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Abstract To identify the substrates and enzymes related to
resveratrol biosynthesis in Alternaria sp. MG1, different sub-
strates were used to produce resveratrol, and their influence on
resveratrol production was analyzed using high performance
liquid chromatography (HPLC). Formation of resveratrol and
related intermediates was identified using mass spectrum.
During the biotransformation, activities of related enzymes,
including phenylalanine ammonia-lyase (PAL), trans -
cinnamate 4-hydroxylase (C4H), and 4-coumarate-CoA ligase
(4CL), were analyzed and tracked. The reaction system
contained 100 mL 0.2 mol/L phosphate buffer (pH 6.5),
120 g/L Alternaria sp. MG1 cells, 0.1 g/L MgSO4, and
0.2 g/L CaSO4 and different substrates according to the ex-
perimental design. The biotransformation was carried out for
21 h at 28 °C and 120 rpm. Resveratrol formation was iden-
tified when phenylalanine, tyrosine, cinnamic acid, and
p -coumaric acid were separately used as the only substrate.
Accumulation of cinnamic acid, p -coumaric acid, and resver-
atrol and the activities of PAL, C4H, and 4CL were identified

and changed in different trends during transformation with
phenylalanine as the only substrate. The addition of
carbohydrates and the increase of phenylalanine concen-
tration promoted resveratrol production and yielded the
highest value (4.57 μg/L) when 2 g/L glucose, 1 g/L
cyclodextrin, and phenylalanine (4.7 mmol/L) were used
simultaneously.
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Introduction

Resveratrol (3,5,4′-trihydroxystilbene) is a plant stilbene
having multiple functions and is in high demand in food and
medical industries (Bradamante et al. 2004; Baur and Sinclair
2006; Dudley et al. 2009; Gresele et al. 2011; Howitz et al.
2003; Lee et al. 2011). Biosynthesis of resveratrol using plant
cells and genetically modified microorganisms is recently
explored to overcome the difficulties caused by shortage of
plant sources from which resveratrol is extracted (Beihadj
et al. 2008; Kiselev et al. 2013; Donnez et al. 2011). However,
these techniques normally need long time or expensive
precursors in cultivation. For example, 120 h is required for
resveratrol production using plant cell cultures (Lucas-
Abellan et al. 2007; Lijavetzky et al. 2008), and p -coumaric
acid is needed to produce resveratrol using genetically mod-
ified organisms (Watts et al. 2006; Shin et al. 2011).
Nongenetically modified Alternaria sp. MG1 produced res-
veratrol in a glucose medium (Shi et al. 2012; Lou et al. 2013)
and a simple medium only containing phosphate buffer and
phenylalanine within 21 h (Zhang et al. 2013), hence showing
potential in resveratrol production with low cost and short
time. However, the resveratrol production of this strain was
only 422 μg/L in the glucose medium and 1.38 μg/L in the
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phenylalanine medium (Shi et al. 2012; Zhang et al. 2013),
much lower than that produced using grape cell suspension
cultures (5 g/L; Lijavetzky et al. 2008) and genetically mod-
ified yeast (5.8 mg/L; Shin et al. 2011) and Escherichia coli
(100 mg/L; Watts et al. 2006). Metabolic regulation based on
resveratrol biosynthesis pathway is sought to enhance the
resveratrol production in cultures using Alternaria sp. MG1
since this method has been widely proven as the efficient way
to improve metabolite accumulation by microorganisms.

The resveratrol biosynthesis pathway in plants has been
identified and widely accepted as the phenylpropanoid path-
way and summarized as shown in Fig. 1 (Beekwilder et al.
2006; Jeandet et al. 2012; Watts et al. 2006). In the
phenylpropanoid pathway, phenylalanine and tyrosine are
converted into resveratrol through many steps with cinnamic
acid, p -coumaric acid, cinnamoyl-CoA, and 4-coumaroyl-
CoA as intermediates. Phenylalanine/tyrosine ammonia lyase
(PAL/TAL), trans -cinnamate 4-hydroxylase (C4H), 4-
coumarate-CoA ligase (4CL), and stilbene synthase (STS)
are the key enzymes that determine resveratrol biosynthesis
by the phenylpropanoid pathway (Ro and Douglas 2004;
Shumakova et al. 2011; Marienhagen and Bott 2013). Specif-
ically, PAL converts phenylalanine to cinnamic acid, TAL
converts tyrosine to p -coumaric acid, C4H converts cinnamic
acid to p -coumaric acid and cinnamoyl-CoA to p -coumaroyl-
CoA, and 4CL converts cinnamic acid to cinnamoyl-CoA and

p -coumaric acid to p -coumaroyl-CoAwith the aid of ATP and
coenzyme A. Finally, STS converts p -coumaroyl-CoA and
three molecules of malonyl-CoA to resveratrol (Jeandet et al.
2012) (Fig. 1). Based on this pathway, genetically modified
resveratrol-producing microorganisms have been successfully
constructed by introducing the entire pathway or several plant-
specific genes (Becker et al. 2003; Dai et al. 2012; Liu et al.
2011). Comparatively, the latter case is easier to achieve and
has been extensively studied using p -coumaric acid as the
substrate (Jeandet et al. 2012; Lim et al. 2011; Wang and
Yu 2012). However, the resveratrol biosynthesis pathway
in microorganisms has not been reported.

Based on the resveratrol biosynthesis pathway in plants and
the fact that Alternaria sp. MG1 can convert phenylalanine to
resveratrol, we speculated that there may be a similar
phenylpropanoid pathway in this strain. In order to verify
this speculation, the current study tested the capability of
Alternaria sp. MG1 to convert different precursors and inter-
mediates of the phenylpropanoid pathway to resveratrol,
mainly including different amino acids, cinnamic acid, and
p -coumaric acid. The activities of the key enzymes and the
accumulation of intermediates in the phenylpropanoid path-
way were also identified and monitored. Finally, the addition
of glucose, soluble starch, and cyclodextrin to the medium
was tried to improve the resveratrol biosynthesis from phe-
nylalanine by Alternaria sp. MG1 cells.

Fig. 1 The trans-resveratrol
biosynthesis pathway. Trans-
resveratrol is synthesized starting
with either phenylalanine or
tyrosine; both pathways giving
rise to 4-coumaroyl-CoA through
several enzymes, including
phenylalanine ammonia lyase
(PAL), tyrosine ammonia lyase
(TAL), cinnamate 4-hydroxylase
(C4H), and 4-coumaroyl-CoA
ligase (4CL). Finally, 4-
coumaroyl-CoA is converted to
trans-resveratrol in a reaction
catalyzed by stilbene synthase
(STS)
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Materials and methods

Microorganism and reagents

Alternaria sp. MG1, obtained from the China Center for Type
Culture Collection (Wuhan, China) (code: Alternaria sp.
CCTCCM 2011348), was used in this study. Chromatograph-
ically pure glutamic acid (Glu), arginine (Arg), phenylalanine
(Phe), tyrosine (Tyr), tryptophan (Trp), histidine (His), and
proline (Pro) (Sigma, St Louis, MO, USA) and cinnamic acid
and p -coumaric acid (98 %; Aladdin, Shanghai, China) were
used as substrates in the bioconversion to resveratrol. These
substances and trans -resveratrol (≥99 %; National Institutes
for Food and Drug Control, Beijing, China) were also used as
the standards (dissolved by methyl alcohol) in the measure-
ments. CoA-SH (Sigma) and glucose-6-phosphate sodium
salt (G-6-PNa2) and ATP (MP Biomedicals, Santa Ana,
CA, USA) were used in the enzyme reactions to detect
enzyme activity.

Preparation of Alternaria sp. MG1 cells

Alternaria sp. MG1 was grown at 28 °C on potato dextrose
agar (PDA) plates for 5 days and then prepared into a spore
suspension of 1×107 spores/mL (measured using a hemacy-
tometer) by washing the culture with sterile water. A 2-mL
aliquot of the spore suspension was inoculated into 100 mL
liquid potato dextrose broth (PDB) in a 250-mL flask and
cultivated at 28 °C in a rotary shaker (120 rpm). After 4 days,
the cells were collected by centrifugation at 1,136×g for
10 min at 4 °C using a refrigerated centrifuge (HC-3018R,
Anhui USTC Zonkia Scientific Instruments Co., Ltd., Anhui,
China). The cells were washed twice with sterile water and
used to produce resveratrol throughout the study.

Conditions for resveratrol biosynthesis

The medium for bioconversion contained 0.2 mol/L phos-
phate buffer (pH 6.5), 0.1 g/L MgSO4, and 0.2 g/L CaSO4.
For bioconversion, the prepared Alternaria sp. MG1 cells
were added at 12 g cells (wet weight) per 100 mL medium
(in a 250-mL flask). The bioconversion was carried out for
21 h at 28 °C and 120 rpm in a ZHWY-2102 constant tem-
perature shaker (Shanghai WitCity Analyzing Instrument
Manufactory Co., Ltd., Shanghai, China). After bioconver-
sion, cells and medium were separately collected from the
culture by filtration with intermediate speed qualitative filter
paper (GB/T1914-2007, 102, Hangzhou Whatman-Xinhua
Filter Paper Co., Ltd, Hangzhou, China) and used for
further research on enzyme activities and the accumulation
of cinnamic acid, p -coumaric acid, and resveratrol.

Bioconversion of different amino acids to resveratrol

In the bioconversion medium, Alternaria sp. MG1 cells and
different amino acids (4 mmol/L) were added and resveratrol
production was analyzed after the bioconversion. The amino
acids used were the aliphatic amino acids glutamic acid (Glu)
and arginine (Arg), the aromatic amino acids phenylalanine
(Phe) and tyrosine (Tyr), and the heterocyclic amino acids
tryptophan (Trp), histidine (His), and proline (Pro). A medium
containing only Alternaria sp. MG1 cells was used as the
control. Each treatment was conducted in duplicate and mean
values and standard deviations are presented.

Intermediates accumulated during bioconversion
of phenylalanine to resveratrol

In the bioconversion medium, 4.7 mmol/L phenylalanine and
Alternaria sp. MG1 cells were used. During bioconversion,
accumulation of cinnamic acid and p -coumaric acid inside
and outside the cells was monitored at 8, 16, and 22 h, as
well as the effects of different concentrations of phenylala-
nine (3, 4, 5, and 6 mmol/L) after 21 h. At the same time,
resveratrol production outside the cells was also monitored.
Each treatment was conducted in duplicate. The mean values
are presented.

Biosynthesis of resveratrol from phenylalanine and different
phenylpropanoid pathway intermediates

In the bioconversion medium containing Alternaria sp. MG1
cells, phenylalanine, cinnamic acid, and p -coumaric acid were
separately added at different levels to start the bioconversion.
The added levels were 2, 3, 4, 5, and 6 mmol/L of phenylal-
anine and 0.5, 1.0, 1.5, 2.0, and 3.0 mmol/L of cinnamic acid
and p -coumaric acid. After 21 h, resveratrol accumulation
outside the cells in the culture was determined. A medium
containing only Alternaria sp. MG1 cells was used as the
control. Each treatment was conducted in duplicate.

Distribution of enzymes bioconverting phenylalanine
to resveratrol in Alternaria sp. MG1 culture

The distribution of phenylpropanoid pathway enzymes in
Alternaria sp. MG1 culture was estimated according to the
overall capability to bioconvert phenylalanine to resveratrol
by crude enzyme extracts from inside and outside the cells.
Namely, the bioconversion culture (100 mL) with phenylala-
nine as the substrate was collected after 21 h and separated to
cells and liquid phase by filtration through a quantitative filter
paper. Ammonium sulfate was added into the liquid phase, up
to 75 % saturation. The obtained mixture was incubated
overnight at 4 °C, and then the precipitated protein was
collected by centrifugation for 10 min at 13,363×g . After
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washing twice with a 0.2 mol/L phosphate buffer (pH 7.0), the
protein sediment, which represents the extracellular enzyme
extracts, was dissolved in 8 mL phosphate buffer (pH 7.0).
The cells were washed twice with phosphate buffer (pH 7.0)
and homogenized with 6 mL phosphate buffer (pH 7.0) in an
ice bath using a mortar. After centrifugation at 3,340×g for
10 min, the supernatant, which represents the intracellular
enzyme extract, was collected and made up to 8 mL with
phosphate buffer.

The overall activity of the extracted enzymes that bioconvert
phenylalanine to resveratrol was analyzed by adding 5 mL
enzyme extracts into 100 mL medium containing 4.7 mmol/L
phenylalanine. After 5 h, the bioconversion was immediately
stopped by cooling the culture from 28 to 4 °C. A bioconver-
sion medium containing 4.7 mmol/L phenylalanine and 5 mL
distilled water, instead of the enzyme extracts, was used as the
blank control.

Activities of phenylalanine ammonia lyase (PAL,
E.C.4.3.1.5) or tyrosine ammonia lyase (TAL, EC 4.3.1.25),
cinnamate 4-hydroxylase (C4H, EC1.14.13.11), and 4-
coumarate-CoA ligase (4CL, EC 6.2.1.12) in the crude intra-
cellular enzyme extract were also tested to identify the pres-
ence of these enzymes in Alternaria sp. MG1. Each treatment
was conducted in duplicate. The mean values and standard
deviations are presented.

Activity of phenylpropanoid pathway enzymes
during bioconversion of phenylalanine to resveratrol

At 6, 12, 18, and 24 h during bioconversion of 4.7 mmol/L
phenylalanine to resveratrol, crude enzymes were extracted
from Alternaria sp. MG1 cells and the activities of three key
phenylpropanoid pathway enzymes, PAL, C4H, and 4CL,
were measured. The effects of phenylalanine concentration
on the enzyme activities of PAL, C4H, and 4CL were also
investigated after 21 h at 1, 2, 3, 4, 5, and 6 mmol/L. Each
treatment was conducted in duplicate.

Effects of carbon nutrients on bioconversion
from phenylalanine to resveratrol

Under the consideration that phenylalanine and tryptophan
can be produced from glucose through the shikimic acid
pathway and glucose can be produced from hydrolysis of
disaccharides and polysaccharides, the addition of these car-
bohydrates was supposed to increase resveratrol production.
Therefore, six different carbon sources (glucose, fructose,
sucrose, lactose, soluble starch, and cyclodextrin) were added
at a final concentration of 1 g/L in the bioconversion system,
and their effects on cell growth and resveratrol production
were tested. Three carbohydrates, glucose, soluble starch,
and cyclodextrin, were also tested at different levels, 0.5,
1.0, 2.0, and 3.0 g/L. In addition, the combination of

different carbohydrates was also tried as shown in Table 4.
After bioconversion for 21 h, resveratrol production was
measured, and dry cell weight of Alternaria sp. MG1 was
measured by drying cells at 60 °C for 48 h. All experiments
were carried out in the reaction system containing 4.7 mmol/L
phenylalanine, and the medium without any carbohydrate
addition was used as the control. Each treatment was carried
out in duplicate. The mean values are presented together with
standard deviation.

Measurement of enzyme activities

Enzyme activities were measured using the prepared enzyme
extracts in 0.2 mol/L phosphate buffer, pH 7.0. Protein con-
centration of the enzyme extracts was determined using the
visible spectrophotometer, UVmini-1240 (Shimadzu, Kyoto,
Japan) according to the Bradford method with bovine serum
albumin (BSA) as the standard. All enzyme assays were
conducted twice using freshly prepared extracts. At the end
of the assays, the reaction systemwas centrifuged at 13,363×g
for 10 min and the absorbance (OD value) of the supernatant
was determined using the visible spectrophotometer, UVmini-
1240. One unit (U) of the enzyme was defined as an increase
of 0.01 of OD value per hour, and the enzyme activity was
expressed as the units of enzyme per milligram protein (U/mg).
The presented results are averages of duplicates.

PAL/TAL activity was measured using the methods report-
ed by Beaudoin-Eagan and Thorpe (1985) and Xue et al.
(2007). Briefly, PAL activity was assayed by following
cinnamic acid formation at 290 nm in 5 mL of 50 mmol/L
Tris–HCl buffer (pH 8.9) containing 5 mmol/L phenylalanine
and 1.0 mL enzyme extract. TAL activity was similarly
measured using tyrosine as the substrate in the same buffer
containing 2 mmol/L tyrosine and 1.0 mL enzyme extract, and
p -coumaric acid production was followed at 315 nm. As a
control, a 1-min boiled enzyme extract was treated with the
same conditions. The assays ran for 1 h in a 37 °C water bath
and terminated by the addition of 200 μL 16 mol/L HCl.

C4H activity was assayed at 340 nm according to the
method reported by Lamb and Rubery (1975). Briefly, the
measurement was carried out in 2.5 mL of 50 mmol/L Tris–
HCl buffer (pH 8.9), containing 2 μM cinnamic acid, 2 μM
NADPNa2, 5 μMG-6-PNa2, and 1.0 mL enzyme extract. This
system was incubated for 30 min in a water bath at 30 °C and
then terminated by the addition of 200 μL 16 mol/L HCl. The
control using double distilled water (ddH2O) instead of the
enzyme extract was treated with the same conditions.

4CL activity was measured at 333 nm according to previ-
ously reported methods (Knobloch and Hahlbrock 1977). The
enzyme reaction system contained 0.45 mL of 15 mmol/L
MgSO4⋅7H2O, 0.15 mL of 5 mmol/L p -coumaric acid,
0.15 mL of 1 mmol/L CoA-SH, 0.15 mL of 50 mmol/L
ATP, and 1.1 mL of 0.2 mol/LTris–HCl buffer (pH 8.9). This
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enzyme reaction was incubated for 10 min in a water bath at
40 °C and terminated by the addition of 200μL 16mol/L HCl.
The ddH2O substituting the crude enzyme solution was treat-
ed similarly and taken as the control.

Measurement and identification of cinnamic acid, p -coumaric
acid, and resveratrol

For all treatments, resveratrol measurements were carried out
only on the cell-free liquid phase, because when resveratrol
accumulation was measured in previous studies inside and
outside the cells, it was mainly found in the cell-free liquid
phase (Zhang et al. 2013). Concentrations of cinnamic acid
and p -coumaric acid were measured both inside and outside
the cells.

Before high performance liquid chromatography (HPLC)
measurements, cells were crushed with quartz sand for 10 min
in an ice bath and then mixed with the cell-free culture
filtrate for extraction of cinnamic acid and p -coumaric acid.
Samples for measurements of resveratrol, cinnamic acid, and
p -coumaric acid were all extracted three times (10 h each
time) with ethyl acetate at a ratio of 100 mL samples to
150 mL ethyl acetate (50 mL each time). The ethyl acetate
phases were combined and washed three times with 20 mL of
3 % NaHCO3 and then dried under vacuum at 40 °C. The
dried residue was dissolved in 2 mL methanol (chromato-
graphic grade; Sigma), filtered through a Millex®-HV filter
membrane (0.45 μM, 13 mm diameter; Millipore, Billerica,
MA, USA), and then directly subjected to HPLC measure-
ment. The concentrations of resveratrol, cinnamic acid, and
p -coumaric acid in the reaction system were calculated by
dividing the reading values obtained according to the standard
curves in HPLC by 50, because the sample was concentrated
by 50 times before the HPLC measurements.

Concentrations of resveratrol, cinnamic acid, and p-coumaric
acid were simultaneously determined using a Shimadzu
Essentia LC-15C analytical HPLC system (Shimadzu) equipped
with an LC-15C pump, a SIL-10AF automated sample injector,
an SPD-15C dual-wavelength detector, a Shimadzu Wondasil
C18-column (250×4.6 mm), and LC Solution software
(Shimadzu). The column was operated at 35 °C. The mobile
phase consisted of acetonitrile (chromatographic grade; Sigma)
(solvent A) and ddH2O (solvent B). A multistep gradient was
used for all analyses as follows: 0–28 min, 95 % (v /v) B; 28–
33 min, 40 % B; 33–40 min, 15 % B; 40–50 min, 95 % B. The
flow rate was 1 mL/min and the sample injection volume was
20 μL. The detection wavelength was 306 nm.

Standard cinnamic acid, p -coumaric acid, and trans -
resveratrol (chromatographic grade; Sigma) were prepared in
methanol solution with different concentrations ranging from
50 to 450μg/L, from 50 to 250 μg/L, and from 25 to 325 μg/L
with the lowest detection limits of 18.88, 21.03, and 9.11 μg/L,
respectively. The obtained standard curves and linear regression

equations were provided in the supplementary materials
(Table S1and Fig. S1).

Production of cinnamic acid, p-coumaric acid, and resveratrol
was identified using electrospray ionization mass spectrometry
(ESI−) method in a Thermo LTQ XL ion trap HPLC-MS
(Thermo Fisher Scientific Inc., USA) at capillary temperature
320 °C and sheath gas flow of 35 L/h. Positive polaritywas set as
source voltage of 4 kV, source current of 100 μA, and capillary
voltage of 40 V. Negative polarity was set as source voltage of
4.5 kV, source current of 100μA, and capillary voltage of −20V.
The run time was 60 min at a flow rate of 500 μL/min and
the collision gas was argon. Negative ion mode selected
multireaction monitoring (MRM) mode was used in the opera-
tion. In order to enhance the detection sensitivity, molecular ions
with m /z=146.5–147.5, m /z=162.5–163.5, and m /z=226.5–
227.5 were focused in the analysis according to the molecular
weight of cinnamic acid (148.17), p-coumaric acid (164.16), and
resveratrol (228.24), respectively. Total ion current chromato-
gram and primary and secondary mass spectra were obtained for
the standard and the detected compounds in the samples. This
method has been successfully used by Pavlovic et al. (2013) and
Wu et al. (2013) in the measurement of metabolites.

Statistical analysis

Data were analyzed using DPS software (Data Processing
System: Statistics Version 6.55, 2005). Significance of differ-
ences between the control and treatments (α =0.05) was tested
using Duncan's new multiple range test (DMRT).

Results

Identification of cinnamic acid, p -coumaric acid,
and resveratrol production

As shown in Figs. 2, 3, and 4, the mass spectra of the
compounds in the samples were consistent with those of the
corresponding standards in aspects of characteristic absorp-
tion peak and retention time in total ion current chromato-
gram, molecular weight ion in primary mass spectrum, and
major daughter ions in secondary mass spectrum. The molec-
ular weight and major daughter ions of the compounds de-
tected in samples were obtained at m /z =147.14 and m /z =
103.01 for cinnamic acid (Fig. 2), m /z =163.09 and m /z =
119.01 for p -coumaric acid (Fig. 3), and m /z =227.02 and
m /z =185.01, 183.00, 159.05, 156.93, and 143.03 for
resveratrol (Fig. 4), being with the data obtained from the corre-
sponding standards. Therefore, cinnamic acid, p-coumaric acid,
and resveratrol detected in the samples were the same with the
standard ones.
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Fig. 2 Total ion current chromatogram, precursor ion, and daughter ion of standard cinnamic acid (a , b , and c , respectively) and the measured cinnamic
acid in samples (d , e , and f , respectively). In the measurement, ion reaction was set at m /z=146.5–147.5
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Fig. 3 Total ion current chromatogram, precursor ion, and daughter ion of standard p-coumaric acid (a , b , and c , respectively) and the measured
p-coumaric acid in samples (d , e , and f , respectively). In the measurement, ion reaction was set at m /z =162.5–163.5
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Fig. 4 Total ion current chromatogram, precursor ion, and daughter ion of standard trans-resveratrol (a , b , and c , respectively) and the measured trans-
resveratrol in samples (d , e , and f , respectively). In the measurement, ion reaction was set at m /z =162.5–163.5
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Bioconversion of different amino acids into resveratrol

In plants, resveratrol is synthesized via the phenylpropanoid
pathway from phenylalanine or tyrosine. As expected, bio-
synthesis of resveratrol was found when the aromatic amino
acids, phenylalanine and tyrosine, were used as the substrates,
but not when aliphatic amino acids or heterocyclic amino
acids were used as substrates (Table 1). Therefore, phenylalanine
was selected as the main substrate to explore the resveratrol
biosynthesis pathway.

Intermediates accumulated during bioconversion
of phenylalanine into resveratrol

In the first step of the phenylpropanoid pathway, phenylala-
nine is converted into cinnamic acid by PAL (Donnez et al.
2009; Fig. 1). As shown in Fig. 5a, accumulation of cinnamic
acid and p -coumaric acid was found in the bioconversion
system with phenylalanine as the substrate, which is consistent
with the phenylpropanoid pathway. During the bioconversion,
cinnamic acid kept increasing, while p-coumaric acid increased
and then decreased, and resveratrol increased continuously.
Especially, after 16 h, there was a rapid increase in cinnamic
acid and resveratrol, corresponding to a rapid decrease in
p-coumaric acid, indicating the relationship between the bio-
synthesis of these compounds. Comparatively, cinnamic acid
accumulation was much higher than p -coumaric acid and
resveratrol, which is consistent with the material flow in the
phenylpropanoid pathway, indicating a low efficiency in
converting cinnamic acid to p -coumaric acid. The similar
change rate of p-coumaric acid and resveratrol implied a similar
efficiency of bioconversion of p-coumaric acid to p-coumaric
acyl-CoA compared with that of p -coumaric acyl-CoA to
resveratrol.

The effects of phenylalanine concentration on the accumu-
lation of cinnamic acid, p -coumaric acid, and resveratrol were
also investigated. As shown in Fig. 5b, cinnamic acid still had
the highest accumulation level, p -coumaric acid was second,
and resveratrol was the lowest at all phenylalanine concentra-
tions. The highest accumulation of cinnamic acid and resver-
atrol occurred at 5 mmol/L phenylalanine and that of
p -coumaric acid at 4 mmol/L. The accumulation of cinnamic

acid, resveratrol, and p -coumaric acid was inhibited when
phenylalanine concentration was higher and lower than these
levels, indicating that high phenylalanine concentration
inhibits the material flow in the pathway.

Bioconversion of phenylalanine and different
phenylpropanoid pathway intermediates into resveratrol

Resveratrol production was found in the bioconversion sys-
tem with Alternaria sp. MG1 cells when only cinnamic acid
or p -coumaric acid was used as the substrate (Fig. 6). Resver-
atrol production first increased with the increase of the con-
centration of these substrates and then decreased significantly,

Table 1 Production of resveratrol by Alternaria sp. MG1 cells using different amino acids

Substrate
(4.0 mmol/L)

Blank control Amino acids

Glu Arg Phe Tyr Trp His Pro

Dry cell weight (g/L) 3.58±0.05 3.84±0.18 3.85±0.08 3.52±0.17 3.58±0.21 3.53±0.12 3.72 ±0.06 3.51±0.09

Resveratrol production (μg/L) 0 0 0 1.34±0.23 1.04±0.15 0 0 0

Data are average and standard deviation of duplicates

Fig. 5 The accumulation of cinnamic acid, p-coumaric acid, and resver-
atrol during reaction in the resting cell system with phenylalanine as the
substrate. The used condition is 4.7 mmol/L phenylalanine and reaction
time of 21 h in a and b , respectively. Signals: cinnamic acid, triangle ;
p-coumaric acid, square ; trans-resveratrol, diamond
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indicating substrate inhibition effects of these compounds as
well as phenylalanine (Fig. 5b, the signals of diamond) on
resveratrol production. Specifically, the highest resveratrol
production was observed at 5.0 mmol/L phenylalanine,
1.0 mmol/L cinnamic acid, and 1.5 mmol/L p -coumaric acid.
Comparing the highest bioconversion of different substrates
to resveratrol revealed that resveratrol biosynthesis from
p -coumaric acid was the highest (4.3 μg/L), followed by
cinnamic acid (2.5 μg/L) and phenylalanine (1.35 μg/L). This
is consistent with the fact that there are more steps and
inhibition factors involved in the biosynthesis of resveratrol
from phenylalanine and cinnamic acid compared with the
biosynthesis from p -coumaric acid, which is in agreement
with the material flow in the phenylpropanoid pathway.

Distribution of enzymes bioconverting phenylalanine
to resveratrol in Alternaria sp. MG1 culture

The results of the substrate effects on resveratrol production
indicated that the resveratrol biosynthesis pathway ofAlternaria
sp. MG1 may be similar to the reported phenylpropanoid
pathway. To confirm this speculation, key enzymes in the
phenylpropanoid pathway were examined.

As shown in Table 2, proteins were detected both inside
and outside the Alternaria sp. MG1 cells in the bioconversion

system. The protein concentration in the enzyme extracts
obtained outside the cells (0.066±0.011 mg/mL) was lower
than that obtained inside the cells (0.341±0.018 mg/mL).
Furthermore, no activity of resveratrol synthesis was detected
in the extracellular enzyme extracts in the reaction with phe-
nylalanine as the substrate, whereas the intracellular enzyme
extracts converted phenylalanine to 1.17 μg/L resveratrol,
similar to the production using Alternaria sp. MG1 cells
(1.24 μg/L, the control shown in Table 3). Therefore, the
enzymes with the activity of resveratrol synthesis mainly
accumulated inside Alternaria sp. MG1 cells.

In this study, PAL, TAL, C4H, and 4CL activities were
determined because they are the key enzymes in the
phenylpropanoid pathway. As shown in Table 2, the crude
intracellular enzyme extract produced resveratrol; further-
more, the activities of PAL, TAL, C4H, and 4CL in the
intracellular enzyme extract were 121.30±5.65, 76.16±3.36,
71.88±1.39, and 325.21±3.05 U/mg, respectively, indicating
enzymatic evidence of the phenylpropanoid pathway in
Alternaria sp. MG1.

Activity of phenylpropanoid pathway enzymes
during bioconversion of phenylalanine to resveratrol

The changes in PAL, C4H, and 4CL activities with time
during bioconversion of 4.7 mmol/L phenylalanine to
resveratrol and after 21 h with different concentrations of
phenylalanine are shown in Fig. 7. We found that PAL and
4CL activities decreased during the bioconversion, while C4H
activity increased (Fig. 7a). The changes in activities were
more rapid after 18 h. At 21 h, we observed that PAL and 4CL
activities decreased with the increase of phenylalanine
concentration, especially when the phenylalanine concentra-
tion was higher than 4.0 mmol/L. In contrast, C4H activity
slightly decreased at phenylalanine concentration lower than
3 mmol/L, but increased at phenylalanine concentration
higher than 4.0 mmol/L (Fig. 7b).

Fig. 6 Effects of different precursor additions on resveratrol production.
The signals in the figure indicate cinnamic acid (triangle) and p-coumaric
acid (square). The data were obtained at reaction time of 21 h

Table 2 Resveratrol synthesis by the intracellular and extracellular
enzyme extracts

Protein concentration
(mg/mL)

Resveratrol
production (μg/L)

Control 0 0

Intracellular enzyme extracts 0.341±0.018 1.17±0.06

Extracellular enzyme extracts 0.066±0.011 0

Data are average and standard deviation of duplicates

Table 3 Effects of carbohydrate addition on cell growth and resveratrol
production

Carbohydrates Dry cell weight (g/L) Resveratrol
production (μg/L)

Glucose 5.93±0.25 aa 2.78±0.32 a

Fructose 3.98±0.17 bc 1.41±0.25 b

Sucrose 3.87±0.28 bc 1.19±0.17 b

Lactose 3.60±0.31 c 1.25±0.21 b

Soluble starch 4.58±0.19 b 2.43±0.11 a

Control 3.22±0.21 c 1.24±0.23 b

Different letters in the same line indicate significant difference compared
with control at P<0.05
aData are average and standard deviation of duplicates
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Effects of carbohydrate addition on bioconversion
of phenylalanine to resveratrol

Coenzyme A, ATP, and malonyl-CoA are also important sub-
strates of enzymatic reactions that produce resveratrol. These
compounds are normally produced by glycometabolism using
glucose as the starter (Murata et al. 1981). Therefore, carbon
nutrients as energy sources that can be transformed into
glucose were considered to be capable of improving resvera-
trol production in Alternaria sp. MG1. As expected, we found
that biosynthesis of resveratrol from phenylalanine was signif-
icantly improved by adding different carbohydrates (Table 3).
Cell weight also increased when these carbon sources were
added, probably because they were used as carbon sources for
cell growth. Comparatively, glucose resulted in the highest
resveratrol production followed by soluble starch, while fruc-
tose, sucrose, and lactose did not have a significant effect on
resveratrol production and cell growth. Dividing resveratrol
production by cell weight revealed that the resveratrol pro-
duced per gram of cells was 0.53 and 0.47 μg/g when soluble
starch and glucose were added, respectively, which was higher

than that produced without their addition (control, 0.39 μg/g),
indicating that the resveratrol synthesis efficiency increased by
the addition of these carbon sources.

To optimize the conditions for bioconversion of phenylal-
anine to resveratrol by Alternaria sp. MG1 cells, different
carbon sources were added at different concentrations as
shown in Fig. 8 and, on that basis, different combinations with
appropriate concentration as indicated in Table 4. Cyclodex-
trin was also tested because it has been reported to improve
resveratrol production in cultured plant cells (Bru et al. 2006;
Charmila et al. 2012). The results showed that the overall
resveratrol production significantly increased by increasing
the carbon sources' concentration within a certain level. The
highest resveratrol production was achieved with 2 g/L glucose
(3.21±0.31 μg/L), 1 g/L soluble starch (2.17±0.17 μg/L), and
1 g/L cyclodextrin (2.55±0.18 μg/L), when these were added
separately. Finally, the highest resveratrol production (4.57±
0.32 μg/L) was achieved when 2 g/L glucose and 1 g/L
cyclodextrin were added together to the bioconversion system
containing 4.7 mmol/L phenylalanine.

Discussion

The phenylpropanoid pathway in plants has been exten-
sively studied and widely accepted as the pathway that
biosynthesizes resveratrol (Fig. 1). Key enzymes in this
pathway have been widely and successfully used to engi-
neer resveratrol producing microorganisms and plants.
However, so far, the entire phenylpropanoid pathway has
not been found in one microorganism, although the key
enzymes in this pathway have been separately found in
different microorganisms. For example, PAL has been
found in Rhodotorula glutinis and Rhodosporidium
toruloids (Vannelli et al. 2007a; Wu et al. 2009); TAL
in R. glutinis , Trichosporon cutaneum , and Saccharothrix

Fig. 7 Change of enzyme activities during the reaction. The data were
obtained at 4.7 mmol/L phenylalanine in a and after 21 h in b . The
signals in the figure indicate enzymes 4CL (triangle), C4H (square), and
PAL (diamond)

Fig. 8 Effects of glucose (solid bars), soluble starch (shaded bars), and
cyclodextrin (open bars) addition on resveratrol production. The data
were obtained at reaction time of 21 h. Phenylalanine concentration used
in the reaction was 4.7 mmol/L. Signals in the figure indicate addition of
glucose (solid bars), soluble starch (shaded bars), and cyclodextrin
(open bars) and the control (dotted bars) without any carbohydrate
addition treatment
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espanaensis (Vannelli et al. 2007b; Berner et al. 2006);
and 4CL in Streptomyces coelicolor (Park et al. 2009;
Kaneko et al. 2003). To date, only plant STS has been
used in genetically modified resveratrol-producing micro-
organisms. The phenylpropanoid pathway, STS, and
chalcone synthase (CHS) have been found specifically
taken from plants, until an STS-like domain was found
in the complete genome sequence of Nocardiopsis
dassonvillei (IMRU 509) (Sun et al. 2010). A strain of
Bacillus sp. N had been found to produce stilbene (Kumar
et al. 2012). However, this is the first report providing
evidence of a resveratrol-producing phenylpropanoid pathway
in microorganisms.

In the current study, no resveratrol biosynthesis was found
when aliphatic amino acids or heterocyclic amino acids were
used as substrates. This indicates that the presence of the
benzene ring in aromatic amino acids may be the required
moiety for resveratrol biosynthesis by Alternaria sp. MG1.
There was no resveratrol accumulation in resting medium
containing tryptophan as the sole substrate, although it
contains a benzene ring. This may be because tryptophan
contains an indole structure in the side chain, which is
different from that in phenylalanine and tyrosine.

In plants, resveratrol accumulation has mainly been found
inside cells (Kondan et al. 2001; Ferri et al. 2011). Using
genetically modified yeast and E. coli produced resveratrol
outside the cells (Horinouchi 2009; Beekwilder et al. 2006). In
this study, accumulation of resveratrol was mainly found
outside Alternaria sp. MG1 cells, which is consistent with the
genetically modified microorganisms. Crude enzymes extracted
from these cells also showed good capability to synthesize
resveratrol, indicating the integrity and regulation systems in
the enzyme mixtures and thus implying a potential to produce
resveratrol by immobilizing the crude enzyme extracts or the
whole cells. If it is efficient enough, biosynthesis of resveratrol
will change from fermentation to enzymatic reactions.

Comprehensive analysis of intermediates accumulation
(Fig. 5) and enzyme activities (Fig. 7) revealed that there was

a correlation between the accumulation of phenylpropanoid
pathway intermediates and the change in related enzyme activ-
ities, especially when the bioconversion time was longer than
18 h and the phenylalanine concentration was higher than
4.0 mmol/L. The relationship between the enzyme activities
and the accumulation of phenylpropanoid pathway intermedi-
ates could be explained by product inhibition of metabolic
regulation. Specifically, the strong correlation between the
significant decrease in PAL activity and the increase in
cinnamic acid accumulation after 18 h and at phenylalanine
concentrations higher than 4.0 mmol/L indicated that there may
be an inhibition regulation of PAL activity by high cinnamic
acid concentration. Similarly, the decrease in 4CL activity after
18 h and at phenylalanine concentration higher than 4.0 mmol/L
may be caused by the increase in resveratrol under these
conditions. Based on this logic, the increase in C4H activity
may be related to the decrease in p -coumaric acid accumula-
tion in the bioconversion of phenylalanine to resveratrol.

However, further study is still needed to confirm the phe-
nylalanine pathway in Alternaria sp. MG1 and to elucidate
the mechanism and metabolic regulation involved. Although
the occurrence of phenylpropanoid pathway intermediates and
enzymes has been found in the bioconversion of phenylala-
nine to resveratrol by Alternaria sp. MG1, the exact material
flow still needs to be identified by tracing the conversion of
substrates during the bioconversion. This problem can be
solved by monitoring the intermediates' sequence of occur-
rence during bioconversion and tracing the material flow of
isotope-labeled phenylalanine and tyrosine. Furthermore, to
identify the intact pathway, the properties and regulation of the
enzymes involved, especially STS, need to be elucidated.

Finally, we found that carbon sources significantly improve
the resveratrol biosynthesis by Alternaria sp. MG1 cells. This
can be explained by the relationship between glycometabolism
and the phenylpropanoid pathway. Glucose is the starter of
glycometabolism. It can be metabolized to phenylalanine by
the shikimic acid pathway, and thus, the relative phenylalanine
content increases in the bioconversion system. At the same
time, glucose can also be metabolized to other substrates
essential for resveratrol biosynthesis, such as ATP, coenzyme
A, and malonyl-CoA, by the Embden–Meyerhof–Parnas path-
way (EMP), the hexose monophophate pathway (HMP), and
the tricarboxylic acid cycle (TCA) (Altekar and Rangaswamy
1990; Ronimus and Morgan 2003; Yimga et al. 2006; Xu et al.
2012). In addition, glucose can increase the total enzyme
content in the bioconversion system by increasing cell growth,
as shown in this study. Therefore, glucose showed the most
significant improvement of resveratrol production when
different carbon sources were separately added at the same
concentration. Soluble starch also significantly improved
resveratrol production because it slowly metabolizes into glu-
cose. The inability of fructose, sucrose, and lactose to improve
resveratrol production and cell growth might be caused by the

Table 4 Effect of different carbohydrate interactions on resveratrol
production (unit: microgram per liter)

Runs Carbohydrates added Glucose
(2 g/L)

Soluble
starch (1 g/L)

Cyclodextrin
(1 g/L)

1 Cyclodextrin (1.0 g/L) 4.57±0.32 a 2.52±0.38 ab

2 Soluble starch (1.0 g/L) 3.59±0.76 a

3 Soluble starch (1.0 g/L)
and cyclodextrin
(1.0 g/L)

3.09±0.59 ab

4 Control 1.47±0.24 b

Data are average and standard deviation of duplicates. Different letters in
the same line indicate significant difference compared with control at
P <0.05. No carbohydrate was added in the control
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low efficiency of Alternaria sp. MG1 in metabolizing
these carbon sources to glucose. The increase in resveratrol
production by cyclodextrin may be because it serves as a
carbon source in microorganism cultures (Fernandes et al.
2003), and it acts as an elicitor of resveratrol biosynthesis
(Lucas-Abellan et al. 2007).

In conclusion, the current study provides evidence of a
phenylalanine pathway in Alternaria sp. MG1 from three
aspects: first, the capability of Alternaria sp. MG1 to
biosynthesize resveratrol from phenylalanine, cinnamic acid,
and p -coumaric acid when they were used as the sole substrate
in the bioconversion system; second, the occurrence of key
phenylalanine pathway enzymes in Alternaria sp. MG1; and
third, the correlation between intermediates' accumulation
and the changes in the related enzymes' activities. All the
results obtained in the study strongly support the hypothesis of
resveratrol biosynthesis by the phenylalanine pathway. Further-
more, consistent with the relationship between glycometabolism
and the phenylpropanoid pathway, resveratrol production was
significantly increased when carbon sources were added.
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