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Phomopsis sp. XP-8 (an endophytic fungus) was previously found to produce pinoresinol
diglucoside (PDG), a major antihypertensive compound of Tu-Chung (the bark of Eucommia
ulmoides Oliv.), which is widely used in Chinese traditional medicines. In the present study,
two bioconversion systems were developed for the production of PDG in Tris-HCl buffer
containing glucose and Phomopsis sp. XP-8 cells (both resting and freeze-dried). When other
factors remained unchanged, the bioconversion time, glucose concentration, cell ages, cell
dosage, pH, temperature, and stirring speed influenced PDG production in a similar and
decreasing manner after an initial increase with increasing levels for each factor. Considering
the simultaneous change of various factors, the optimal conditions for PDG production were
established as 70 g/l cells (8-day-old), 14 g/l glucose, 28°C, pH 7.5, and 180 rpm for systems
employing resting cells, and 3.87 g/l cells, 14.67 g/l glucose, 28°C, pH 7.5, and 180 rpm for
systems employing freeze-dried cells. The systems employing freeze-dried cells showed lower
peak PDG production (110.28 µg/l), but at a much shorter time (12.65 h) compared with
resting cells (23.62 mg/l, 91.5 h). The specific PDG production levels were 1.92 and 24 µg per
gram cells per gram glucose for freeze-dried cells and resting cells, respectively. Both systems
indicated a new and potentially efficient way to produce PDG independent of microbial cell
growth.
Keywords: Bioconversion, pinoresinol diglucoside, resting cells, freeze-dried cells, Phomopsis sp.

Introduction
Pinoresinol diglucoside (PDG) is a major antihypertensive
compound of Tu-Chung, the bark of Eucommia ulmoides
Oliv. (E. ulmoides), which is used as a Chinese herbal
medicine [1, 2]. Epidemiologic and pharmacologic studies
revealed that PDG can be bacterially metabolized into
enterodiol (END) and its oxidation product enterolactone
(ENL) in the intestinal tract of humans and animals. END
and ENL have the capability of preventing hormonedependent diseases, such as osteoporosis, cardiovascular
diseases, hyperlipemia, breast cancer, and colon cancer

J. Microbiol. Biotechnol.

[3, 4]. In addition, after direct absorption, PDG can also
promote the transfer of calcium ions and osteoblasts [5, 6]
and thus affects the prevention and treatment of osteoporosis
[7]. PDG was first identified in the bark of E. ulmoides Oliv
[8] and more recently in flax [9, 10], Valeriana officinalis [11,
12], and Daphne giraldii Nitsche [13, 14]. The extraction,
identification, and pharmaceutical functions of PDG from
E. ulmoides have been studied [15-17]. At present, extraction
of PDG from the bark of E. ulmoides is the main method to
obtain PDG [1, 18].
However, the low PDG content and the long period of
time necessary for bark formation of E. ulmoides have so-far
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limited the industrialization of this method. Therefore,
chemical [19, 20] and semi-chemical methods [21] have
been developed to produce PDG. Comparatively, microbial
fermentation has significant advantages over the chemical
and semi-chemical methods of PDG production owing to
its simple operation, environmental friendliness, use of
cheap raw materials, high manufacture efficiency, and
enhanced product yield [22, 23]. We previously obtained
Phomopsis sp. XP-8 (CCTCC M209291), an entophytic
fungus, isolated from the bark of E. ulmoides, which yielded
a high quantity of PDG (up to 11.65 mg/l) within 216 h
[24], indicating a novel way to produce PDG via microbial
fermentation. However, the PDG production was still very
low and a long time was required in this microbial
fermentation system.
In a previous study, we found that the biosynthesis of
PDG in the culture broth started from a later stage of the
exponential phase, when the cell growth reached a high
level [24]. We suggested that PDG production might be
improved by using pre-cultured cells of Phomopsis sp. XP-8
to eliminate the limitation caused by cell growth. Therefore,
the present study focused on the development of a
bioconversion system for the production of PDG, employing
prepared resting and freeze-dried cells. Following this
procedure, pre-cultured cells were utilized as a catalyst
and the bioconversion of PDG occurred in a pattern of an
enzymatic reaction. The bioconversion was conducted in a
simple system containing only essential substrates and pH
buffers. In this environment, the impact of most factors and
metabolic characteristics that influence cell growth was
maximally attenuated. Furthermore, the conditions in the
system were optimized in terms of bioconversion time,
glucose concentration, cell dosage, cell ages, pH, temperature,
and stirring speed.

Materials and Methods
Preparation of Resting and Freeze-Dried Cells
The Phomopsis sp. XP-8 used in this study was obtained from
the China Center for Type Culture Collection (Wuhan, China)
(code: CCTCC M209291). It was cultured on a potato dextrose
agar (containing 200 g potato, 20 g dextrose, 20 g agar, and
1,000 ml tap water) medium slant and stored at 4°C prior to usage.
All cells were freshly subcultured prior to the bioconversion
experiments, according to the method of Zhang et al. [25]. At the
end of the cultivation, cells were collected after centrifugation at
5,000 ×g for 10 min and washed three times with sterilized water,
obtaining resting cells. For bioconversion of PDG or freeze-drying,
the obtained cells were kept at 4°C before use in a FD5-3 Freeze
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Drying Equipment (SIM, USA). The obtained freeze-dried cells
were kept at -80°C prior to use for bioconversion of PDG.
Bioconversion Experiments
The bioconversion of PDG was conducted, following the
method of Zhang et al. [26]. The bioconversion system was as
follows: in 250 ml flasks, 100 ml Tris-HCl buffer (20 mM, pH 7.5)
with 15 g/l glucose and 70 g/l resting cells (5-day-old) were
cultured at 28 °C and 180 rpm for 48 h; this was also performed in
250 ml flasks, containing 100 ml Tris-HCl buffer (20 mM, pH 7.5)
with 15 g/l glucose and 3 g/l freeze-dried cells (5-day-old) at
28°C and 180 rpm for 10 h. The other parameters are individually
indicated for each experiment.
Condition Optimization for Bioconversion of PDG from Glucose
via Resting Cells
Single-factor design and response surface methodology (RSM)
experiments were utilized to optimize the conditions to obtain a
high yield of PDG. Resting cells of Phomopsis sp were employed as
reported Wang et al. and Liu et al. [27, 28]. In the single-factor
design, the levels of each factor were set separately: bioconversion
time: 48, 72, 96, 120, 144, and 168 h; glucose concentration: 5, 10,
15, 20, 25, and 30 g/l; cell dosage: 10, 30, 50, 70, and 90 g/l; cell
ages: 5, 6, 7, 8, 9, 10, and 11 days; pH: 6, 6.5, 7.0, 7.5, 8.0, 8.5, and
9.0 (20 mM Tris-HCl buffers); reaction temperature: 24°C, 26°C,
28°C, 30°C, and 32°C; and stirring speed: 120, 140, 160, 180, and
200 rpm. These factors were determined by changing one factor at
a time, while keeping the others constant. For the RSM experiments,
bioconversion time, glucose concentration, and cell ages were
utilized for further optimization. The parameters and their levels
are listed in Table 1. A set of 17 experiments was conducted on the
factors and levels according to the Box-Behnken designs, displayed
in Table 2. The software package Design Expert (8.0.5; Stat-Ease
Inc., USA) was used to design the experiments as well as to conduct
data analysis.
A fitted model was applied to study the effect of the three
chosen variables on the response and to establish the optimum
experimental conditions that contribute to the highest PDG yield.
Response surfaces plots and contour plots were attained, using
the fitted model by keeping the least effective independent
variable at a constant value, while changing the other two variables.
To validate the estimated model, a confirmatory experiment was
conducted, utilizing optimal reaction conditions.

Table 1. Factors and their levels in the Box-Behnken design for
experiments using resting cells of Phomopsis sp. XP-8.
Factor

Code

Level
-1

0

1

Bioconversion time (h)

X1

48

72

96

Glucose concentration (g/l)

X2

10

15

20

Cell ages (days)

X3

7

8

9
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Table 2. Runs and results of the pinoresinol diglucoside (PDG) production experiments using resting cells of Phomopsis sp. XP-8.
PDG production (mg/l)

Running
order

Bioconversion time (h)

Glucose concentration (g/l)

Cell ages
(days)

Experimental value (mean ± SD)

Predicted value

1

72

15

8

19.58 ± 0.13

19.56

2

72

20

7

15.68 ± 0.15

15.60

3

72

10

7

16.26 ± 0.17

16.47

4

72

10

9

17.46 ± 0.15

17.53

5

48

15

7

8.70 ± 0.24

8.74

6

96

10

8

22.55 ± 0.25

22.51

7

48

15

9

10.65 ± 0.18

10.84

8

72

15

8

20.08 ± 0.12

19.56

9

72

15

8

19.38 ± 0.19

19.56

10

72

15

8

18.92 ± 0.13

19.56

11

96

20

8

22.19 ± 0.28

22.45

12

48

20

8

8.19 ± 0.25

8.23

13

96

15

9

23.26 ± 0.13

23.18

14

48

10

8

7.96 ± 0.27

7.71

15

72

20

9

19.08 ± 0.20

18.87

16

96

15

7

20.37 ± 0.16

20.19

17

72

15

8

19.85 ± 0.19

19.56

Table 3. Factors and their levels in the Box-Behnken design for
the experiments using freeze-dried cells of Phomopsis sp. XP-8.
Factor

Code

Level
-1

0

1

A

5

10

15

Glucose concentration (g/l)

B

10

15

20

Cell dosage (g/l)

C

2

3

4

Bioconversion time (h)

Conditions Optimization for Bioconversion of PDG from Glucose
via Freeze-Dried Cells
For bioconversion systems with freeze-dried cells, RSM experiments
with three factors (bioconversion time, glucose concentration, and
cell dosage) were implemented based on the results of singlefactor trials. The parameters and their levels are shown in Table 3.
A three-factor and three-level design with 17 individual points
was selected for this study (Table 4).
Extraction and Isolation of PDG from Bioconversion Systems
At the end of the bioconversion, cells were separated via
centrifugation at 5,000 ×g for 10 min, followed by extraction of the
supernatant using 3-fold volume of 95% ethanol at 4°C overnight.
The newly obtained supernatant was vacuum-evaporated to
0.09 MPa at 50°C to remove extra ethanol. Finally, the residue was
dissolved in 1 ml of methanol of chromatographic purity (Sigma,
USA) and filtered through a 0.45 μM Millex-HV filter membrane
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(0.45 μM, 13 mm diameter; Millipore, USA) for subsequent highperformance liquid chromatography (HPLC) analysis.
Measurement and Verification of PDG Production in the
Bioconversion Systems
The measurement of PDG production was conducted via HPLC
in a Shimadzu Prominence LC-20A analytical HPLC system
(Shimadzu, Japan). The HPLC device was equipped with a
quaternary pump, a SIL-20AF automated sample injector, SPDM20A, a photodiode-array detector, a CTO-20A incubator, a
Waters (USA) XTerra MS C18-column (4.6 × 250 mm, 5 μm), and
an LC Solution software operating system (Shimadzu).
The mobile phase consisted of double-distilled water (solvent
A, prepared via Milli-Q system (Millipore, USA)) and acetonitrile
(solvent B, chromatographic purity obtained from Sigma (USA)).
The multistep gradient program used was as follows: 1.0 ml/min
flow rate: 0–10 min: 10% B (v/v); 10–20 min: a linear gradient to
solution B from 10% to 20%; 20–30 min: a linear gradient to
solution B from 20% to 70%; 30–40 min: a linear gradient to
solution B from 70% to 10%; and 40–50 min: 10% B. The column
ambient temperature was 30ºC, the injection volume was 10 μl,
and the effluent was monitored at 226 nm. The substance that had
the same retention time as PDG in the HPLC analysis was verified
via juxtaposition with the UV spectrum of standard PDG, identified
via the photodiode-array detector within the HPLC system.
HPLC-MS was applied to validate the authenticity of PDG
detected in the HPLC analysis according to the spectrum of
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Table 4. Runs and results of the pinoresinol diglucoside (PDG) production experiments using freeze-dried cells of Phomopsis sp.
XP-8.
PDG production (µg/l)

Running
order

Bioconversion time (h)

Glucose concentration (g/l)

Cell dosage (g/l)

Experimental value (mean ± SD)

Predicted value

1

5

10

3

53.95 ± 0.17

54.01

2

15

10

3

91.69 ± 0.22

91.88

3

5

20

3

45.41 ± 0.31

45.81

4

15

20

3

84.83 ± 0.20

83.77

5

5

15

2

59.53 ± 0.28

60.15

6

15

15

2

87.84 ± 0.17

86.91

7

10

15

3

101.48 ± 0.08

102.05

8

15

15

4

102.34 ± 0.09

102.02

9

10

10

2

95.97 ± 0.25

95.59

10

10

20

2

88.44 ± 0.16

88.03

11

10

10

4

102.43 ± 0.05

103.94

12

10

20

4

102.61 ± 0.16

101.09

13

10

15

3

101.61 ± 0.09

101.83

14

10

15

3

97.86 ± 0.16

99.32

15

5

15

4

60.42 ± 0.27

58.92

16

10

15

3

100.19 ± 0.11

100.69

17

10

15

3

102.28 ± 0.06

102.22

standard PDG (purity > 99%). The standard PDG was purchased
from the National Institute for the Control of Pharmaceutical and
Biological Products (China). The mass spectrometer was a Thermo
Fisher LTQ XL (USA), equipped with an electrospray ionization
source. The conditions for HPLC-MS analysis were capillary
temperature of 320°C and sheath gas flow of 50 l/h. Positive
polarity was set as a source voltage of 4.5 kV, source current of
100 μA, and capillary voltage of 40 V. Negative polarity was set as
a source voltage of 4.5 kV, source current of 100 μA, and capillary
voltage of -20 V. The run time was 50 min, and the collision gas
was argon. The negative-ion mode was applied in the operation.

Results
Verification of PDG Production in the Bioconversion
Systems
To verify the production of PDG in the bioconversion
system, the compound with the same retention time as that
of standard PDG in the HPLC analysis was subjected to an
HPLC-MS assay. As can be seen in Fig. 1, the mass spectrum
of the detected PDG in sample 1 of the resting cells and in
sample 2 of the freeze-dried cells indicated daughter ions
m/z = 518.48, 357.58, and 519.02, 357.27, respectively, which
was in agreement with that of the standard PDG with
daughter ions m/z = 518.85 and 357.19. Therefore, our

results confirmed that the substance that exhibited a
retention time identical to that of the standard PDG in the
HPLC-MS analysis of the samples was indeed PDG.
Single-Factor Experimental Results from the Bioconversion
of PDG from Glucose by Resting Cells
According to results of the single-factor design experiments
(Fig. 2), an initial rise in the PDG production in the system
was observed in combination with an increase of the
bioconversion time, glucose concentration, cell dosage, cell
ages, pH, temperature, and stirring speed, followed by a
decrease when the other factors remained stable. PDG
production, in particular, reached a maximal value after 72 h
(Fig. 2A) under conditions of 15 g/l glucose (Fig. 2B), pH
7.0 (Fig. 2E), 28°C (Fig. 2F), and 180 rpm (Fig. 2G) when 8day-old cells were used at a cell dosage of 70 g/l. The
decline in PDG production after 72 h indicated the
degradation of this product due to the long reaction time.
The reduction of PDG production rate at higher glucose
concentrations suggested that excessive glucose might
inhibit the PDG biosynthesis. PDG formation was almost
not detected when old cells (10-11 days old) were utilized,
implying that the expression of enzymes involved in
biosynthesis of PDG was either downregulated or suppressed
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Fig. 1. Total ion current chromatograms and mass spectra of standard pinoresinol diglucoside (PDG) and the samples.
A and B show the total ion current chromatogram, and daughter ions of the standard PDG, respectively; C and D illustrate the total ion current
chromatogram, and daughter ions of sample 1 in the resting cell culture, respectively. E and F illustrate the total ion current chromatogram, and
daughter ions of sample 2 in the freeze-dried cells culture, respectively.

in old cells. The appearance of peak PDG yield at certain
parameters of the environmental conditions, such as the
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values of pH and temperature, indicated the optimal setting
for the enzymes participating in PDG biosynthesis. In
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Fig. 2. Effects of different factors on the pinoresinol diglucoside (PDG) production.
Effects of bioconversion time (A), glucose concentration (B), cell ages (C), cell dosage (D), pH (E), temperature (F), and stirring speed (G) on PDG
production in the bioconversion system using resting cells of Phomopsis sp. XP-8.

contrast, a reduction of PDG production at a high stirring
speed and cell dosage might be caused by the damage of
cells due to high shearing force and cell autolysis.

RSM Analysis of Bioconversion of PDG from Glucose
Using Resting Cells
To optimize the conditions for PDG production, the
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levels of bioconversion time, glucose concentration, and
cell age were further improved via Box-Behnken design
and RSM analysis with central points of 72 h duration,
15 g/l glucose concentration, and an 8-day cell age,
respectively. The process of data analysis was conducted
through PROC RSREG (response surface), where a quadratic
response surface regression model was established, yielding
the optimum level of the corresponding factor. As a result,
the quadratic regression equation of PDG production
was obtained regarding the following three variables:
bioconversion time, glucose concentration, and cell ages.
Y = 19.56 + 6.61X1 + 0.11X2 + 1.18X3 - 0.15X1X2 + 0.245X1X3
+ 0.55X2X3 - 2.86X12 - 1.48X22 - 0.96X32
(1)
where Y is the amount of PDG, and X1, X2, and X3 are the
coded values of the tested variables, namely bioconversion
time, glucose concentration, and cell age, respectively.
As shown in Table 5, the ANOVA of the regression
model revealed that there was a high degree of significance
as evident from the Fisher’s F test (F value = 97.64), and a
very low probability value (p < 0.0001) and values of “Prob
> F” below 0.0500 indicate that the model was significant.
In this case, X1 and X12 were highly significant and X3, X22,
and X32 were significant model terms. The terms indicating
the interactions between different parameters were nonsignificant. The “Lack-of-Fit F-value” of 4.18 implies that
the Lack of Fit was not significant relative to the pure error.
The chance that a “Lack-of-Fit F-value” this large could

occur owing to noise is 10.03%, and a nonsignificant lack of
fit was desirable. The regression model (1) had a high R
square value of 0.9921, indicating that the model could
explain 99.21% of the variability in the response. The sizable
value of the adjusted determination coefficient (Adj R2 =
0.9819) also confirmed a high significance level of the pattern.
This ensured a satisfactory adjustment of the polynomial
model to the experimental data.
Solving the equations revealed the optimum transformation
conditions at the bioconversion time of 91.82 h: glucose
concentration of 14.11 g/l, and cell age of 8.31 days. Under
the achieved optimal conditions, the highest PDG production
was estimated to be 23.33 mg/l. As a matter of convenience,
a bioconversion time of 91.5 h, glucose concentration of
14 g/l, and cell age of 8 days were employed to verify the
experimental data. In practice, PDG production was
23.62 mg/l. The differences between predicted and measured
PDG values were nonsignificant (Prob > F” below 0.05).
Thus, we concluded the obtained mathematical model to
be accurate and reliable for predicting the PDG production.
RSM Analysis on Bioconversion of PDG from Glucose
Using Freeze-Dried Cells
The results of the single-factor design experiments show
that the impact of each factor on PDG production in freezedried cells was similar to those in the resting cell systems,
and thus are not presented here. Based on the findings of
the Box-Behnken design and the RSM analysis, Eq. (2) was

Table 5. ANOVA analysis of the model data obtained for the systems with resting cells of Phomopsis sp. XP-8.
Source

Sum of squares

DF*

Mean square

F value

Prob**> F

Model

413.90

9

X1

349.40

1

45.99

97.64

< 0.0001

349.40

741.79

< 0.0001

X2

0.10

1

0.10

0.22

0.6535

X3

11.14

1

11.14

23.65

0.0018

X1X2

0.087

1

0.087

0.18

0.6802

X1X3

0.22

1

0.22

0.47

0.5155

X2X3

1.21

1

1.21

2.57

0.1530

X12

34.37

1

34.37

72.98

< 0.0001

X22

9.25

1

9.25

19.64

< 0.0001

X32

3.88

1

3.88

8.23

0.0240

4.18

0.1003

Residual

3.30

7

0.47

Lack of fit

2.50

3

0.83

0.80

4

0.20

417.20

16

Pure error
Cor total
R2=0.9921; RAdj 2=0.9819
*DF is degree of freedom.
**Prob means probability.
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Table 6. ANOVA analysis on the model obtained for systems using freeze-dried cells of Phomopsis sp. XP-8.
Sum of squares

DF*

Mean square

F value

Prob**> F

Model

Source

6028.87

9

669.87

157.39

< 0.0001

A

2715.48

1

2715.48

638.01

< 0.0001

B

64.70

1

64.70

15.20

0.0059

C

162.18

1

162.18

38.11

0.0005

0.71

1

0.71

0.17

0.6960

AB
AC

46.31

1

46.31

10.88

0.0131

BC

14.86

1

14.86

3.49

0.1039

A2

2796.61

1

2796.61

657.08

< 0.0001

B2

148.66

1

148.66

34.93

0.0006

6.79

0.0351

1.91

0.2698

C

2

28.91

1

28.91

Residual

29.79

7

4.26

Lack of fit

17.54

3

5.85

Pure error

12.26

4

3.06

6058.66

16

Cor total
R2=0.9951; RAdj 2=0.9888
*DF is degree of freedom.
**Prob means probability.

obtained for the PDG production with the bioconversion
time, glucose concentration, and cell dosage as variables:
R = 100.68 + 18.42A - 2.84B + 4.50C + 0.42AB + 3.40AC +
(2)
1.93BC - 25.77A2 - 5.94B2 + 2.62C2
where R is PDG production, A is bioconversion time, B is
glucose concentration, and C is cell dosage.
As shown in Table 6, Eq. (2) had an F-value (6.41) above
F0.01, indicating that the lack of fit of the model was
nonsignificant, while the regression was significant. The
model terms A (bioconversion time) and A2 (square of
bioconversion time) were very significant with values of
“Prob > F” below 0.0001. B (glucose concentration), C (cell
dosage), and B2 (square of glucose concentration), and the
terms C2 (square of cell dosage) and AC (interaction of
bioconversion time and cell dosage) were also significant
with values of “Prob > F” below 0.05 (Table 6), indicating
that these factors considerably influenced PDG production.
To predict the relationships between independent and
dependent variables, three-dimensional response surface
plots and corresponding contour plots were obtained
according to regression Eq. (2) and using the software
package Design-Expert 8.0.5. A high gradient of the slope
in the three-dimensional response surface plots indicated
that bioconversion time had the most substantial influence
on PDG production, whereas cell dosage and glucose
concentration had a lower impact (Figs. 3A, 3C, and 3E).

An elliptical contour exhibits perfect interactions, whereas
a circular shape shows fewer or non-interactions between
two independent variables. The obtained contour plots
were not elliptical, as seen in Figs. 3B and 3F, indicating
that no significant interactions existed between bioconversion
time and glucose concentration, as well as between glucose
concentration and cell dosage. In contrast, a perfect
elliptical contour plot, as shown in Fig. 3D, suggested that
bioconversion time and cell dosage had a substantial
interactive effect on PDG production. These results agreed
with the significance of regression coefficients of the
quadratic polynomial model (Table 6).
In addition, the model coefficient of determination (R2)
was 0.9951, indicating a high fitting degree of the equation,
and there was a strong correlation between the predicted
and measured values. By solving the equation, the highest
PDG production levels could be obtained at a bioconversion
time of 12.65 h, glucose concentration of 14.67 g/l, and cell
dosage of 3.87 g/l. Under these conditions, the PDG yield
was 110.66 µg/l for the predicted value and 110.28 µg/l in
practice.

Discussion
At present, several plant lignans are considered to be the
precursors of mammalian lignans and can thus be divided
into four types: furofuran lignans such as pinoresinol,
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Fig. 3. Response surface plots (A, C, E) and corresponding contour plots (B, D, F).
The interactive influences of different variables on PDG production using freeze-dried cells of Phomopsis sp. XP-8 are shown. A is the
bioconversion time (h); B is the glucose concentration (g/l); and C is the cell dosage (g/l).

furano lignans, dibenzylbutanes, and dibenzylbutyrolactones
[29-32]. The bioconversion of PDG from glucose was first
achieved by using prepared microbial cells, resulting in a
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shorter time and lower amounts of byproducts in comparison
with conventional fermentation. Such methods have been
successfully applied for biotransformation of betulin to
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betulone by growing and resting cells of the actinobacterium
Rhodococcus rhodochrous IEGM 66 [33], gastrodin production
from p-2-hydroxybenzyl alcohol through biotransformation
via cultured cells of Aspergillus foetidus and Penicillium
cyclopium [34, 35], and biotransformation of validamycin A
from validoxylamine A, utilizing free resting cells that
contain validamycin glycosyltransferase from Streptomyces
hygroscopicus var. jinggangensis [36].
Phomopsis sp. XP-8 is a rarely reported fungus that has
the capability to produce lignan products, such as pinoresinol,
pinoresinol monoglucoside, and PDG. In mechanisms, the
capability of this strain to produce plant products is due to
key enzymes, genes, and possibly whole biosynthesis
pathways that are similar to those in plants. According to
our previous studies, Phomopsis sp. XP-8 possesses key
enzyme activities for the biosynthesis of p-coumaric acyl
coenzyme A, which is an important and essential precursor
for the biosynthesis of PDG via the phenylpropanoid
pathway. Furthermore, addition of intermediates in this
pathway could significantly promote PDG production,
showing similar mass flow as that in the phenylpropanoid
pathway [50]. More importantly, after analyzing and denoting
the genomic data of this strain, we found that it possesses
all genes needed for the phenylpropanoid pathway and the
following pathway for the biosynthesis of pinoresinol (data
is under consideration in a different article). All of these
results indicate that this strain may possess a whole
pathway for the biosynthesis of PDG, similar to that in
plants. Therefore, it is not surprising that it can produce
PDG in vitro. Such a capability has previously been proven
in both cultivation systems using chemical medium and
nature materials in vitro [24-27, 44].
This is a further study to produce PDG that employed
resting cells of Phomopsis sp. XP-8 and the first report using
freeze-dried cells of this strain. In contrast to a previous
report [50], only glucose was used in this study, instead of
intermediates in the phenylpropanoid pathway, as were
used before. In mechanism, via the shikimic acid pathway,
glucose can be metabolized into phenylalanine, the first
substrate in the phenylpropanoid pathway, which is
widely found in bacteria, plants, and fungi, including the
strain used in this study. With phenylalanine as the starter,
PDG can be biosynthesized via the phenylpropanoid
pathway in Phomopsis sp. XP-8. That the production of PDG
can be achieved in such simple systems may be due to the
key enzymes needed for PDG biosynthesis that have been
successfully expressed and have accumulated within cells
before they can be collected from the cultures, since there is
no nitrogen source for cell growth. In this way, the cells
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used in the bioconversion system may play a catalyzing
role, just as the enzymes that remain immobilized within
cells. This is reasonable in theory and has been proven in
our previous study [50].
Furthermore, different from a previous study [50], this
study revealed that freeze-dried cells had much lower
yield, but shorter time for the biosynthesis of PDG than
fresh whole cells. This may be due to the freeze-drying
process that destroyed the activity of some enzymes, thus
resulting in low PDG production, but that released
enzymes from cells and increased the reaction speed and
resulted in a shorter reaction time. However, further
studies are still required to identify the relevant enzymes
and specific mechanisms involved in these processes. The
mentioned effects could be related to different functions of
glucose in the two systems: in the system with the freezedried cells, glucose was used mainly as a precursor and for
the production of other precursors that are required for the
formation of PDG, such as ATP and CoA. Nevertheless,
when the resting cells were utilized, glucose was not only
employed to produce PDG, but also to support cell growth
and to generate some byproducts such as polysaccharides.
Therefore, the increase of cell number might be a further
reason that caused a greater production of PDG in the
system in which resting cells were used.
The developed systems had great advantages in the
biosynthesis of PDG compared with all previously reported
methods due to simple constituents and less byproducts.
Conventional fermentation systems are typically complex
with sources of carbon, nitrogen, and metal ions [37, 38].
However, the developed systems mainly contained Tris-HCl
buffer, microbial cells, and glucose: the essential components
for the biosynthesis of PDG. In this way, cell growth and
related metabolic reactions would be limited to the outmost.
Furthermore, since a deficiency of nitrogen nutrients (which
is essential for cell growth) characterized the systems, the
risk of undesirable microbial contamination is lower and
the isolation and purification of products are facilitated.
This is consistent with previous reports [39-42].
More importantly, the developed systems efficiently
eliminated the influence of cell growth on PDG production.
In conventional fermentation, the product yield is normally
limited by the status of cell growth and by cell density [43].
The established methods separated cell growth from the
biosynthesis of products and the quantity of cells could be
adjusted to any high levels according to the requirements.
Furthermore, the prepared cells could also be reused many
times when they were immobilized.
Shortening the bioconversion time is of even greater
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importance. In a bioconversion system with the utilization
of resting cells, the bioconversion time was reduced from
216 to 91.5 h and was characterized by an increase of more
than 2-fold PDG production (23.62 mg/l) in comparison
with the system in which cells were grown in liquid
fermentation [24, 44], although the rates were still lower
than the rate of PDG formation detected in the bark of 6year-old E. ulmoides trees (60 mg/kg) [45]. In the system
with freeze-dried cells, the bioconversion time was
shortened to 12.65 h, although the PDG yield was low
(110.66 µg/l); however, it was 17 times shorter than that of
the system in which cells were grown in liquid fermentation
[46, 47]. This is by far the fastest reported rate for PDG
synthesis.
In addition, the formation of polysaccharides was found
only in the system with resting cells as opposed to the
freeze-dried cell pathway, which greatly facilitated the
operations of isolation and purification of PDG from the
latter bioconversion system, as the produced polysaccharides
were exceedingly sticky and difficult to remove from the
system. This property is exceptionally favorable for our
ongoing studies on the PDG biosynthesis pathway in
Phomopsis sp. XP-8. Moreover, the application of freezedried cells is convenient owing to their preparation and
storage. These results agree with several reports [25, 48,
49]. In conclusion, this study revealed that PDG can be
effectively synthesized by microbial cells, thus simplifying
the reaction system and shortening the transformation
time; furthermore, a novel and simple method was provided
for the production of PDG. The immobilization of whole
microbial cells has many potential advantages over
fermentation with free cells. A continuous synthesis of
PDG via immobilized whole cells of Phomopsis sp. XP-8 was
attempted in a batch system, which further improved the
PDG production efficiency. The above results illustrate that
both systems that were investigated in the study have great
potential for the efficient production of PDG.
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