated the expression of 4CL/CHS and resvera-
trol production. In this study, 100  μM SA and MeJA 
were added to the PDB medium used for Alternaria sp. 
MG1 cultivation. As a result, SA induction resulted in 
a 33.32% increase of resveratrol production (Fig.  5c), 
and significantly upregulated the expression of 4CL and 
CHS by approximately 1.8- and 1.6-fold, respectively 
(Fig. 5d). However, MeJA did not affect the resveratrol 
production nor the expression of related genes, indicat-
ing differences of metabolism regulation between plant 
and microorganism.

Overall, this study obtained novel results with regard 
to three aspects: (1) revealing the occurrence of mul-
tiple biosynthesis pathways for the production of high 
value secondary metabolites that were commonly 
found in plants; (2) constructing a genome scale of 
the metabolic network model (GSMM) for Alternaria 
species; (3) verifying the occurrence of the resvera-
trol biosynthesis pathway in a nongenetically modified 
microorganism at the gene level. We previously found 
that Alternaria sp. MG1 could produce resveratrol sta-
bly, although the achieved level of resveratrol produc-
tion was low compared to genetically modified E. coli 
and yeast [45, 49]. With the development of technolo-
gies for modifying fungi as cell factories for the pro-
duction of secondary metabolites, especially those that 
need complex and multiple steps for their synthesis 
[53, 54], Alternaria sp. MG1 showed potential in this 
field because it possesses diverse biosynthesis pathways 
to produce multiple metabolites with high value. The 
development of the gene editing tool CRISPR-Cas9 in 
fungal model organisms would also greatly promote 
the exploration of the fungal metabolism [55], such as 
replacing native promoters with heterologous promot-
ers to construct an inducible pathway [56]. In addi-
tion, it is important to point out that overexpression 
of CHS/4CL is highly expected to lead to a significant 
increase in resveratrol production compared to the 
induction of the expression of CHS/4CL by using an 
elicitor indirectly. Therefore, it is reasonable to antici-
pate that the production of secondary metabolites 
could be greatly improved by using genetically modi-
fied Alternaria sp. MG1. Furthermore, key genes and 
pathways identified for the synthesis of stilbenes, fla-
vonoids, and lignins in this study provide a rich gene 
resource for the production of these natural com-
pounds using genetically engineered microorganisms. 
Finally, the study would also provide useful information 
and reference for similar studies on the exploration of 
other endophytic fungi.
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Conclusions
A resveratrol-producing endophytic fungus, Alternaria 
sp. MG1, was sequenced and annotated for the verifica-
tion of the occurrence of phenylpropanoid—resvera-
trol biosynthesis pathways in a nongenetically modified 
microorganism at the gene level. It also details the 
diverse capability and key genes of Alternaria sp. MG1 to 
produce multiple phenylpropanoid metabolites, such as 
stilbenes, flavonoids, and lignins. In this study, a genome 
scale metabolic network model (GSMM) for the species 
Alternaria was constructed, providing an overall under-
standing of the physiological behavior and metabolic 
characteristics of the tested strain. Both biochemical and 
genetic strategies were proposed for the improvement 
of resveratrol production in silico and verified with wet 
experiments. Furthermore, important information was 
obtained for the exploration of key genes in this strain 
toward producing high value secondary metabolites. In 
summary, the constructed model provided a reliable plat-
form for future studies aimed at the exploitation of other 
secondary metabolites in Alternaria sp. MG1.

Methods
Microorganism, medium, and cultivation
Alternaria sp. MG1 (code: CCTCC M 2011348), cur-
rently preserved in the China Centre for Type Culture 
Collection (Wuhan, China), was used throughout this 
study. Potato-dextrose broth (PDB), containing 200  g 
potato, 20 g dextrose, and 1 L distilled water, was used to 
cultivate the strain at 28 °C and 160 rpm for 10 days.

Genome sequencing, assembly, and annotation
Cells at the mid-exponential stage were collected after 
centrifugation for 10 min at 5000×g and 4 °C and stored 
at − 80 °C until further use. Genomic DNA was extracted 
using the EasyPure Genomic DNA Kit (Transgene Bio-
tech Co., Ltd., Beijing, China). For analysis, the whole-
genome shotgun sequencing strategy was used and 
subsequent short-insert libraries (600 bp) and long-insert 
libraries (3 kb) were constructed using the standard pro-
tocol provided by Illumina (San Diego, USA). Paired-
end sequencing was performed via the Illumina HiSeq 
2500 system. Genome assembly, prediction of encoding 
genes, and genome annotation were conducted according 
to previously published methods [57–61]. The genome 
sequence of V. vinifera was downloaded from the NCBI 
and used as a reference to identify the resveratrol biosyn-
thesis pathway of Alternaria sp. MG1.

GC–MS analysis of stilbenoids, flavonoids, and lignins
The cells were separated from the culture by vacuum fil-
tration. The cell-free culture was then freeze-dried into 

powder before use. The prepared sample was extracted 
with 0.5  mL extraction liquid (V methanol:V chloro-
form = 3:1) containing 20 μL of l-2-chlorophenylalanine 
(1 mg/mL stock in  dH2O) as internal standard. The mix-
ture was homogenized in a ball mill for 4 min at 45 Hz, 
then ultrasonically treated for 5  min (incubated in ice 
water), which was repeated twice, and finally centrifuged 
for 15 min at 13,000 rpm, 4 °C. The supernatant (0.4 mL) 
was transferred into a fresh 2 mL GC/MS glass vial and 
dried in a vacuum concentrator without heating. Meth-
oxy amination hydrochloride (20  mg/mL in pyridine, 
80 μL) was then added and incubated for 30 min at 80 °C. 
100 μL of the BSTFA regent (1% TMCS, v/v) was added to 
sample aliquots, incubated for 1.5 h at 70 °C, and mixed 
well for GC–MS analysis. GC–TOFMS analysis was per-
formed using an Agilent 7890 gas chromatograph system 
coupled with a Pegasus HT time-of-flight mass spec-
trometer. The system utilized a DB-5MS capillary column 
coated with 5% diphenyl cross-linked with 95% dimeth-
ylpolysiloxane (30  m × 250  μm inner diameter, 0.25  μm 
film thickness; J&W Scientific, Folsom, CA, USA). A 
1 μL aliquot of the analyte was injected in splitless mode. 
Helium was used as carrier gas, the front inlet purge flow 
was 3 mL/min, and the gas flow rate through the column 
was 1 mL/min. The initial temperature was kept at 50 °C 
for 1 min, then increased to 310 °C at a rate of 10 °C/min, 
then kept for 8 min at 310 °C. The injection, transfer line, 
and ion source temperatures were 280, 270, and 220 °C, 
respectively. The energy was − 70 eV in electron impact 
mode. The mass spectrometry data were acquired in full-
scan mode with the m/z range of 50–500 at a rate of 20 
spectra per second after a solvent delay of 455 s. Chroma 
TOF 4.3X software of LECO Corporation and LECO-
Fiehn Rtx5 database were used for raw peak exaction, 
data baselines filtering, calibration of the baseline, peak 
alignment, deconvolution analysis, peak identification, 
and integration of the peak area [62]. Metabolites were 
identified by matching their retention characteristics and 
mass fragmentation patterns with Feihn metabolomics 
database with a standard of the similarity value above 
700. Compounds with a similarity between 200 and 700 
were considered as a putative annotation.

Identification of pterostilbene accumulation using UPLC–
Qtof–MS
UPLC–MS analysis was performed using an 
UPLC I-Class system with a BHC C18 column 
(100  mm  ×  2.1  mm, 1.7  μm) coupled to VION IMS 
QTOF mass spectrometer (Waters Corporation, Milford, 
MA, USA). The mobile phase consisted of 0.1% formic 
acid in water (A) and acetonitrile (B) was carried with 
elution gradient as follows: 0 min, 5% B; 3 min, 100% B; 
4  min, 100% B; 4.1  min, 5% B; 6  min, 5% B, which was 
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delivered at 0.4  mL/min. The column and autosampler 
were maintained at 35 and 10 °C, respectively. The injec-
tion volume was 2  μL. The ion source was operated in 
positive electrospray ionization (ESI) mode under the 
following specific conditions: capillary voltage, 1.0  kV; 
source temperature, 100 °C; desolvation gas temperature, 
500 °C; desolvation gas flow, 800 L/h, and cone gas flow, 
50 L/h. Nitrogen (> 99.5%) was employed as desolvation 
and cone gas. The scan range was from 50 to 1000 m/z. 
The scan time for each function was set to 0.2  s. The 
low collision energy was set at 6  eV, and the high colli-
sion energy was ramped from 20 to 45 eV. The data were 
acquired and processed using the MassLynx 4.1 software 
(Waters Co., Milford, USA) that was incorporated with 
the instrument.

Reconstruction of the metabolic network
An initial model was firstly drafted by amassing reac-
tions from the established GSMM of related organisms 
Aspergillus terreus iJL1454 [63], Penicillium chrysoge-
num iRA1006 [64], and Saccharomyces cerevisiae iTO977 
[65]. Reactions were collected based on orthologs 
between MG1 and three reference strains identified 
by protein sequence similarity search (identity ≥ 40%, 
e-value ≤ 1E−30) using BLAST [47]. Protein sequences 
from A. terreus NIH2624, P. chrysogenum Wiscon-
sin 54-1255, and S. cerevisiae Sc288 were downloaded 
from UniProt [66]. Open reading frame (ORF) informa-
tion for Alternaria sp. MG1 was uploaded to NCBI. To 
verify the specific metabolic capabilities, both KEGG 
database and literature evidences were used to assem-
ble unique reactions that were non-existent in reference 
strains. Transport reactions were obtained by referring 
to the Transporter Classification Database (TCDB) [67]. 
Exchange reactions were added to the model. CELLO 
[68] and MetaCyc databases [69] were used to verify the 
subcellular localization and reaction reversibility, respec-
tively. The obtained draft model was manually refined 
by removing repeated reactions, checking the mass and 
charge balances and filling the metabolic gaps via Cobra 
Toolbox 2.05 with corresponding algorithms [70].

Biomass equation
Nucleic acids (DNA and RNA), proteins, lipids, carbo-
hydrates, and ash were considered in the biomass equa-
tion. Total DNA and RNA were extracted [37] and their 
specific composition was calculated based on the genome 
sequence with a GC content of 50.96%. Amino acid 
composition was analyzed using an amino acid analyzer 
(L-8900, HITACHI, Japan). Lipid and cell wall composi-
tions were assumed to be identical to that of Alternaria 
alternate [71] and A. infectoria [72], respectively. The cell 
growth and non-growth associated ATP maintenance 

values (GAM and NGAM, respectively) were assumed to 
be identical to that of A. terreus [63].

Constraints‑based flux analysis
Flux balance analysis (FBA) was conducted using the 
Cobra Toolbox 2.05 in MATLAB R2016a to analyze the 
flow of metabolites through a metabolic network [73]. 
Based on the instructions of the Cobra Toolbox, in silico 
analyses were performed for aspects of environmental 
and genetic disturbance, gene essentiality, model visu-
alization, and robustness analysis. The optimization solv-
ers GLPK 4.49 and Gurobi 6.5.1 were used for linear and 
quadratic programming [74].

Validation of the metabolic model
To validate carbon utilization, the uptake rate of the tar-
get carbon source was set to 2.0  mmol/gDW/h, while 
those of other carbon sources were set to zero. The 
same algorithm was applied to validate the nitrogen 
source. The lower bounds of the exchange reactions of 
basic nutrient components (including glucose,  H2O/
H+,  O2,  NH3/NH4

+, sulfite, and phosphate) were set as 
− 1000 mmol/gDW/h to mimic minimal medium in sil-
ico [74]. The biomass reaction was chosen as objective 
function. Quantitative validation was conducted accord-
ing to reported procedures [60].

Effect of cerulenin on the growth of MG1
In order to verify the essentialities of the genes involved 
in the lipid metabolism, cerulenin, a specific inhibi-
tor of fatty acid biosynthesis was added in the medium 
of MG1 [45]. MG1 was inoculated onto potato dextrose 
agar (PDA) medium with or without 0.05 mM cerulenin. 
All the inoculated plates were cultivated in darkness at 
28 ± 1  °C for 7  days and the colony expanding of MG1 
was observed.

Effect of ethanol disturbance on resveratrol biosynthesis
Ethanol was added in 250 mL flasks containing 100 mL 
PDB, to a final concentration of 1, 2, 3, 4, and 5% (v/v). 
To retain high biomass and enzymes activity, ethanol 
addition was conducted at day 4. The cells were collected 
from the culture after 10 days (in triplicate) to determine 
the cell dry weight (g/L) [75]. The resveratrol production 
(μg/L) in the liquid part of cell-free cultures was meas-
ured accordingly [24].

Effect of elicitors on resveratrol biosynthesis and key gene 
expression
Salicylic acid and methyl jasmonate (both Sigma, Spain) 
were dissolved in ethanol and added to the PDB medium 
at a final concentration of 100  μM at day 4. Each treat-
ment was performed in triplicate and samples without 
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elicitor treatment were always run in parallel as control. 
After cultivation for 10  days, cells were collected and 
used for RNA extraction. Cell-free culture broth was used 
for the quantitative analysis of resveratrol production.

Total RNA was extracted and cDNA was synthesized 
via TransScript One-Step gDNA Removal and cDNA 
Synthesis SuperMix Kit (Transgene Biotech Co., Ltd., 
Beijing, China). Primers of target genes (4CL and CHS) 
were designed according to the transcriptome data of 
Alternaria sp. MG1 [37] and the sequences are shown 
in Table 4. For each gene, the expression value was nor-
malized with respect to the reference gene EF1 [76]. The 
reaction volume was set to 20 μL in accordance with the 
operation manual of the TransStart Tip Green qPCR 
SuperMix Kit (Transgene Biotech Co., Ltd., Beijing, 
China). All reactions were conducted in triplicate. The 
program and qRT-PCR analyses were performed as pre-
viously described [76, 77].

Accession numbers
Raw sequence data were deposited in the NCBI database 
under the SRA study accession numbers SRR6346758 
and SRR6346759. The Whole Genome Shotgun project 
has been deposited at DDBJ/ENA/GenBank under the 
accession QPFE00000000. The version described in this 
paper is version QPFE01000000.
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Table 4 Primer sequences for  analysis of  expression level 
of aimed genes

F forward primer, R reverse primer

Gene Primer sequence

EF1 F 5′-CAC TGG TTT TGC CTT TTC CT-3′

R 5′-TGT GGG CAC CGT CAA AGT -3′

4CL F 5′-GGT GGC TTG AAT GTG AAT -3′

R 5′-CAA CTA CTC GTC GGG AAC -3′

CHS F 5′-CTC ACT ATC ACC GCC TTC C-3′

R 5′-CAG CAC CCA CGA TGACG-3′
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