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Abstract This study investigated the effects of transformation conditions such as initial pH, the initial concentration of glucose and yeast extract in the medium, and the
separate addition of ferulic acid and vanillic acid, on the
production of vanillin through an analysis of competing byproduct formation by Amycolatopsis sp. ATCC 39116. The
extent and nature of by-product formation and vanillin
yield were affected by initial pH and different initial concentrations of glucose and yeast extract in the medium,
with a high yield of vanillin and high cell density obtained
at pH 8.0, 10 g/l glucose, and 8 g/l yeast extract. High
concentrations of ferulic acid were found to negatively
affect cell density. Additional supplementation of 100 mg/l
vanillic acid, a metabolically linked by-product, was found
to result in a high concentration of vanillin and guaiacol, an
intermediate of vanillin. Via an analysis of the effect of
these transformation conditions on competing by-product
formation, high concentrations of ferulic acid were transformed with a molar yield to vanillin of 96.1 and 95.2 %,
by Amycolatopsis sp. ATCC 39116 and Streptomyces V1,
respectively, together with a minor accumulation of byproducts. These are among the highest performance values
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reported in the literature to date for Streptomyces in batch
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Introduction
Vanillin (3-methoxy-4-hydroxybenzaldehyde) is one of
the major constituents of ‘‘natural vanilla’’ flavor
responsible for its characteristic aroma [1] and is the
most widely used flavor ingredient in the food and
cosmetics industries. The price of ‘‘natural’’ vanillin is
very high compared to the chemically synthesized form,
mainly due to the limited availability of vanilla pods
(currently only about 2,200 tons of cured pods per year
[2]), which cannot meet the demand of the growing
global market for natural vanillin. The production of
natural vanillin is dependent on climate-associated fluctuations of harvest yields, economic and political disruptions, and expensive labor-intensive cultivation,
pollination, harvesting and curing of vanilla pods [2].
Although vanillin has been mainly of synthetic origin,
derived from raw materials such as eugenol, lignin,
glyoxylic acid, parole or guaiacol, the difference between
the prices of the chemically synthesized vanillin and
cured vanilla pods combined with the increasing customer-led demand for natural flavors, has led to a
growing interest to produce natural vanillin by biotransformations from natural substrates, including ferulic
acid, phenolic stibenes, eugenol among others. This has
also been supported by the fact that international
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legislation specifies the term ‘‘natural products’’ to
include materials produced from microbiological sources
by living cells or their enzymes.
Microorganisms are known to be capable of producing
hydroxybenzoates such as vanillin [3], from several naturally occurring or petroleum-based substrates via biodegradation or biotransformation processes. Recently, several
species of microorganisms such as Psychrobacter sp.
CSW4 [4], Candida galli PGO6 [5], Pseudomonas resinovorans SPR1 [6], Bacillus pumilus S-1 [7], Streptomyces
[8] and Brevibacillus agri 13[9] have been studied for their
capability to generate vanillin via biotransformation of
ferulic acid or other structurally similar substrates. Among
vanillin-producing genera, however, the actinomycetes, in
particular several species of Streptomyces [8, 10], seem to
be particularly efficient in utilizing hydroxycinnamic acids,
especially ferulic acid, which is the most abundant
hydroxycinnamic acid in the plant world and occurs mainly
in cell walls covalently linked to lignin and other polymers
[11]. This capability of the actinomycetes may be due to
their saprophytic life cycle and also their proximity to
plants in the soil environment, which may facilitate this
bacterium to obtain plant genes responsible for the biosynthesis of vanillin [12]. Some early research using
Streptomyces species [8, 13] showed significantly better
results in vanillin production, in which the molecular yield
and productivity have provided a clear advantage over
organisms such as Pseudomonas [3] and Psychrobacter [4].
Some Streptomyces strains also exhibit a very high tolerance towards vanillin, which has far-reaching consequences for its downstream processing [2], as the
crystallization concentration of vanillin is 1 % at 20 °C.
Although a novel strain of Bacillus fusiformis was reported
to produce 32.5 g/l vanillin over 72 h utilizing isoeugenol
as substrate, its volumetric productivity was very low [14].
Overall, it appears as though the potential for a commercial
biocatalytic process would be a route based on the biotransformation of ferulic acid by Streptomyces [4, 6, 8, 9,
13].
The biotransformation of ferulic acid to vanillin by
Streptomyces has been studied previously [8, 10, 13].
Although fed-batch bioconversions using whole cells [8],
enzymatic conversion with cell extracts [13] and in vitro
bioconversion have attempted to obtain high-vanillin yields,
some problems still remain with the accumulation of
metabolites and the relatively low conversion efficiency of
the substrate, ferulic acid. In most of the previously reported
studies, the accumulated vanillic acid and other metabolites
undergo rapid degradation or transformation to other intermediates in the pathway of vanillin synthesis by Streptomyces [8, 13]. As vanillin can be converted into by-products,
intermediates (e.g. vanillic acid) or complex metabolites,
therefore, lower molar conversion could be expected. These
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production processes have generated a variety of different
by-products, including vanillic acid, vanillyl alcohol, 3,4dihydroxybenzoic acid and guaiacol, which makes purification difficult, along with resulting in a low vanillin yield
[15]. Although the great majority of production strategies
have been based on increasing the yield of vanillin,
increasing substrate consumption, and on strain improvements, there are few reports about the effects of transformation conditions on the metabolism of producer strains. In
addition, apart from some preliminary information on
vanillic acid and guaiacol metabolism during the transformation such as a report by Ghosh [10], there is a lack of
information on the influence of transformation conditions
through competing by-product metabolites of Streptomyces.
In this paper, the influence of transformation conditions
such as initial pH, the initial concentration of glucose and
yeast extract in the medium, and the separate addition of
ferulic acid and vanillic acid on the transformation of
ferulic acid to vanillin by Amycolatopsis sp. ATCC 39116,
was investigated through an analysis of competing byproduct formation. A resulting transforming protocol was
developed for efficient vanillin production, and this protocol was then also applied to Strptomyces strain V1, an
alternative high-vanillin producer.

Materials and methods
Chemicals
Ferulic acid (trans-4-Hydroxy-3-methoxycinnamic acid,
C99 %), vanillin (4-Hydroxy-3-methoxybenzaldehyde,
99 %), vanillic acid (4-Hydroxy-3-methoxybenzoic acid,
C97.0 %), 3, 4-dihydroxybenzoic acid and guaiacol were
of analytical grade and of the highest purity (obtained from
Sigma–Aldrich, USA). Glucose, yeast extract and others
were obtained from Fisher Scientific. Solvents used were
HPLC grade.
Organisms
Amycolatosis sp. ATCC 39116 and Streptomyces strain V1,
which was a gift from Dr. Xu Ping (Shanghai Jiaotong
University), were used for the biotransformation of ferulic
acid. These two strains belong to the genus Streptomyces,
and have been reported to be able to transform ferulic acid
to vanillin [8, 13].
Shake flask cultures and transformations
The inoculum was prepared by adding 30 ll frozen Amycolatopsis sp. ATCC 39116 or Streptomyces V1 (CCTCC M
206065) stock culture to 30 ml basal medium in shake flasks
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and cultivating at 28 °C, 220 rpm for approximately
16–18 h. Before transformation, the inoculum was transferred at a ratio of 1 % (v/v) to 30 ml fresh medium in a flask
and incubated as above. Subsequently, the transformation of
vanillin was conducted with supplementation of ferulic acid
at 28 °C, 220 rpm. Ferulic acid was predissolved in a solution containing 37 g/l NaOH and 22 g/l NaH2PO4 (1:10,
w/v) and filtered using 0.2 lm syringe filters.
The basal medium comprised the following ingredients as
described previously [13] (g/l): glucose 1, Na2HPO4 4,
KH2PO4 1, yeast extract 1, NaCl 0.2, MgSO47H2O 0.2,
CaCl22H2O 0.05, pH 7.2. The influence of various transformation conditions such as initial pH, the initial concentration of glucose and yeast extract in the medium which are
known to considerably influence the primary and secondary
metabolisms of most microorganisms, and the separate
addition of ferulic acid, and vanillic acid in the broth on
transformation by Amycolatopsis sp. ATCC 39116 was
investigated. The time course consists of approximately 18 h
of cell growth, followed by the initiation of vanillin bioproduction. For pH evaluation, the initial pH of the medium
was adjusted to the desired value by addition of either 1 M
NaOH or 1 M HCl. The concentration range of glucose and
yeast extract was chosen on the basis of the previous compositions of two media [8, 13] and separately supplemented
to the basal medium at the beginning of the cultivation, while
other components were kept constant. After 18 h of cultivation, a concentration of 6 g/l ferulic acid was added to the
broth to initiate the transformations in all cases except for the
evaluation of the influence of substrate concentration itself,
in which different concentrations of substrate were provided
to the broth after 18 h of cultivation. For the evaluation of the
influence of vanillic acid supplementation, different concentrations of vanillic acid along with 6 g/l ferulic acid were
provided in the broth after 18 h of cultivation. After transformation initiation, samples (taken at 24th h or later based
on preliminary results) were assayed for vanillin, other
metabolites, pH and OD600 of the culture and for shake flask
transformation, the vanillin yield was monitored.
For shake flask transformations with a concentration of
12 g/l ferulic acid by Amycolatopsis sp. and Streptomyces
V1, experiments were performed based on the optimized
conditions including initial pH, the initial concentration of
glucose and yeast extract in medium, and the addition of
ferulic acid, and vanillic acid determined from the above
except that inoculation was conducted with 4 % (v/v). And,
samples were assayed for yield, vanillin and other metabolites, pH and OD600 of the culture.
Analytical methods
Growth was measured by optical density of the culture at
600 nm in a UV–Vis Spectrophotometer (Biochrom
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Ultrospec 3000 UV/Visible) or converted to CDW (cell dry
weight) by means of a calibration curve.
Ferulic acid and the transformation products were analyzed by reverse phase HPLC on a C18 column (Polaris
C18-A 150 9 4.6 mm, VARIAN, Inc. USA) using a Varian HPLC, equipped with dual pumps and a UV–Vis
detector (320 nm). The mobile phase consisted of water,
methanol and formic acid (80:20:1, v/v/v), and the flow
rate employed was 1 ml/min. The samples were prepared
by centrifuging at 5,000 rpm for 5 min and then filtered
through 0.22 lm PTFE, membrane centrifuged, and filtered again before analyzing with HPLC. The standard
deviations of the analyses were less than 5 % using
external standards. The compounds eluted out in the following order: 3.4-dihydroxybenzoic acid (Retention time
or RT, 3.4 min), vanillic acid (6.1 min), vanillin (6.8 min),
trans-ferulic acid (8.4 min), and guaiacol (10.2 min) and
two possible unidentified compounds (11, 13 min) [16, 17].
Vanillin yield (g/l) was calculated based on the volume of
the fermentation broth, while molar yield (percent) was
calculated as (mole vanillin accumulated 9 100)/(mole
substrate supplemented) [10]. Intermediate compounds
such as vanillic acid, guaiacol and vanillin were measured
during bioproduction for evaluation of influence of conversion conditions on vanillin production.

Results and discussion
The effect of initial pH of the medium
on the transformation
To investigate the influence of the initial pH of the medium
on the transformation, bioconversions of ferulic acid by
Amycolatopsis sp. were initiated on broths after growing
the cells for 18 h at different initial pH values from 7.0 to
8.5. During the transformations, Amycolatopsis sp. showed
a constant and higher OD600 value for the broth cultivated
at pH 8.0 than that at higher or lower pH values (data not
shown). Analysis of competing by-product formation
indicated that, although vanillin, vanillic acid, guaiacol,
and 3,4-dihydroxybenzoic acid and the two other unknown
compounds [16, 17] were detected during the transformations of broth cultivated at different initial pHs, the bioconversion of the broth cultivated at initial pH 8.0
generated much higher concentrations of products, especially vanillin, guaiacol and the two other unknown compounds. High concentrations of guaiacol indicate high
concentration of vanillin produced during transformation,
as guaiacol is thought to be a bioconversion product of
vanillin [13], and the emergence of the two other unknown
species was observed to be temporary as they were transformed into vanillin or other intermediates of vanillin with
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increasing time. These results suggest that the broth cultivated at an initial pH 8.0 facilitates the transformation of
ferulic acid to vanillin by Amycolatopsis sp.. All other
transformations in this study were, therefore, conducted by
cultivating the cells at an initial pH of 8.0, unless otherwise
specified.
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supplementation. On the other hand, with respect to the
transformation of cells cultivated with 1 g/l glucose possibly due to the lack of energy from the absence of additional glucose, the formed products were readily
catabolized (data not shown).
The effect of yeast extract on the transformation

The effect of initial concentration of glucose
on the transformation
To study the effect of initial glucose concentration in the
medium on the transformation by Amycolatopsis sp., the
basal medium was separately supplemented with glucose
ranging from 1 to 15 g/l to generate cells for the transformations. As shown in Fig. 1a, higher initial concentrations of glucose (10 or 15 g/l) supported higher cell
density, as anticipated, and even additional cell growth
during the transformations, in contrast to 5 g/l glucose
supplementation which showed little OD600 change. An
analysis of competing by-product formation revealed a
considerable difference in metabolism for the transformations using broths cultivated with different initial concentrations of glucose (Fig. 1b–d). Specifically, compared to
the bioconversion of broth cultivated with 15 g/l glucose,
the transformation with 10 g/l had enhanced formation of
vanillin, vanillic acid, and guaiacol, at relatively higher
concentrations of 0.31, 0.22, and 3.7 g/l, respectively. In
the case of transformation of 5 g/l glucose, the final concentrations of these products in the broth were shown to be
lower than that in the transformation with 10 g/l glucose
Fig. 1 Effect of initial
concentration of glucose (g/l) in
the medium on cell density and
vanillin-metabolically linked
metabolism of Amycolatopsis
sp. ATCC 39116 during
transformation. a Effect of
different concentrations of
glucose on cell density during
transformation. b Effect of 15 g/
l glucose in the medium on
metabolism. c Effect of 10 g/l
on metabolism. d Effect of 5 g/l
on metabolism. The different
concentrations of glucose were
separately provided in the basal
medium at the beginning of
cultivation. After 18 h, 6 g/l of
ferulic acid was added to the
broth and transformations were
then monitored by an analysis of
vanillin-metabolically linked
metabolites using HPLC
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The effect of different initial concentrations of yeast extract
in the medium on the cell density during transformation by
Amycolatopsis sp. is seen in Fig. 2a, which shows that
higher initial concentrations of yeast extract (10 and 8 g/l)
supported cell growth even after 24 h, while the broth
cultivated with low initial concentration of yeast extract in
the medium shows relatively low OD600 after 24 h
(Fig. 2a). An analysis of vanillin-metabolically linked
products of Amycolatopsis sp. showed the different effects
of yeast extract concentration on the metabolism during the
transformations (Fig. 2b–d). In all cases, 3, 4-dihydroxybenzoic acid was observed to be present in very small
amounts with minimal variation during transformation
(data not shown). Cells grown with an initial 10 g/l of yeast
extract in the medium were not observed to generate high
yields of vanillin and other by-products during transformation, and the products formed at the beginning were
observed to disappear quickly (Fig. 2b). The data in
Fig. 2b also show that vanillin appears to be degraded prior
to vanillic acid and guaiacol, which is in line with previous
findings in which vanillin is thought to be an intermediate
of ferulic acid degradation to vanillic acid [13]. The
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Fig. 2 Effect of the initial
concentration of yeast extract in
the medium on cell density and
vanillin-metabolically linked
compounds of Amycolatopsis
sp. during transformation. a The
effect of different initial
concentrations of yeast extract
on cell density during
transformation. b Effect of 10 g/
l yeast extract on metabolism.
c Effect of 8 g/l on metabolism.
d Effect of 4 g/l on metabolism.
The different concentrations of
yeast extract were separately
provided in the basal medium at
the beginning of cultivation

transformation using broth cultivated with 4 g/l yeast
extract in the medium produced 0.10 g/l vanillin, along
with low levels of by-products such as vanillic acid and
guaiacol (Fig. 2d), while broth grown in medium containing 8 g/l yeast extract (Fig. 2c) generated 0.76 g/l vanillin
and vanillic acid to a level of 0.39 g/l, together with relatively higher concentration of other by-products during
transformation.

The effect of substrate concentration
on the transformation
Various concentrations of the substrate, ferulic acid, were
separately added to the broth of Amycolatopsis sp. after
18 h of cultivation to determine its influence on the
transformations. As shown by OD600 with different substrate supplementations (Fig. 3a), a higher concentration of

Fig. 3 Effect of the addition of
different concentrations of
ferulic acid on cell density and
vanillin-metabolically linked
compounds of Amycolatopsis
sp. during transformation. a The
effect of the addition of
different concentrations of
ferulic acid on cell density.
b The effect of 12 g/l addition
on metabolism. c The effect of
9 g/l addition on metabolism.
d The effect of 6 g/l addition on
metabolism. Different
concentrations of ferulic acid
were provided to the broth after
18 h of cultivation in the basal
medium
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substrate showed a negative effect on cell density during
transformation. A ferulic acid concentration of 12 g/l
exerted a more deleterious effect on cell density after the
transformation was initiated, with a lower OD600 at 24 h
compared to that with 3 g/l supplementation and a lower
OD value at 40 h compared to that with other concentrations, as the OD600 in all cases after 18 h cultivation was
almost identical. This is in line with previous reports that
ferulic acid concentration should be limited to a relatively
small amount, such as 5 or 9 g/l in batch transformations
[8, 13].
An analysis of competing by-product formation confirmed the emergence of four products including vanillin,
vanillic acid, guaiacol, and 3, 4-dihydroxybenzoic acid
(only at very low and constant concentrations, data not
shown in Fig. 3c, d), along with different amounts of two
other unknown compounds. Specifically, when 12 g/l
ferulic acid was provided to the broth, only traces of final
vanillin and a small amount of other by-products were
observed (Fig. 3b), in which no guaiacol was detected
probably due to the small amount of vanillin in the broth,
as guaiacol is thought to be generated from vanillin [13]. In
contrast, the transformation with 9 g/l substrate generated
relatively higher final concentration of vanillin (0.19 g/l),
although still low, as well as higher concentration of other
by-products such as guaiacol and vanillic acid (Fig. 3c).
Interestingly, much large amounts of the two other
unknown compounds were observed to be formed in this
case, which suggests that 9 g/l substrate supplementation

Fig. 4 Effect of the addition of
different concentrations of
vanillic acid on vanillinmetabolically linked
compounds of Amycolatopsis
sp. during transformation.
a Effect of 200 mg/l vanillic
acid addition on metabolism.
b Effect of 150 mg/l addition on
metabolism. c Effect of 100 mg/
l addition on metabolism.
d Effect of 50 mg/l addition on
metabolism. Different
concentrations of vanillic acid,
along with 6 g/l ferulic acid,
were provided to the broth after
18 h of cultivation in the basal
medium
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had relatively less detrimental influence on metabolism of
this strain, along with relatively less damage to the cell
growth (Fig. 3a) after the transformation was initiated.
When 6 g/l ferulic acid was fed, vanillin reached a level of
0.54 g/l (Fig. 3d), with an accumulation of 2.54 g/l guaiacol and a small amount of the two other unknown compounds. In addition, the amount of vanillic acid reached a
level of over 200 mg/l shortly after substrate supplementation, and this concentration has been deemed to favor the
continuous accumulation of vanillin in Amycolatopsis sp.
ATCC 39116 [13], possibly as a regulator for metabolism.
In this case, the analytical results from samples taken
before 32 h were not considered to be representative of any
possible effects of substrate concentration on the vanillin
transformation due to the increase of pH in the initial phase
resulting from substrate supplementation.
The influence of ferulic acid on cell density and vanillinmetabolically linked metabolism of Amycolatopsis sp. may
be connected primarily to the cell density in the culture
itself, as it is assumed that a high cell density may more
readily resist damage from ferulic acid supplementation.
Thus, to increase the concentration of ferulic acid to be
supplemented, it may be necessary to increase the cell
density of this strain during the cell cultivation period. In
addition, as Streptomyces can utilize ferulic acid as a sole
carbon source for survival [10], glucose supplementation
must be considered along with the concentration of ferulic
acid provided in the broth, such as in fed-batch
transformation.
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The effect of vanillic acid on the transformation
It has been reported that cellular regulatory mechanisms
can favor the continuous accumulation of vanillin by
Amycolatopsis sp. when vanillic acid accumulates to a
level of 200 mg/l during transformation [13]. Therefore,
different concentrations of vanillic acid were provided in
the broth cultivated for 18 h simultaneously with ferulic
acid feeding to investigate if addition of vanillic acid can
enhance vanillin production. As shown in Fig. 4a, the
addition of 200 mg/l vanillic acid in the broth imposed a
strong inhibition on cell metabolism of Amycolatopsis sp.,
with no detectable vanillin and 3,4-dihydroxybenzoic acid,
and also with no vanillic acid consumed. In addition, 2.5 g/
l of guaiacol was formed by the end of the bioconversion,
which suggests that actinomycetes are capable of utilizing
ferulic acid in different ways depending on environmental
conditions [10]. In contrast, supplementation of less than
200 mg/l ([50 mg/l) was seen to exert a favorable effect
on the transformation (Fig. 4b, c). Transformation with
150 mg/l added in the broth produced 0.18 g/l vanillin by
the end of the bioconversion (Fig. 4b). Encouragingly, the
addition of 100 mg/l vanillic acid resulted in a higher
concentration of vanillin, 0.22 g/l, a little lower than the
yield in Fig. 3d, but a large amount of guaiacol (5.3 g/l) at
the beginning of the transformation (Fig. 4c), a considerably higher value than the results in Fig. 3d, which indicates the additional supplementation of vanillic acid indeed
influenced the vanillin-linked metabolism. Supplementation with 50 mg/l also showed an enhancement of vanillin
production and metabolism, with 0.19 g/l vanillin formed
and an accumulation of higher levels of vanillic acid and
guaiacol (Fig. 4d). These results suggest that appropriate
additional supplementation of vanillic acid at the beginning
of the transformation can exert beneficial effects on vanillin synthesis by Amycolatopsis sp..
Transformation of high concentration of ferulic acid
Based on the above analysis of by-product formation and
vanillin production under different conditions, the obtained
‘‘best’’ conditions were selected for the transformation of
high concentrations of ferulic acid of 12 g/l by Amycolatopsis sp. and Streptomyces V1 as the transformation of this
concentration value had been done by S.setonii (namely,
Amycolatopsis sp. ATCC 39116) before [13] and which
may provide a benchmark performance for comparison.
Fig. 5a shows the biomass, vanillin and related by-products
during bioconversion by Amycolatopsis sp., under the
above transformation conditions (vanillic acid 100 mg/l,
initial pH 8, yeast extract 8 g/l, glucose 10 g/l). The results
revealed a high level of production of vanillin during the
transformation of 12 g/l ferulic acid. More specifically, the

Fig. 5 Bioproduction of vanillin by Amycolatopsis sp. (a) and
Streptomyces V1 (b). Shake flask transformations with a concentration of 12 g/l ferulic acid by Amycolatopsis sp. and Streptomyces V1,
were performed based on the investigation of transformation conditions including initial pH, the initial concentration of glucose and
yeast extract in the medium, and the addition of ferulic acid, and
vanillic acid determined from the above

concentration of vanillic acid reached 0.21 g/l, a favorable
level for the continuous accumulation of vanillin [13],
approximately 6 h after the initiation of the transformation.
The vanillic acid level continued to increase to its maximum of 1.34 g/l and then declined to its final value of
0.11 g/l when the bioconversion was stopped. This result
was not contradictory with the above results of the effect of
vanillic acid supplementation on the transformation as a
too high initial concentration of vanillic acid, such as
200 mg/l, may just inhibit the initiation of transformation
and its high level during transformation may just reflect
high concentration of vanillin produced. During the transformation, guaiacol reached its maximum of 0.33 g/l in the
mid-stage of the transformation and then declined to its
minimum at the end; the reasons or mechanisms for this
were not further investigated in this study, although it is in
need of further study. Significantly, after a 15 h lag (about
at 39th h), Amycolatopsis sp. began a rapid accumulation of
vanillin, reaching a maximum of 9.18 g/l when the bioconversion was stopped, with a corresponding molar yield
of 96.1 %. Interestingly, prior to the period of rapid
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accumulation of vanillin, the cells also showed rapid synthesis of vanillic acid. The variation of pH during the
transformation (after 18 h) was not significant, first
decreasing from 8.5 to 8.0 (an initial increase of pH
compared to the initial pH of the broth resulted from
substrate supplementation.), and then increasing to 8.45
when the biotransformation was complete. This pH value
has been validated to be beneficial to the inhibition of
vanillin dehydrogenase in Amycolatopsis sp. [18].
When the optimum conditions for Amycolatopsis sp.
were applied to the biotransformation by Streptomyces V1,
a similarly enhanced performance was observed for vanillin production, as shown in Fig. 5b. Compared to Amycolatopsis sp., this strain started to quickly accumulate
vanillin after 32–34 h, and reached a higher concentration
of 4.50 g/l after 36 h of transformation, and finally
obtained its maximum of 9.10 g/l with a corresponding
molar yield of 95.2 % when the bioconversion was stopped. The concentration of vanillic acid sharply declined to
0.075 g/l when vanillin accumulation reached its plateau.
In addition, guaiacol quickly increased after 35 h and
declined after 44 h, which occurred almost at the same
time as the sharp decrease in vanillic acid.
Although some authors have reported vanillin bioproduction in Streptomyces or related producers (Table 1) [8,
13, 14], this new and additional information concerning the
interchange of vanillin intermediates and the effects of
transformation conditions during transformation in this
study have led to a better production strategy to synthesize
vanillin by Streptomyces. This suggests that optimization
of transformation conditions through metabolism analysis
is an efficient strategy for the enhancement of the production of some metabolites, especially for metabolically

linked products. Compared with previous studies [8, 14],
the present work has a much higher yield but relatively
lower product concentration in the broth, which should be
enhanced in further study.
Significant interchange between some products was
observed in the broth of Streptomyces such as Amycolatopsis
sp. and Streptomyces V1, which also has been in part confirmed by other authors [8, 9, 13]. Further study is needed to
analyze genome/proteome data from this genus to find
molecular data supporting these results. Enhancement of
vanillin production by additional supplementation of vanillic
acid was, for the first time, observed both in Amycolatopsis
sp. and Streptomyces V1, which may be ascribed to an
inhibition of the transformation of vanillin to vanillic acid, as
vanillin was thought to be an intermediate of vanillic acid in
Streptomyces [13, 19]. In addition, when vanillin accumulated to a high concentration, the bioconversion of vanillin to
vanillic acid was not observed, rather, vanillic acid declined
under the optimized conditions in this study, which may be
ascribed to the increased pH (8.45) of broth at this pH may
exert deleterious effects on vanillin dehydrogenase of this
strain [18]. The conversion of vanillic acid to vanillin was
earlier reported in Nocardia sp. strain NRRL 5646 [20], but
there were no data about this conversion in Streptomyces. In
addition, as the presence of high concentrations of vanillin is
reported to inhibit the growth of bacteria such as Escherichia
coli DH5R and generate product inhibition [21], the bioproduction of vanillin utilizing the Two-Phase Partitioning
Bioreactor platform (TPPB) is currently underway in our
laboratory, as this approach has previously been shown to
significantly enhance the bioproduction of another aroma
compound, 2-phenylethanol, by Kluyveromyces marxianus
[22].

Table 1 Comparison of transformation of vanillin with different strains. The substrate is ferulic acid unless specified otherwise
Organism

Final vanillin
titre (g/l)

Substrate (g/l)

Yield (%)

Time (h)

Transforming
style

Reference

Streptomyces sannanensis MTCC 6637

–

0.96

Vanillic acid

10

Cell extract

[10]
[9]

Brevibacillus agri 13

1.7

b

27.8

48

Biphasic system

Amycolatopsis sp. ATCC 39116

6.41

12

68

54

Enzymatic conversion

[13]

Streptomyces V1

5.24

9

74.6

18

Batch

[8]

19.2

45

54.5

55

Fed-batch

Bacillus fusiformis
Rhodococcus rhodochrous

32.5
0.004

c

0.03 (curcumin)

–
13.1

72
144

Aqueous-organic system
Whole cell

[14]
[18]

Recombinant Escherichia coli

1.98

3.0

83.0

48

Batch

[19]

Amycolatopsis sp. ATCC 39116

9.18

12

96.1

32

Whole cell batch

This worka

Streptomyces V1

9.09

12

95.2

32

Whole cell batch

This worka

– not specified
a

Substrate supplementation along with vanillic acid at 100 mg/l

b

Substrate is isoeugenol at a concentration of 10 %

c

Substrate is isoeugenol at 60 % (v/v)
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Conclusions
In this study, the final vanillin yield reached a maximum of
9.18 g/l with a corresponding molar yield of 96.1 % by
Amycolatopsis sp. ATCC 39116, together with a minor
accumulation of by-products. These results presented
hereby suggest that optimization of transformation conditions through metabolism analysis is a significant and
efficient strategy for metabolite production, especially for
metabolically linked compounds. The present results may
be extrapolated to the establishment of fed-batch process
control strategies of vanillin bioproduction by Streptomyces such as substrate feeding and metabolism regulation
such as the addition of vanillic acid.
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