Part 2. The Role of Plant Microstructure,
Compartmentation and Senescence in

Vanilla Curing

Senescence and curing of the ripe vanilla bean.

Patrick Dunphy, vanilla consultant; and Krishna Bala, Rodelle Inc.

he pioneering work by Peter Lillford on food microstructure

provided a basis for understanding the major structural

elements of food materials that define their textural
properties at the microscopic level. Extension of this thinking
provided the platform for predicting the pathways for the
breakdown of food structures in the environment of the oral
cavity.! The departitioning of tissue and cellular compartments
has a profound effect on the textural properties of food matrices,
and influences the formation and release of aroma and taste-
active inclusions.?

This microstructure approach can be applied to natural tis-
sue materials undergoing major structural changes such as occur
in plants during senescence. Natural senescence on the vine or
curing of vanilla beans signals major cellular and tissue changes.
Major biochemical events occur as a consequence of these pro-
cesses, namely hydrolytic release of vanillin and related phenols
from their B-D-glucosides, and the concomitant “browning” of
the tissue.

Part 1 of this review examined the microstructure of the ripe
vanilla bean and the compartmentation of the key enzymes and
chemical actives that contribute to flavor and color formation
during natural post-ripening and curing.®

The purpose of this review, Part 2 in this series, is to consider
the effect of the senescence process and the decompartmentation
that occurs as a consequence of microstructure disassembly of
the vanilla pod. These relate to major flavor and color changes
that occur during the natural ripening and the induced curing
process.

The Release of Vanillin and Browning

The liberation of vanillin from its major precursor, glucovan-
illin, in the ripe bean is catalyzed by the endogenous enzyme
B-glucosidase. Both the enzyme and its substrate exhibit a con-
centration gradient decreasing from the blossom end of the ripe
vanilla bean to the stem junction of the vanilla pod. In addition,
both B-glucosidase and glucovanillin are predominantly resident
in the placental laminae of the bean and, to a lesser extent, in
the trichome and mesocarp zones.*?

There is additional evidence that supports separate compart-
mentation of the glucosidase enzyme and its substrates within
individual placental laminae cells—in the cytoplasm and the
vacuole, respectively.®

The work of Dignum et al. has clarified the activity of B-glu-
cosidase and other enzymes during the different stages of vanilla
curing.7 All of the enzymes monitored were most active in the
green bean. B-Glucosidase found in the ripe bean could not
be detected after 24 hours of autoclaving, i.e. the first stage
of sweating in which beans, hot from blanching, are placed in
airtight containers overnight. This observation highlights the
instability of this enzyme and the importance of achieving rapid
destructuring of cellular compartments required for bringing
substrate and enzyme together.® Under the above curing condi-
tions, peroxidase was more stable, with activity decreasing from
the ripe stage to about 20% of initial level after 29 days of curing.

Routes that achieve rapid decompartmentation and facilitate
reaction between an active B-glucosidase and the phenol gluco-
sides will determine the efficiency of phenols release. Traditional
curing operations achieve, in general, less than 50% conversion
of the phenol glucosides to the free phenols.® Thus, under tra-
ditional curing regimes the full potential of vanillin and related
glucosidically bound phenols are not fully realized.

One of the first visual signs following the onset of the natural
senescence process or of curing is the browning of the tissue. In
the vanilla fruit on the vine, this process starts at the blossom
terminus of the bean and progresses as a front in the direction
of the pod stem end. Interestingly, during curing the browning
occurs more uniformly following initial hot water blanching
treatment and the subsequent fermentation stage. These varia-
tions in the development of browning indicate differences in the
directional stimulus between natural and induced senescence. It
is probable that the browning process is due to the oxidation of
phenols to dimeric and polymeric compounds, of which anumber
have been characterized in cured vanilla beans.!? Green beans
are virtually free of the dimeric products identified in the above
study, confirming that they are curing-associated. The identi-
ties of the phenol substrates involved in this oxidation process
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in the vanilla bean have not been fully defined through vanil-
lin. A number of other phenols, including guaiacol, and ferulic,
caffeic and chlorogenic acids, probably play a direct or indirect
substrate role. These reactions are likely to be free radical in
nature and occur via the participation of enzymes, but may also
occur via non-enzymatic routes. Oxidation of phenol by aqueous
hydrogen peroxide results in the formation of catechol: hydro-
quinone mixtures whose ratios depend on reaction conditions.!!

Enzyme catalyzed oxidation of phenols occurs in the pres-
ence of peroxidase(s) and generally have a requirement for
hydrogen peroxide as the hydrogen acceptor. On the other
hand, polyphenol oxidase, especially catalase or laccase, utilize
molecular oxygen in thisrole. Ortho-diphenolsin the presence
of peroxidase and hydrogen peroxide in the peroxidatic mode
produce reactive o-quinones, which can

results in the formation dehydrodivanillin.!*!® The products of
vanillin/polyphenol oxidase/molecular oxygen have notbeen deter-
mined, though they may arise by cooxidation with the o-quinone
oxidation products derived from catechol, as indicated above.
Forbrowning to occur, the enzymes, substrates and cosubstrates
generally have to be present in the same tissues and cell com-
partments. In healthy, non-senescent cells, enzymes, substrates
and cosubstrates are mostly localized in different sub-cellular
compartments or in different but adjacent cell types. Therefore,
oxidation reactions of this type tend to occur after senescence
or other environmental or mechanical stresses have disrupted
cell or tissue structures with consequent decompartmentation.
Vacuoles are common sites for accumulation of glycosylated
phenols and flavanols.!16:17

react further to produce “brown” poly-
mers. Peroxidase can also operate in the
oxidatic mode against selected substrates
and have the ability to reduce molecular
oxygen to reactive oxygen species such
as the superoxide anion. The polyphenol
oxidases include catechol oxidase, which
oxidizes o-diphenols to o-quinones, and
laccase, which oxidizes o-diphenols to
o-quinones and can oxidize p-diphenols
top-quinones. These quinones are very
reactive and can participate further to
generate brown polymers.'2

A polyphenol oxidase has been iso-
lated from ripe vanilla pods.'? Substrates
for the purified enzyme, molecular
weight ca. 34 kD as a monomeric form,
were the o-diphenols 4-methyl catechol
or catechol. This study demonstrated
that the enzyme utilizes the oxidation
of mono-and diphenols to catalyze the
cooxidation of various cellular sub-
strates, probably including vanillin.
Other cosubstrates present in the bean
could include tyrosine, and caffeic and
chlorogenic acids. Optimum pH for the
enzyme was 3.0 for 4-methylcatechol and
3.4 for catechol as substrates. Optimum
temperature was 37°C, but with abroad
range from 20°—50°C. The enzyme was
thermostable at 65°C, and retained up
to 90% of its activity after heating for
20 minutes. This high activity at low
pH may indicate a vacuolar site for this
enzyme. The most potent enzyme inhibi-
tor was 4-hexylresorcinol, followed by
ascorbic acid.

The distribution of polyphenol oxidase
within the vanilla tissue compartments
is currently undefined, unlike the more
thoroughly researched peroxidase
enzyme. The oxidation of differently
substituted phenols, including vanillin,
by peroxidase/hydrogen peroxide, is long
established. In the case of vanillin, this
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The sequence of events during the early stages of curing
would appear to involve a major destructuring of cellular and
tissue compartments, thus facilitating the hydrolytic release
of vanillin by B-glucosidase action on the oxidatively stable
glucovanillin. Once formed, the free phenols are suscepti-
ble to oxidation. The resultant browning is probably due to
dimerization/polymerization of vanillin and other suitably func-
tionalized phenols present in the untreated tissues or released
during fermentation. As a result, the final level of vanillin and
related phenols in cured vanilla beans is positively dependent
on the extent of conversion of glucovanillin to vanillin and in
the negative aspect to the extent of loss of vanillin by oxidative
and other undefined processes.

The Senescence Process
The natural senescence process has three phases:
* An initiation or signal transduction phase resulting in the
inactivation and activation of selected genes
* A reorganization phase involving controlled redifferentia-
tion of cell structures, remobilizing of essential materials
and a switch in dominance from autotrophic to heterotrophic
metabolism
e A terminal phase characterized by the release of free radicals
and the irreversible loss of cell integrity and viability!®

These different phases are influenced by senescence accel-
erators and inhibitors, including hormones, and environmental
and developmental factors. Fruit senescence is characterized
by dramatic changes in major organelles, particularly the plas-
tids of mesophyll and parenchyma cells. These ultrastructure
changes are accompanied by altered biochemical pathways, the
most visual and common of which is chlorophyll degradation.
Interestingly, this pathway in higher plants has a molecular
oxygen-dependent step catalyzed by a monooxygenase. The
enzyme that affects the opening of the chlorophyll macrocyclic
ring structure by conversion of pheophorbide A to alinear tetra-
pyrrole was only found in senescent plants.!® During senescence
the complex, multibranched phenylpropanoid pathway for the
formation of secondary metabolites such as phenolics, tannins,
flavonoids and lignin is activated, leading to accumulation and
changes in their patterns of production. An example of this pro-
cess is observed in the ripe vanilla bean. During the first hour
of fermentation both vanillin and the N-heterocyclic compound
indole appear and begin to accumulate. Unlike vanillin, which
continues to increase in level over the subsequent 24-36 hours,
indole maximizes after about three hours of fermentation and
disappears by the seventh hour.?* Indole is an intermediate in
the final stages of the primary phenylpropanoid metabolic path-
way, starting from indole-3-glycerophosphate and catalyzing by
tryptophan synthase to the amino acid tryptophan. Mechanical
damage of tissues, including elicitation by herbivores feeding on
plant tissue, activates a transient secondary metabolic pathway,
viaindole-3-glycerophosphate lyase, liberating free indole.* An
additional consequence of the onset of senescence is a limitation
of carbon resources brought about by declining photosynthe-
sis. This initiates a switch from autotrophic to heterotrophic
metabolism, which is manifested as significant modifications to
respiratory and oxidative processes.!®

The onset of senescence can be induced by many different
factors both biotic and abiotic. Environmental stresses such
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as elevated or sub-ambient temperatures, drought, poor light,
pathogen attack or mechanical damage can all result in the pre-
mature activation of the process.?>

Senescence is a complex, highly regulated developmental
stage in the life of a plant and is a component part of the pro-
cess of programmed cell death. Consequences of senescence
include loss of cellular integrity, especially membrane disrup-
tion, associated accelerated oxidative deterioration involving
free radicals primarily derived from molecular oxygen and the
related breakdown of antioxidant defense mechanisms. Extensive
degradation of membrane-associated unsaturated lipids is initi-
ated as a consequence of the oxidative burst. This latter process
involves a rapid, transient production of excessive levels of reac-
tive oxygen species (ROS) and is one of the earliest observable
aspects of a plant’s defense strategy.?®

This accelerated generation of ROS is one of the commonest
responses to both abiotic and biotic environmental stress. These
chemical species are a characteristic feature of the senescing
cell. Molecular oxygen is converted to ROS by univalent reduc-
tion (transfer of an electron) or by energy transfer. The common
ROS produced in plants include superoxide (O,®-), perhydroxy
radical (HOOe®), hydrogen peroxide (H,0,), hydroxyl radical
(OHe), alkoxy radical (RO®), peroxy radical (ROO®), singlet
oxygen (10,) and alkyl hydroperoxides (ROOH).*

ROS are generally produced as unmanaged byproducts of
normal aerobic metabolism, involving largely the chloroplast
membrane-linked electron transport processes, redox cascades
and metabolism, whose normal production are perturbed under
the influence of unfavorable environmental conditions. In all
aerobic organisms under normal conditions, the concentra-
tion of ROS is tightly controlled by ROS-scavenging pathways.
However, an inbalance in generation and metabolism of ROS
leads to a variety of physiological challenges by disrupting redox
homeostasis of the cell, which is collectively known as “oxida-
tive stress.” Plants possess, under normal status, an efficient
antioxidant defense system that protects the cell from oxidative
damage caused by oxidative stress.?>

ROS are versatile molecular species and radicals that are at
the center of a sophisticated network of signaling pathways of
plants and act as core regulator of cell physiology and cellular
responses to the environment.?® Lipid peroxidation and the
subsequent generated products thereof are characteristically
associated with stress and senescence.26

Hydrogen peroxide and the superoxide anion are ROS gen-
erated in normal cellular reactions in chloroplasts, peroxisomes
and glyoxisomes. Under homeostatic cellular conditions, any
excess of ROS produced are inactivated by catalases and super-
oxide dismutase coupled to the ascorbate-glutathione cycle.>”

During senescence the redox balance of the defense system
is compromised, probably resulting in an altered, enhanced,
profile of ROS. Excess and unregulated levels of these ROS via
propagation of free radical cascades can result in cell death in
the final stage of senescence.

Ethane is an important trigger initiating senescence in cli-
macteric. Ethane is produced endogenously from the amino acid
methionine via the cyclic non-protein amino acid 1-aminocy-
clopropane-1-carboxylic acid.?® In many fruits, such as tomato,
there is a developmentally regulated burst of respiration and
ethene production, followed by related ripening activities such
as color change and flavor development. Chemical inhibitors
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of ethene synthesis in plants have
been shown to hinder or delay the
ripening process. Supra-or subopti-
mal environmental factors can also
trigger senescence, e.g. drought,
day length change or extremes of
temperature.

The vanillabean is a climacteric
fruit, and as such will respond to
endogenous ethene production by
initiation of the respiratory burst

niti: ° 2 TONOPLAST
and induction of senescence. VACUOLE ‘

Senescence and Curing

A ripe green vanilla bean on the
vine andleft to stand, willundergoa
number of visual and textural mani-
festations of senescence, namely
loss of turgidity and increase in
tissue flexibility, degradation of
chlorophyll followed by browning,
and then blackening of the tissue.
This process on the vine com-
mences at the flower end of the
pod and gradually spreads toward
the proximal or stem end.

The moving front could be ini-
tiated by one or more hormone
triggers and perpetuated by the
senescing cells.

Based on previous knowledge, the senescence process in the

vanilla pods probably displays a number of key phases:

e Extensive cellular and tissue destruction

* Formation of excessive levels of reactive oxygen species as
part of the inbalance between formation of ROS and the fail-
ing efficiency of the antioxidant defense mechanism

e Activation of oxidoreductases, including peroxidase(s) and,
probably, polyphenoloxidase(s)

e Induction of hydrolases, of which B-glucosidase is crucial to
the hydrolysis of glucovanillin

e Further oxidation of the liberated phenols to dimeric and
complexpolymeric structures mediated by the phenol oxidases

* Potential oxidation of unsaturated lipids, including membrane-
associated galactolipids and phospholipids

e Chlorophyll degradation

e Activation of the phenylpropanoid pathway of secondary
metabolism

The sequence of these events is not defined, but the ter-
minal phase of the senescence process involves the release of
free radicals, the formation of ROS, and the irreversible loss of
cell integrity and viability. These processes result in the loss of
membrane, organelle and cellular structure. Vacuolar membrane
disruption affects the decompartmentation of glucovanillin and
B-glucosidase in the placental laminae, releasing vanillin to a
greater or lesser extent. This reaction converts the stable glu-
covanillin to the oxidatively unstable vanillin. Released vanillin
can be transformed directly or via a couple with other phenols
by the oxidoreductase enzymes peroxidase/hydrogen peroxide
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F-1. Schematic representation of localized decompartmentation in the placental
laminae cells during natural senescence and traditional curing
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and/or polyphenol oxidase/molecular oxygen. The outcome of
these enzyme reactions with the liberated phenols present in
vanilla beans, as exemplified by vanillin, is oxidation to dimeric
and polymeric compounds of the type described above.

The development of the phenol oxidation reactions can be
observed, in transverse sections of the vanilla bean, by the onset
and spread of the brown pigmentation from the center of the
podin aradial direction and encompassing the vascular bundles.
The first darkening appears in the inner mesocarp region. This
darkening extends outward at the early stages of browning into
the outer mesocarp. This is in keeping with the known distri-
bution of glucovanillin, B-glucosidase and peroxidase, and the
association of the latter enzyme with the xylem elements of the
vascular bundles. At the fully brown stage, all areas of the bean
from the epicarp to the central zone take on the dark coloration
of the fully senesced bean. The inner placental laminae and the
trichome layer show no evidence of browning (F-1).

Extensive cellular disruption occurs during the senescent
decline of the ripe vanilla bean under natural conditions and
by curing. Most traditional curing methods exhibit limited cel-
lular destruction compared to that which occurs in the naturally
senescing material. In this latter process, the moving senes-
cence front is highlighted by the surface brown/black interface
with the green chlorophyll-containing area. After a blanching
pretreatment in water at 60°-65°C for 2-3 minutes, a sweating
stage at temperatures in the range of 40°-45°C and 24 hours
of incubation, the vanilla bean assumes a uniform brown color.

Clearly, the natural and induced senescence processes are
different in terms of the focus and direction of the browning
reaction. The significance of these differences is not clear, but it
is worth noting that in the natural process the tissue damage at
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the senescence frontis extensive and appears to be programmed
from blossom to stem end. The directional process is probably
under hormonal control in terms of both initiation and propa-
gation. It is likely that the process, once started, progresses in
a semi-autocatalytic way from damaged to normal cell. In the
case of the cured bean, the curing treatments, such as hot water
immersion, are less damaging to cellular structure than the
natural process, and so the impact, as reflected by browning, is
more uniform. Blanching and sweating are multidirectional in
their impact, and as such probably instigate a uniform senes-
cence response that probably precludes hormonal intervention.
In addition, ripe beans, if removed from the vine and left stand-
ing at room temperature, will eventually begin to brown in a
random, rather than unidirectional, manner. This suggests that
the development of senescence of the bean on the vine may be
determined at the plant level rather than the pod level.

The localized changes that occur during natural senescence
atthe moving bean/senescing interface are an efficient process,
at least in terms of the conversion of glucovanillin to vanillin,
which is of the order of 96%. On this basis, there would be a
strong case for allowing senescence to occur on the vine, except
that the process is slow, and during its timescale dehiscence
often occurs, particularly in Vanilla planifolia, with increased
risk of microbial incursion. In traditional curing, the process
is more rapid, but there is significantly less tissue damage, and
the glucovanillin conversion is <50%.° Senescence development
in leaves is a stimulus-dependent process. If environmental
stress is the trigger, then the start of senescence is a random
process. In the absence of environmental factors, senescence
commences at the leaf tip and margins and progresses to the

leaf base. In this way nutrients can be withdrawn from the leaf

and transferred to the roots for storage.* The same situation

fwww.plant-biology.com/Leaf-Senescence.php

F-2. Morphological changes in vanilla beans following natural senescence or

traditional curing

probably prevails in the vanilla pod. In the natural process,
the senescent front moves from the blossom end to the stem
end of the bean. During traditional curing, where heating and
mechanical stresses are the trigger, this process is random.

Light micrographs of transverse sections of the ripe bean
and the vanilla bean following natural senescence or traditional
curing are shown in F-2.

In the morphology of the ripe bean there are large placental
laminae cells. The cells are highly vacuolated and appear mostly
empty. Cell walls are often clearly defined with attached cyto-
plasmic material. Turgor is apparent, and as a consequence cells
are regularly shaped and appear perfectly intact with clearly
delineated nuclei and nucleoli.

Following natural senescence, vanillabeans became very dark
in color. The placental laminae cells were dramatically reduced
in size, deformed and often had partially disintegrated. Vacuolar
spaces were drastically reduced, and cell walls were irregular
shaped and wrinkled. Cytoplasmic material appeared disinte-
grated and was no longer attached to the cell walls. Cells seemed
to have lost most of their fluid content, and turgor was absent.
Nuclei were ill-defined or unrecognizable, while nucleoli were
not visible. Overall, the tissue appeared to be at an advanced
stage of degradation.

Following traditional curing, cells of the placental laminae
retained some of their turgor, but tissue integrity was largely
perturbed. Cytoplasmic material was irregularly attached to
the cell walls. Nuclei, though distinguishable, were no longer
rounded but irregularly shaped. Nucleoli were not observed.

The results above indicate that senescence and, to a lesser
extent, traditional curing alters cytoplasmic integrity and prob-
ably destroys cellular compartmentation. Only mature cells were
turgid and contained distinct and well-preserved nuclei and
nucleoli. The extent of cellular disruption probably equates to
the accessibility of the B-glucosidase to
glucovanillin in the placental laminae.

In iris petal cells during senescence,
closure of plasmodesmata occurred along
with destruction of the tonoplast. The

8 ol destruction of the tonoplast appears to
precede the loss of the plasma mem-
Ty brane integrity.’
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conversion of the phenol glucosides to
the free phenols, and show only partial
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How then can one achieve the controlled
cellular destruction and accompanying
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flavor formation/transformation in
the curing operation that nature
achieves so elegantly?

Summary
Extensive cellular microstructure
disassembly is a key feature of the
senescence process in the ripe vanilla
bean. The extent and direction of
destructionis dependenton whether
the process is natural or induced by
the curing stages. The loss of cel-
lular integrity is much greater at
the localized level in the natural
process, compared to traditional
curing. This is reflected by micro-
scopic examination of the cellular
status and reflected in the extent of
glucovanillin hydrolysis. A common
feature of senescence is the destruc-
tion of lipid structures, especially the
tonoplast and plasma membranes.
In this way the compartmentation
of the different cellular zones are
compromised (F-3).

The senescence process is initi-

F-3. Key structural changes, activations and transformations during
vanilla bean senescence
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ated by senescence gene activation
and hormone release in the natural
process, and by the abiotic stress of
elevated temperature and mechanical damage during curing.
An early consequence is hydrolysis of the complex lipids in the
membranes and the formation of ROS, the oxidative burst, which
initiate extensive oxidation of membrane lipids. These changes
upset order and organization in the cell, resulting in a cata-
strophic cascade of destruction involving activation of hydrolytic
and oxidoreductase enzymes, degradation of chlorophyll and loss
of the cellular antioxidant defense system. From a vanilla flavor
perspective, the three major developments are the hydrolysis of
glucovanillin and other glucosylated phenols, the oxidation of
complex lipids, and the separate or linked oxidation of phenols
to dimeric and polymeric brown compounds. Since the curing
process s protracted, there are opportunities for both enzymatic
and non-enzymatic reaction to occur. Among the key enzymes
in this context are lipases, B-glucosidase, peroxidase and poly-
phenol oxidase. The non-enzymatic actives include ROS such
as the alkoxy radicals and lipid hydroperoxides.

The key question still remains: What are the flavor differ-
ences between natural senescence and curing in the ripe vanilla
bean, both with respect to tissue and cellular destruction and
flavor formation?

To answer this question, the processes that initiate senescence
in the vanilla bean and the factors contributing to the extensive
destruction of the pod microstructure must be better understood,
as should the importance of the enzymology and chemistry taking
place. To achieve this, analysis of the flavor compounds present
during natural senescence and their mode of formation should
be carried out on either side of the senescent front in the vanilla
bean. In this way it may be possible to throw light on the origin
of these compounds, as well as the much studied hydrolysis of
the resident phenol-B-D- glucosides.

26 Ingredients

Vol. 38 e December 2013 | Perfumer & Flavorist

Acknowledgements

The knowledge developed by the authors in this review was
facilitated by the offices of Aga Sekalala, managing director,
Uvan Limited, Kampala, Uganda. In addition, the authors refer-
enced much of the excellent work by Eric Odoux and colleagues
at CEDEX, Montpellier Cedex 5, France, on the structural
transformation of the vanilla bean during senescence. Finally,
both authors would like to highlight the support given to them
by their wives who kept the authors” worlds turning while they
were “sunning” themselves in the tropics.

Address for correspondence to: Patrick Dunphy, Wellingborough, Northants.,
NNS8 5EX, UK; dunphy.patrick@yahoo.com.

References

1. P J Lillford, The materials science of eating and food breakdown. MRS

Bulletin, December, 25(12), pp 38-43 (2000)

2. PB McNulty, Food Science and Technology Monograph. Flavour release-
Elusive and dynamic. In: Food structure and behaviour. Edits , J]MV
Blanshard and P Lillford, pp245-258, (1987)

3. PJDunphyandK Bala, The Role of Plant Microstructure, Compartmentation
and Senescence in Vanilla Curing. Part 1. The Microstructure of and
Compartmentation in the Ripe Vanilla Bean. Perfumer & Flavorist, 38(7),
22-97 (2013)

4. E Odoux and J-M Brillouet, Anatomy, histochemistry and biochemistry of
glucovanillin, oleoresin and mucilage accumulation sites in green mature
vanilla pod (Vanilla planifolia; Orchidaceae): a comprehensive and critical
re-examination. Fruits, 64(4), 221-241 (2009)

5. J-M Brillouet, E Odouxand G Conejero, A set of dataon green, ripening and
senescent vanilla pod (Vanilla planifolia; Orchidaceae): anatomy, enzymes,
phenolics and lipids. Fruits, 65, 221-235 (2010)

6. E Odoux, J Escoute, J-L Verdeil and J-M Brillouet, Localization of
B-glucosidase activity and glucovanillin in vanilla bean (Vanilla planifolia
Andrews). Ann Bot, 92, 437-44 (2003)

www. PerfumerFlavorist.com



=1

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

MJW Dignum, | Kerler and R Verpoort, Vanilla curing under laboratory
conditions. Food Chem, 79, 165-171 (2002)

E Odoux, ] Escoute and J-L Verdeil, The relationship between glucovanillin,
B-D-glucosidase activity and cellular compartmentation during the
senescence, freezing and traditional curing of vanilla beans. Ann Appl Biol,
149, 43-52 (2006)

E Odoux, Changes in vanillin and gluco-vanillin concentrations during the
various stages of the process traditionally used for curing Vanilla fragrans
beans in Réunion. Fruits, 55, 119-125 (2000)

B Schwarz and T Hofmann, Identification of Novel Orosensory Active
Molecules in Cured Vanilla Beans (Vanilla planifolia). | Agric Food Chem,
57, 3729-3737 (2009)

MB Hocking and DJ Intihar, Oxidation of phenol by aqueous hydrogen
peroxide catalysed by ferric ion-catechol complexes. ] Chem Technol and
Biotech, 35(7), 365-381 (1985)

L Pourcel, J-M Routaboul, V Cheynier, L Lepiniec and I Debeaujon,
Flavonoid oxidation in plants: from biochemical properties to physiological
functions. Trends in Plant Science, 12(1), 29-36 (2006)

KN Waliszewski, O Marquez and VT Pardio, Quantification and
Characterisation of Polyphenol Oxidase from Vanilla Beans. Food Chemistry,
117, 196-203 (2009)

] Baumgartner and H Neukom, Enzymatische Oxydation von Vanillin.
Chimia, 26, 366-368, (1972)

I Gatfield, I Reis, G Krammer, CO Schmidt, G Kindle and H-J Bertram,
Novel taste active component of fermented vanilla beans. Perfumer &
Flavorist, 31, 18-20 (2006)

R Yoruk and MR Marshall. Physicochemical properties and function of
plant polyphenol oxidase: a review. | Food Biochem, 27, 361-422 (2003)

L Dehon, L. Mondolot, M Durand, C Chalies, C Andary and J-] Machiex,
Differential compartmentation of o-diphenols and peroxidase activity in
the inner sapwood of the Juglans nigra tree. Plant Physiol Biochem, 39,
473477 (2001)

JL Dangl, RA Dietrich and H Thomas, Senescence and Programmed Cell
Death. In: Biochemistry and Molecular Biology of Plants. Edits, B Buchanan,
W Gruissem and R Jones, Am Soc Plant Physiol, pp 1044-1099 (2000)

M Doi, T Inage and Y Shioi, Chlorophyll Degradation in a Chlamydomonas
reinhardti Mutant: An Accumulation of Pyropheophorbide aby Anaerobiosis.
Plant Cell Physiol, 42(5), 469-474 (2001)

P Dunphy and K Bala, Vanilla Curing. Perfumer & Flavorist, 34, 34-40
(2009)

M Frey, C Stettner, PW Pare, EA Schmelz, H Tumlinson and A Gied, A
herbivore elicitor activates the gene for indole emission in maize. PNAS,
97, 14801-14806 (2000)

V Buchanan-Wollaston, The molecular biology of leaf senescence. Journal
of Experimental Botany, 48(30), 181-199 (1997)

P Wojtaszek, Oxidative burst: an early plant response to pathogen infection.
Biochem J, 322, 681-692 (1997)

S Bhattacharjee, The Language of Reactive Oxygen Species Signalling in
Plants. Journal of Botany, Hindawi Publishing Corporation, 1-22, (2012)

Hong-Bo Shao, Li-Ye Chu, Zhao-Hua Lu and Cong-Min Kang, Primary
antioxidant free radical scavenging and redox signalling pathways in higher
plant cells. Int J Biol Sci, 4(1), 8-14 (2008)

KT Hung and CH Kao, Lipid peroxidation in relation to senescence of
maize leaves. | Plant Physiol, 150(3), 283-286 (1997)

T Karuppanapandian, J-C Moon, C Kim, K Manoharan and W Kim,
Reactive oxygen species in plants: their generation, signal transduction,
and scavenging mechanisms. Aust | Crop Sci, 5(6), 709-725 (2011)

AB Bleecker and H Kende, Ethylene: a gaseous signal molecule in plants.
Ann Rev Cell and Dev Biol, 16, 1-40 (2000)

Postharvest physiology and hypobaric storage of fresh produce. Edits, SB
Burg, CACI Publishing, Oxfordshire, p 234 (2004)

MT Smith, Y Saks and J van Staden, Ultra-structural changes in the petals
of senescing flowers of Dianthus caryophyllus 1. Annals of Botany, 69,
277-285 (1992)

To purchase a copy of this article or others,
visit www.PerfumerFlavorist.com/magazine.

27





