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Vanilla beans were analyzed using biochemical methods, which revealed that glucovanillin disperses from the inner part to the
outer part of the vanilla bean during the curing process and is simultaneously hydrolyzed by �-D-glucosidase. Enzymatic hydro-
lysis was found to occur on the surface of the vanilla beans. Transcripts of the �-D-glucosidase gene (bgl) of colonizing microor-
ganisms were detected. The results directly indicate that colonizing microorganisms are involved in glucovanillin hydrolysis.
Phylogenetic analysis based on 16S rRNA gene sequences showed that the colonizing microorganisms mainly belonged to the
Bacillus genus. bgl was detected in all the isolates and presented clustering similar to that of the isolate taxonomy. Furthermore,
inoculation of green fluorescent protein-tagged isolates showed that the Bacillus isolates can colonize vanilla beans. Glucovanil-
lin was metabolized as the sole source of carbon in a culture of the isolates within 24 h. These isolates presented unique glucova-
nillin degradation capabilities. Vanillin was the major volatile compound in the culture. Other compounds, such as �-cubebene,
�-pinene, and guaiacol, were detected in some isolate cultures. Colonizing Bacillus isolates were found to hydrolyze glucovanil-
lin in culture, indirectly demonstrating the involvement of colonizing Bacillus isolates in glucovanillin hydrolysis during the
vanilla curing process. Based on these results, we conclude that colonizing Bacillus isolates produce �-D-glucosidase, which me-
diates glucovanillin hydrolysis and influences flavor formation.

Vanilla flavoring obtained from cured Vanilla planifolia beans
is widely used in food, beverages, and cosmetics, such that the

total worldwide consumption is markedly increasing (1, 2). The
characteristics of the vanilla flavor are formed only during a care-
ful curing process that yields the main aromatic constituent, van-
illin, and over 200 other volatile compounds with delicate sweet
fragrances (3).

The conventional curing process starts with a blanching step in
which the mature green vanilla bean is immersed in hot water for
3 to 5 min. The vanilla beans are then subjected to a process that
involves periodic sweating and drying. During the remaining part
of the day, the vanilla beans are allowed to acclimate on wooden
racks in a well-ventilated room and are then stored in small bun-
dles in plastic vacuum bags at room temperature (4, 5).

In fresh vanilla beans, vanillin is exclusively present in a con-
jugated form, principally as glucovanillin. At this stage, the beans
display no trace of vanilla flavor (6, 7). One of the most important
aspects of curing is when glucovanillin comes into contact with
�-D-glucosidase, thus releasing free vanillin (8). Thermal treat-
ment, plant enzyme reactions, and microbial activity are all im-
portant in vanillin flavor generation (9). Röling et al. (10) reported
that differences in microbial abundance, communities, and strain
characteristics result in variations in vanilla flavor. These results
show that colonizing microorganisms can contribute to flavor for-
mation. Recently, numerous studies have revealed that endoge-
nous plant �-D-glucosidase hydrolyzes glucovanillin; however,
the microbial contribution to vanillin formation has never been
fully investigated (11).

To characterize microorganisms that colonize vanilla beans on
the basis of whether they contribute to flavor formation or not, in
this study, we investigated the localization, concentration, and
hydrolysis of glucovanillin. Furthermore, the colonizing microor-
ganisms were identified to be �-D-glucosidase-producing Bacillus

isolates, and the �-D-glucosidase gene (bgl) was cloned, se-
quenced, and phylogenetically analyzed. Glucovanillin hydrolysis
activity was evaluated, and volatile compound formation in the
culture was analyzed.

MATERIALS AND METHODS
Determination of glucovanillin and vanillin. Vanilla beans were col-
lected in Hainan, China, and cured by the hot air processing method (12).
The fleshy area (from the surface to the mesocarp, approximately 50% of
the bean) and the placental area (from the mesocarp to the seeds, approx-
imately 50% of the bean) were carefully dissected from the vanilla beans.
Seeds were separated from the placental tissue by gentle brushing. Extrac-
tions of glucovanillin and vanillin were performed according to the meth-
ods of Kumar et al. (13) and Dong et al. (12), respectively. Glucovanillin
hydrolysis in the cultures was studied in 10 ml of sterilized mineral salts
medium inoculated with 0.1 ml of an initial culture containing each iso-
late. All cultures were incubated at 28°C. Sample aliquots were collected at
regular time intervals. Glucovanillin and vanillin concentrations were an-
alyzed in triplicate using high-pressure liquid chromatography (HPLC;
1260 series HPLC; Agilent, Santa Clara, CA, USA) according to the
method of Dong et al. (12), with slight modification. The HPLC was
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equipped with a Zorbax Eclipse Plus C18 column (4.6 mm by 100 mm;
particle size, 3.5 �m; Agilent). Isocratic elution at a flow rate of 1.0 ml/min
was performed using a mixture of 20% methanol and 80% acidified water.
A UV detector at 280 nm was used, and the column temperature was
maintained at 26°C.

Isolation of �-D-glucosidase-producing bacteria. Cured vanilla
beans were chopped into 0.2- to 0.5-cm pieces and placed in a bottle
containing sterile distilled water. The bottle was shaken, and then sterile
distilled water was used for plating on LB medium. Colonies that devel-
oped on the plates were purified until a uniform morphology was ob-
tained. The colonies were transferred to LB medium containing esculin
and ferric ammonium citrate. The plates were incubated for 24 h, and
colonies surrounded by black halos were selected. Twenty flourishing bac-
terial isolates (isolates XY1 to XY20) were finally selected for further study.

DNA and RNA manipulation. Vanilla beans were immersed in sterile
normal saline buffer, and the solution was shaken for 1 h before the col-
onizing microorganisms were eluted. After centrifugation, RNA was ex-
tracted from the microorganisms. The procedure was conducted using the
RNAiso Plus extraction reagent (TaKaRa) according to the manufactur-
er’s instructions. On the basis of bacterial homology analysis by use of the
blastn program, primers were designed for reverse transcription-PCR
(RT-PCR) analysis of RNA that codes for �-D-glucosidase. Genomic DNA
was isolated using a TIANamp bacteria DNA kit (Tiangen) according to
the manufacturer’s instructions. The 16S rRNA gene and bgl were ampli-
fied from the isolates (14). All the primers used in this study are provided
in Table 1.

RNA reverse transcription, PCR amplification, product purifica-
tion, and cloning into Escherichia coli DH5� were performed as de-
scribed in a previous report (15). PCRs were performed in 25-ml volumes
containing 2.5 ml 10� PCR buffer, 200 mM deoxynucleoside triphos-
phates, 80 nM each primer, 1.25 U Taq DNA polymerase (TaKaRa, Da-
lian, China), and 1 �l genomic DNA extract (approximately 10 ng). The
reactions were programmed for an initial incubation at 94°C for 3 min,
followed by 35 cycles at 94°C for 45 s, 51 to 56°C for 45 s, and 72°C for 30
to 120 s and then a final extension reaction at 72°C for 10 min. PCR
products and clones were sequenced by the Beijing Genomics Institute,
Beijing, China.

Phylogenetic analysis. DNA sequences were analyzed using DNAssist
(version 2.2) (16). Sequence comparisons with close relatives available
from GenBank were performed using the blastn program to approxi-
mate the phylogenetic affiliations of the strains. The type strain se-
quences were obtained from NCBI. The ClustalX program (version
1.81) was then used to adjust the sequences (17). Alignment gaps and
ambiguous characters were treated as missing information. Neighbor-
joining analyses were performed in MEGA software (version 5) (18), in
which all characters were unordered and reversible, and 1,000 boot-
strap replicates were run.

Inoculation of vanilla beans with GFP-tagged Bacillus subtilis
XY11. Plasmid pHAPII (GenBank accession number HM151400), an
E. coli-B. subtilis shuttle vector that contains the green fluorescent protein
(GFP) gene, was provided by Zhenhua Zhang. Representative isolates of
B. subtilis XY11 were selected for colonization analysis. The protocol for
electroporation of the isolate was carried out as described previously by
Zhang et al. (19). GFP-tagged XY11 was inoculated into LB medium con-
taining 20 �g/ml kanamycin and grown to stationary phase. The bacterial
cells were washed twice in M8 buffer (22 mM Na2HPO4, 22 mM KH2PO4,
100 mM NaCl) and finally suspended in M8 buffer. Vanilla beans were
soaked in the suspension for 30 min at 30°C. Then, the samples were
subjected to incubation for 3 days at 30°C prior to microscopic observa-
tion. Uninoculated vanilla beans were prepared as controls.

Microscopy. Vanilla beans were monitored at 3 days after inoculation
and washed. Fluorescent strain XY11 cells on the samples were visualized
by a confocal laser scanning microscope (CLSM; Ultra View VoX;
PerkinElmer, USA). The vanilla beans were cut into pieces 1 to 2 cm long,
and the segments were placed on a slide and visualized at an excitation
wavelength of 488 nm. The emitted light of the GFP was detected in the
range of 500 to 600 nm, and the images were obtained using Leica confocal
software (version 2.61).

GC-MS analysis. The aromatic constituents of cultures that had been
incubated for 24 h were extracted with equal volumes of acetic ether and
dichloromethane. Gas chromatography (GC)-mass spectrometry (MS)
analysis was performed using an Agilent 7890A gas chromatograph cou-
pled to an Agilent 5975C quadrupole mass spectrometer. Volatile com-
pounds were separated on a DB-5 fused-silica capillary column (length,
30 m; inside diameter, 0.25 mm; film thickness, 0.25 �m; J&W Scientific,
Folsom, CA, USA). The column temperature was programmed to in-
crease from 40°C to 65°C at a rate of 1.5°C/min; the column was held at the
initial temperature and at 65°C for 2 min; the temperature was raised
further to 70°C at a rate of 0.5°C/min, to 90°C at a rate of 5°C/min, to
170°C at a rate of 3°C/min, and to 290°C at a rate of 4°C/min; and the
column was maintained at a final temperature of 290°C for 2 min. Samples
were injected in the splitless mode. The electron impact energy was 70 eV,
and the ion source and quadrupole temperatures were set at 230°C and
150°C, respectively. Electron impact mass spectra were recorded in the 30-
to 300-atomic-mass-unit range at 1-s intervals. Compounds were identi-
fied on the basis of the linear retention index, the interpretation of their
mass spectra, and the data available in the spectral library (Wiley/NIST
Libraries) of the instrument. The linear retention index was calculated
using n-alkanes (C-8 to C-40) as a reference.

Nucleotide sequence accession numbers. The nucleotide sequences
of the rRNA genes and bgl of isolates XY1 to XY20 identified in this study
have been placed in GenBank under accession numbers KF986303 to
KF986322 and KJ572540 to KJ572559, respectively.

TABLE 1 PCR primers used for 16S rRNA gene and bgl sequence analyses

Primer Sequence (5=-3=) Approximate length of product (bp) Main applicationa

A 8-27fb AGAGTTTGATCCTGGCTCAG 1,476 A
B 1523-1504rb AAGGAGGTGATCCAGCCGCA
GRTF2 CACCACCAATTTGTGGC 47 B
GRTR3 GCTATCATACAGCCGATTT
GF4 GCNYTNTTYGCNGARATGGG 1,200 C
GR4 YTCNCCRTTNGTNGCDATNCA
GF5 TGATCTGTTTGATGAGCTG 801 C
GR5 AATGGGGTAGTCGTCCTG
GF6 GCGCTGTTTGCTGAGATG 799 C
GR6 ATGGGGTAGTCGTCCTGAA
GF7 TTTGAAGAAGGAGAAAACAA 427 C
GR7 ATCAATTTGCCAGCCCCA
a A, 16S rRNA gene PCR amplification; B, RNA-encoded �-D-glucosidase RT-PCR amplification; C, bgl PCR amplification.
b Cited from Zhou et al. (14).
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RESULTS
Distribution of glucovanillin and vanillin in vanilla beans. To
examine the distribution of glucovanillin in vanilla beans col-
lected during the curing process, the fleshy and placental areas
were separated. The content of glucovanillin is shown in Fig. 1.
The glucovanillin content in the fleshy area of green, freshly
blanched, sweating, drying, and cured beans was 0.037 � 0.0003
mmol/g, 0.48 � 0.0136 mmol/g, 0.259 � 0.0128 mmol/g, 0.149 �
0.0114 mmol/g, and 0 mmol/g, respectively. For the placental ar-
eas, the glucovanillin content decreased gradually. The highest
glucovanillin content was observed in green beans, whereas the
lowest was observed in cured beans. As can be seen, the glucova-
nillin content in the placental area of green, freshly blanched,
sweating, drying, and cured beans was 0.883 � 0.0033 mmol/g,
0.587 � 0.0068 mmol/g, 0.289 � 0.0182 mmol/g, 0.133 � 0.0119
mmol/g, and 0 mmol/g, respectively.

Among the various flavor compounds reported in vanilla ex-
tract, vanillin is the most important component. The vanillin con-
tents of beans collected during different curing periods increased
progressively and are shown in Fig. 1. The highest vanillin content
was observed in cured beans (0.223 � 0.0055 mmol/g), whereas
the vanillin content in green beans approached 0.018 � 0.0039
mmol/g. Vanilla beans collected during the blanching, sweating,
and drying periods produced only 0.034 � 0.0011 mmol/g, 0.14 �
0.0056 mmol/g, and 0.163 � 0.0028 mmol/g vanillin, respectively.

Detection of bgl transcription. To evaluate whether coloniz-
ing microorganisms produce exogenous �-D-glucosidase, in-
volved in glucovanillin hydrolysis, bgl transcription was moni-
tored. The transcription of bgl was detected in the samples
obtained during the blanching, sweating, and drying periods, but
the gene was not detected in the sample obtained during the con-
ditioning process (Fig. 2). Failure to detect the bgl transcript in the
sample obtained during the conditioning process may be due to
the lack of transcription, or the gene could not be detected in the

sample used in this study. PCR products were cloned and se-
quenced, and blastn analysis showed that the bgl fragment has
100% sequence identity to bgl from Bacillus strains (DDBJ acces-
sion numbers AB976521 to AB976523).

Isolation and identification of strains. For the purpose of
characterizing the microorganisms hydrolyzing glucovanillin,
strains colonizing the vanilla beans were isolated and identified.
The liquid from washed vanilla beans could be used for strain
isolation. Colonies were developed on plates and were then puri-
fied. Thirty-two isolates were obtained, and 20 isolates were se-
lected for analysis. The 16S rRNA gene sequences of the isolates
showed high levels of similarity (more than 99%) to those of the
type strains of B. vanillea and B. subtilis. Neighbor-joining analysis
showed that isolates XY1, XY3, and XY10 were the most closely
related to B. vanillea XY18. XY18 was deposited in the China Gen-
eral Microbiological Culture Collection Center and The Nether-
lands Culture Collection of Bacteria (CGMCC 8629 � NCCB
100507). The other 16 isolates were placed in the B. subtilis clade
(Fig. 3). Therefore, the isolates that formed halos were identified
as Bacillus species (20–23).

Detection of �-D-glucosidase-producing isolates. After sev-
eral rounds of transfers, colonies that could degrade esculin were
isolated from the culture medium. Colonies isolated from the va-
nilla beans formed black halos, indicating that �-D-glucosidase-
producing bacteria colonized the cured vanilla beans. bgl frag-
ments were amplified from 20 bacterial isolates and were finally
selected for further study. Sequence alignment revealed that all of
the amplified fragments shared the most identity with bgl from
Bacillus isolates. Phylogenetic trees were constructed on the basis
of the sequences of the bgl fragments from 20 isolates along with
the sequences of those from representative Bacillus isolates. The
topology of the tree was similar to that of the 16S rRNA gene tree,
and the bgl cluster exhibited a close relationship with the isolate
taxonomy (Fig. 4).

Colonization of vanilla beans by GFP-tagged B. subtilis
XY11. Three days after inoculation, vanilla beans were examined
with a CLSM. No fluorescent cells could be observed for the con-
trols (Fig. 5a). However, the GFP-tagged XY11 cells were easily
distinguished from the background fluorescence of vanilla beans
inoculated with the isolates. The images showed that the green
fluorescent B. subtilis XY11 cells colonized the vanilla beans. The
location of the cells was found to be discontinuous and dispersive
(Fig. 5b).

Hydrolysis of glucovanillin. Glucovanillin was metabolized in
cultures of 20 isolates with glucovanillin as the sole carbon source.
Partial conversion occurred at 12 h, and complete conversion was
achieved within 24 h. This result is similar to that obtained previ-
ously by direct evaluations of biochemistry, in which glucovanillin
could be hydrolyzed by colonizing Bacillus isolates. The ability to
hydrolyze glucovanillin to vanillin was unique among the isolates.

FIG 1 Glucovanillin and vanillin contents of vanilla beans at different stages
of the curing process. a, green vanilla beans; b, freshly blanched vanilla beans;
c, sweating vanilla beans; d, drying vanilla beans; e, cured vanilla beans; CGP,
content of glucovanillin in the placental area as the dry weight of the placental
area; CGF, content of glucovanillin in the fleshy area as the dry weight of the
fleshy area; CV, content of vanillin as the dry weight of the total vanilla bean.

FIG 2 RT-PCR amplification of bgl from microorganisms extracted from
vanilla beans at different curing process stages. Lane a, a freshly blanched
vanilla bean; lane b, a sweating vanilla bean; lane c, a drying vanilla bean; lane
d, a conditioning vanilla bean; lane P, positive control (genomic DNA); lane N,
negative control (double-distilled water); lanes M, size markers (D2000). The
gels were run under the same experimental conditions.
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As shown in Fig. 6, the HPLC profiles indicated the concentrations
of glucovanillin and vanillin. According to the ability to convert
glucovanillin to vanillin (Tukey test), the group that was the most
able to convert glucovanillin to vanillin included XY1, XY4, XY5,
XY8, XY9, XY11, XY12, XY13, XY14, XY15, XY16, XY17, XY18,
XY19, and XY20, and the group that was the least able to convert
glucovanillin to vanillin included XY7 and XY10. This result sug-
gests that isolates of the group that was the most able to convert
glucovanillin to vanillin are suitable for assisting in vanillin
production. Compared with the data points for the theoretical
amount of vanillin that could be converted, the quantity of
glucovanillin actually converted was reduced. This result indi-
cates that the isolates converted glucovanillin to vanillin and
other compounds (1). Alternatively, the isolates converted glu-

covanillin solely to vanillin and transformed vanillin to other
compounds.

Odor compounds produced by Bacillus strains. GC-MS
analysis was performed to evaluate the volatile compound
composition of metabolized glucovanillin (23). Organic sol-
vents that differ in polarity were tested because volatile com-
pounds related to vanilla present a wide range of functional
groups (Table 2). The GC-MS profiles of the culture extracts
showed the presence of compounds A, B, C, and D. Compound
A, with a retention time (tR) of 47.065 min, showed a promi-
nent protonated molecular ion that matched that of the
�-cubebene standard. Compound B, with a tR of 16.305 min,
showed a molecular ion that matched that of the �-pinene
standard. Compound C, with a tR of 26.329 min, showed a

FIG 3 Bacillus 16S rRNA gene phylogram based on neighbor joining. Numbers at the branches are the percentages of trees containing the corresponding clade
on the basis of 1,000 bootstrap replications. The strains selected for analysis were type strains.
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molecular ion that matched that of the guaiacol standard.
Compound D, with a tR of 47.965 min, showed a molecular ion
that matched that of the vanillin standard.

DISCUSSION

Biochemical data revealed that the amount of glucovanillin in the
fleshy areas increased after the initial blanching step and decreased
progressively during the sweating, drying, and conditioning pro-
cesses (Fig. 1). Interestingly, total glucovanillin increased after the
blanching treatment, possibly due to the heat treatment leading to

cellular decompartmentalization and improving the extraction of
glucovanillin (24). The present study proved that glucovanillin
dispersed from the placental area to the fleshy area and was com-
pletely hydrolyzed by �-D-glucosidase. This may reflect the fact
that glucovanillin comes into contact with microorganisms on the
surface of vanilla beans, resulting in hydrolysis by these microor-
ganisms.

Previous studies have reported nearly total losses of endoge-
nous �-D-glucosidase activity in the first 24 h after heat treatment
during traditional and laboratory curing; nonetheless, glucovan-
illin hydrolysis and vanillin formation continued during the later
stages (25, 26). Similarly, a discrepancy between the loss of endog-
enous �-D-glucosidase activity and the conversion of glucovanil-
lin to vanillin was also observed in this study (data not shown).
This could indicate that exogenous �-D-glucosidase is involved in
glucovanillin hydrolysis because it could not be detected using the
endogenous enzymatic test.

The inoculation of GFP-tagged isolates showed that the Bacil-
lus isolates can colonize vanilla beans (Fig. 5). RT-PCR analysis
revealed that the colonizing Bacillus isolates transcribed bgl after
the loss of endogenous �-D-glucosidase activity (Fig. 2). This
could explain the total hydrolysis of glucovanillin, despite the
huge loss in endogenous enzymatic activity after the 24-h heat
treatment (6). Odoux et al. (8) observed a small amount of resid-
ual �-D-glucosidase activity that could not be quantified under the

FIG 4 Bacillus bgl phylogram based on neighbor joining. Numbers at the branches are the percentages of trees containing the corresponding clade on the basis
of 1,000 bootstrap replications.

FIG 5 Confocal laser scanning micrographs of the colonization of GFP-
tagged XY11 on vanilla beans. (a) Control; (b) GFP-tagged B. subtilis XY11-
colonized vanilla beans. Bars � 49 �m.
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conditions of their test; however, �-D-glucosidase continued hy-
drolyzing glucovanillin with extremely low kinetics to achieve to-
tal glucovanillin hydrolysis. This finding agrees with the low ki-
netics of the hydrolysis reactions. The colonizing Bacillus isolates
produced exogenous �-D-glucosidase to hydrolyze glucovanillin.

Most previous studies showed that the hydrolytic release of
vanillin is catalyzed by the endogenous �-D-glucosidase of vanilla
beans (25–27). Only a few studies have demonstrated that �-D-
glucosidase might also originate from microorganisms. The van-
illin content obtained with the conventional method of curing of
vanilla beans was significantly greater than that obtained without
microorganism assistance with curing. Furthermore, a control ex-
periment showed that the vanillin content in the sample cured
with the assistance of the Bacillus isolates was greater than that in
the sterile sample (see Fig. S1 in the supplemental material). Large
differences in the number, species composition, and enzymatic
abilities of vanilla-colonizing microorganisms have been observed
(10, 28, 29). This indicates that the development of vanilla flavor
could be affected by microbial activity. However, bgl was not mon-
itored in the colonizing isolates. Evidence for the involvement of
microorganisms in glucovanillin hydrolysis and their role in fla-
vor formation has not been reported. In this study, an abundance
of Bacillus isolates with bgl was isolated from cured vanilla beans

(Fig. 3 and 4). Bacillus isolates were able to metabolize glucovan-
illin in culture (Fig. 6). This indirectly reveals that Bacillus isolates
colonizing vanilla beans have the ability to produce �-D-glucosi-
dase and hydrolyze glucovanillin.

Strains isolated from soil identified as B. subtilis, B. fusiformis,
and B. pumilus are capable of transforming isoeugenol to vanillin
(30–32). Additionally, another B. subtilis isolate showed the ability
to produce tetramethylpyrazine (a commonly occurring alkylpyr-
azine that is responsible for the odor of oriental foods, such as
Chinese liquors) via the precursor 3-hydroxy-2-butanone (33).
Combined with the findings of the present study, this suggests that
Bacillus isolates can convert aromatic precursors and influence
flavor formation (34, 35).

GC-MS analysis was performed to identify aromatic com-
pounds produced by colonizing Bacillus isolates that hydrolyze
glucovanillin. Guaiacol, a volatile compound abundant in vanilla
beans, was detected in 14 isolate culture extracts. Phenolic com-
pounds are responsible for the characteristic notes of the V. plani-
folia flavor, giving sweet, smoky, woody, and balsamic notes (23).
Brunschwig et al. (36) reported that guaiacol was rather intense in
the V. tahitensis flavor, with odor-specific magnitude estimation
values being 6.5% to 8.1%. Phenolic compounds were also iden-
tified to be the key components of Tahitian vanilla flavor, yielding

FIG 6 Hydrolysis of glucovanillin by 20 isolates. GV, glucovanillin; V, vanillin. All the isolates belonged to the genus Bacillus, and the species were as follows: B.
subtilis for isolates XY2, XY4, XY5, XY6, XY7, XY8, XY9, XY11, XY12, XY13, XY14, XY15, XY16, XY17, XY19, and XY20 and B. vanillea for isolates XY1, XY3,
XY10, and XY18. CK, without inoculating any isolates.

TABLE 2 Volatile compounds detected in aroma extracts obtained from isolate cultures using acetic ether and dichloromethane

Compound Isolates

�-Cubebene XY9,a XY16a

�-Pinene XY5,a XY10a

Guaiacol XY1,a XY2,a XY3,a,b XY5,a XY6,a XY7,a,b XY8,a XY9,a XY10,a,b XY11,a XY12,b XY16,b XY18,a,b XY19a

Vanillin XY1,a,b XY2,a,b XY3,a,b XY4,a,b XY5,a,b XY6,a,b XY7,a,b XY8,a,b XY9,a,b XY10,a,b XY11,a,b XY12,a,b XY13,a,b XY14,a,b XY15,a,b XY16,a,b

XY17,a,b XY18,a,b XY19,a,b XY20a,b

a Acetic ether extract.
b Dichloromethane extract.
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strong smoky notes. In this study, Bacillus isolates recovered from
cured vanilla beans converted glucovanillin to guaiacol, indicating
that the mechanism of guaiacol generation may involve coloniz-
ing microorganisms instead of Vanilla species. Clear differences
between the aromatic compounds identified in organic aroma ex-
tracts from cultures of each isolate were observed (Table 2). The
major volatile compound, vanillin, was detected in all cultures.
However, �-cubebene, �-pinene, and guaiacol were observed in
only a few cultures. The characteristic notes of vanilla beans might
depend on not only the Vanilla species but also the colonizing
isolates.

A previous study has shown that Alicyclobacillus acidoterrestris
in apple juice started to form guaiacol from vanillin when the
spore count exceeded the critical level of 104 CFU/ml (37). Simi-
larly, the guaiacol detected in the extracts of Bacillus isolates was
possibly formed from vanillin. To our knowledge, there is still a
lack of any evidence that �-cubebene and �-pinene could be
transformed from vanillin and glucovanillin by bacterial metabo-
lism. The pathway of formation of these two compounds remains
unclear. Furthermore, the isolates persist to produce �-cubebene,
�-pinene, and guaiacol after preservation; alternatively, the dete-
rioration of this ability occurs. Further research of this is needed.

Reconstitution of the vanilla flavor profile with �-D-glucosi-
dase-producing isolates would be the scope of future studies in
this area. Moreover, the whole sequence of bgl needs to be cloned,
and the enzymatic activity of exogenous �-D-glucosidase needs to
be evaluated. In summary, this study presents direct and indirect
evidence that �-D-glucosidase-producing Bacillus isolates recov-
ered from vanilla beans are involved in glucovanillin hydrolysis
and influence flavor formation during the curing of vanilla.
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