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Abstract

The dried herb of blue fenugreek is used as a spice in the alpine region for the preparation
of traditional bread and cheese. After drying, the herb is stored for a period of six to twelve
months. During this time, the herb is expected to undergo changes in the compositions
of the major flavor- and odor-determining compounds. To identify eventual biochemical
processes, we applied different growing (conventional and sterile) and drying (air- and
freeze drying) conditions and subsequently conducted periodical analysis of key aroma
constituents (x-keto acids and volatile compounds) by LC-MS and GC-MS. The amount
of glyoxylic acid was drastically increased in the air-dried sample, while the freeze-dried
sample showed significantly higher amounts of x-keto-glutaric acid and pyruvic acid,
respectively. During storage, a decrease in sulfuric compounds and an increase in alkane
aldehydes were observed when comparing conventional and sterile samples. However,
this increase was even greater for monoterpenes (especially camphor and p-cymene),
showing thrice as high amounts after storage. Interestingly, both compounds were only
formed significantly during the storage under conventional conditions, indicating that their
production is induced /caused by microbial organisms.

Keywords: volatile profile; microbial transformation; post-harvest study; odor threshold;
terpenoids; Schabziger cheese; traditional bread; Fabaceae

1. Introduction

Trigonella caerulea (L.) Ser., also known as blue fenugreek, is an annual flowering plant
of the Fabaceae family mainly found in southern and south-eastern Europe and northern
Africa, where it is widely cultivated in gardens and fields [1]. The usage of blue fenugreek
seeds is mainly present in the regional cuisines of the Caucasian region [2], while the
herbal material is used in the alpine region as an additive for the preparation of traditional
Schabziger cheese or for bread, hence explaining the common names Schabzigerklee and
Brotklee [3]. In a recent study on the phytochemical composition of the herb of T. caerulea, a
complex mixture of carbohydrates, flavonoids, fatty acids, a-keto acids, aldehydes, and
monoterpenes was determined [4]. After the first qualitative study on blue fenugreek
some forty years ago [5], this was the first quantitative evaluation of T. caerulea, yielding
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contents of ten different x-keto acids and eleven volatiles contributing to its particular
aromatic profile.

However, it is reported that the fresh herb has nearly no flavor and that the characteris-
tic aroma only develops during the drying and storage process of T. caerulea [6]. Therefore,
traditional farmers from South Tyrol (Italy) keep the herb aside for a period of six to twelve
months before it is made commercially available. During this time, the aroma of blue
fenugreek should become even more intense. The storage and drying of plant material has
already been reported as a major factor in the formation of aroma compounds caused by
a multifaceted array of different oxidative, biochemical, and microbial interactions [7,8].
While other studies on T. foenum-graecum leaves have shown that certain compounds de-
grade during storage conditions, those compounds were often not directly attributing to
the aromatic profile of the plant [9,10].

With o-keto acids being considered rather stable under dry conditions and the reported
increase in the smell of blue fenugreek during storage, we hypothesized that long-term
storage might also lead to differentiation of the volatile constituents. Therefore, in this
study, T. caerulea was conventionally cultivated, dried, and periodically analyzed to identify
the relevant biochemical changes. In the second part of our study, an experimental design
was developed to better determine the origin of these transformational processes. This time,
plants were grown under both conventional and sterile conditions and again periodically
analyzed, with, however, an optimized analytical setup. While the initial GC-method for
the analysis of volatiles showed a cut-off at the peak for tiglic aldehyde, we extended the
scope of analyzed compounds by using a specialized stationary phase. Thus, very volatile
compounds, e.g., short-chain alkanes, were also assessed in the second part of our study.

2. Materials and Methods
2.1. Plant Cultivation and Post-Harvest Studies

For the conventional cultivation of blue fenugreek, the plants were sown in a green-
house on 9 April 2021 at Laimburg Research Centre (Italy) and transplanted to a field on 19
May 2021. The field site was located in Meran/Labers (NE-Italy, Province of Bolzano) at an
altitude of 620 m above sea level with the following geographic coordinates: 46°40'01.74" N;
11°11'48.02"” E. A randomized complete block design with three replicates was used to
minimize variations. Plants were harvested on 13 July 2021 at full flowering with some
first ripe seeds already visible. Entire aerial parts of the conventionally grown plants were
dried at 30 °C in an air flow drying chamber (Frigotherm Ferrari GmbH, Lana, Italy) for
7 days. After drying, the plant material was stored in double-layer paper bags away from
light at a temperature of 14 °C. For freeze-drying, fresh plant material was transported in
cooling bags to Laimburg Research Centre, frozen at —18 °C, and lyophilized for 72 h.

For the cultivation of sterile plants, seeds were soaked for 20 min in 70% (vol/vol)
ethanol and for 10 min in 35% (vol/vol) hydrogen peroxide. After being washed with
sterile water three times, the seeds were incubated in sterile water on a gyratory shaker
(130 rpm) at 28 °C for 24 h. The seeds of the plants were germinated on sterile wet filter
paper in glass Petri dishes kept in the dark for 2-3 days at room temperature. The seedlings
were cultivated in climate chambers (with 16 h light and 8 h dark cycles; temperature 24 °C;
relative humidity 50%). The sterile plants were dried after harvest in the same manner as
the conventionally grown plants with an air flow drying chamber UI-80 (Memmert GmbH,
Biichenbach, Germany) and a freeze-dryer ScanVac Coolsafge 100-9 Pro (Labogene A/S,
Bjarkesvey, Denmark) before analysis and storage. The seeds used for the cultivation experi-
ments were ordered at Deaflora (Werder, Germany), and for all experiments, the same batch
of seeds was used. The seed survival rate of sterile cultivation was approximately 30%.
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Samples were analyzed for their profile and content on «-keto acids and volatile
constituents one week after harvest, as well as after two, four, and six months of storage
using a mix of the three field replicates. Lyophilized samples were analyzed at the beginning
and at the end of the study.

2.2. Analysis of a-Keto Acids

One thousand milligrams of dried and ground plant material was extracted with
pressurized solvent extraction (70 °C, 100 bar, 1 min heat up, 5 min hold, 2 min discharge)
using one cycle of n-hexane and three cycles of methanol. The methanol extract was
evaporated to dryness and reconstituted in 1000 uL of methanol. Next, 5 puL of the solution
(or standard solution) was mixed with 45 pL of a mixture of acetonitrile and 0.1% (w/w)
NaOH solution (1:1). Then, 20 pL of this mixture was treated with a mixture of 10 mg/mL
PFBHA and kept at room temperature for 30 min before adding 10 uL of acetone and 100 uL
of acetonitrile-NaOH 0.1% (w/w) solution (1:1). Quantitation of «-keto acids by LC-MS/MS
was applied in multiple reaction mode using external calibration with «-keto acid standard
solutions over a range of 0.9 to 600 umol/L. UHPLC-MS/MS analyses were carried out
on a Shimadzu Nexera 2 liquid chromatograph connected to an LC-MS triple quadrupole
mass spectrometer using electrospray ionization (Shimadzu, Kyoto, Japan). A Phenomenex
Kinetex Biphenyl column (100 x 2.1 mm, 1.7 um particle size, Phenomenex, Aschaffenburg,
Germany) was employed. Transitions used for quantification and respective collision
energies are reported in a previous study [4].

2.3. Qualitative Analysis of Volatile Constituents

One hundred milligrams of dried and ground plant material was directly weighed into
a 20 mL headspace vial; the vial was incubated for 30 min at a temperature of 90 °C. Next,
1000 pL of the headspace was taken with a heated syringe (100 °C) and injected into the
GC-MS. Headspace GC-MS analyses were performed on a Trace 1310 gas chromatograph
equipped with a programmed temperature vaporization (PTV) inlet and a TSQ Duo mass
spectrometer (ThermoFisher Scientific, Waltham, MA, USA). The GC program was as
follows: 35 °C hold 1 min, 5 °C/min to 120 °C and hold 1 min, 30 °C/min to 300 °C, and
hold 1 min. The MS Source was set to 280 °C and the Scan was performed from 30 to
450 m/ z.

2.4. Semi-Quantitative and Quantitative Analysis of Volatile Constituents

One hundred milligrams of dried and ground plant material was directly weighed into
a 20 mL headspace vial. Then, 100 ng of internal standard (10 uL of 10 mg/L toluene-d5 in
methanol) was added, and the vial was incubated for 30 min at a temperature of 90 °C. After
that, 1000 pL of the headspace was taken with a heated syringe (100 °C) and injected into the
GC-FID. Headspace GC-FID analyses were performed on a Trace 1310 gas chromatograph
equipped with a Split-Splitless inlet (SSL) and an FID (ThermoFisher Scientific, Waltham,
MA, USA). The GC program was as described above, and the FID temperature was set
to 300 °C. Semi-quantitation of compounds was achieved by comparison of peak areas
of each time point to the freeze-dried (control) sample and expressed in % of control.
Quantification of compounds was achieved by external calibration using original reference
standards. Odor activity values for each compound were calculated by dividing the
obtained concentration by the respective olfactory activity threshold [11].

2.5. Statistical Analysis

Results are expressed as mean + SD. Statistical analyses were performed with Graph-
Pad Prism version 10.5.0 (GraphPad Software, San Diego, CA, USA) using t-test and
one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test
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where appropriate. For t-test analysis results, significance is expressed with asterisks
for p < 0.05 (*) and p < 0.001 (**), whereas for ANOVA results, significance is indicated
by letters.

3. Results
3.1. Changes in the a-Keto Acids During Drying and Storage

a-keto acids were determined over a period of six months, and the total content
(Figure 1A)—as well as the contents of the three major «-keto acids, namely glyoxylic acid,
a-ketoglutaric acid, and pyruvic acid—(Figure 1B-D) was monitored. Immediately after
drying, both the conventionally dried sample and the freeze-dried control sample showed
comparable results with total contents of 85 mg/kg and 93 mg/kg, respectively (Figure 1A).
The content of the conventionally dried sample was found in the same range after two
months of storage before it decreased after four and six months with total contents of 73
and 64 mg/kg, respectively. A look at the dynamics of glyoxylic acid (Figure 1B) showed a
similar decrease, which was observed neither for a-ketoglutaric acid (Figure 1C) nor for
pyruvic acid (Figure 1D).
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Figure 1. Content of a-keto acids after conventional cultivation and drying over a storage period
of six months (orange line). Total content of x-keto-acids (A) and the contents of glyoxylic acid (B),
a-ketoglutaric acid (C), and pyruvic acid (D) were determined in two-month intervals and compared
to the freeze-dried sample (blue dotted line). Error bars represent standard deviation. Statistical
significance was calculated using a t-test between the conventionally dried and the freeze-dried
samples, and here it is indicated with asterisks for p < 0.05 (*) and p < 0.001 (**), and statistical
significance was calculated with ANOVA (p < 0.05 ) between time points, with significant differences
expressed with letters (a = different from 0 months of storage; b = different from 2 months of storage).
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Even more interesting was the comparison between the concentrations of the three
major o-keto acids in the freeze-dried and the conventionally dried sample. In the conven-
tionally dried sample, glyoxylic acid was present with a content of 63 mg/kg (Figure 1B),
whereas the contents of a-ketoglutaric acid (Figure 1C) and pyruvic acid (Figure 1D) were
at 19 and 6.8 mg/kg, respectively. The freeze-dried sample, in contrast, showed relatively
low amounts of glyoxylic acid (27 mg/kg), while the concentrations of x-ketoglutaric
acid and pyruvic acid were found at 36 and 19 mg/kg, thus being twice (x-ketoglutaric
acid) and thrice (pyruvic acid) as high as in the conventionally dried sample. Of note,
the observed excess of a-ketoglutaric acid and pyruvic acid in the freeze-dried sample
amounted approximately to the difference in glyoxylic acid (Figure 1B-D).

3.2. Transformation of Volatile Constituents

Similarly to the results for the o-keto acids, the dynamics of the volatile constituents
were investigated for eventual changes during drying and storage of blue fenugreek herb.
The measuring intervals were as explained above. Compared to the commercial samples
investigated in our previous study [4], the cultivated sample used for the post-harvest
studies showed a higher overall content on volatiles. This was most evident for trans-
menthone and camphor, with amounts of 14 and 24 mg/kg, respectively, and even more
for p-cymene, which showed a concentration of 35 mg/kg. Interestingly, these three
components were present at considerably lower amounts in the freeze-dried sample, which
was therefore much richer in tiglic aldehyde, isobornyl acetate, and methyl benzoate.

A look at Figure 2 shows that in the case of tiglic aldehyde, most of the decrease occurs
during drying, with less than half of the amount being present at the beginning of the
storage (Figure 2A). However, during the time of storage, the amount of tiglic aldehyde
was constantly decreasing, showing only about 15% of the control sample after six months.
Another compound that was found to be slowly but constantly decreasing was methyl
benzoate, with a loss of about 60% in six months of storage (Figure 2B). However, the
content of methyl benzoate was not affected during drying.

A completely different result was observed for the relevant terpenoid volatiles in blue
fenugreek herb. Isobornyl acetate was markedly present after drying but almost diminished
after two months of storage (Figure 2C). At the same time, the amount of camphor was
increasing and reached the initial concentration of isobornyl acetate after four months
of storage (Figure 2D). Similar dynamics were observed for trans-menthone, which was
scarcely present at the beginning of storage. However, the concentration during storage
constantly rose and reached its final concentration after four months (Figure 2E). The
dynamics of camphor and trans-menthone were even surpassed by p-cymene (Figure 2F).
After not having been detected in the freeze-dried sample and only being scarcely present
after conventional drying, the compound was found at its highest concentration after two
months of storage.
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Figure 2. Changes in volatiles after conventional cultivation and drying over a storage period of
six months. Peak areas of volatiles were determined in two-month intervals and compared to those
of the freeze-dried sample (control). Relative amounts are expressed in % of control. Error bars
represent standard deviation. Statistical significance was calculated using ANOVA (p < 0.05) between
time points and is expressed with letters (a = different from 0 months of storage; b = different from
2 months of storage). Tiglic aldehyde (A), methyl benzoate (B), isobornyl acetate (C), camphor (D),
trans-menthone (E), and p-cymene (F) showed the most considerable changes and were therefore
targets of the subsequent analyses.

3.3. Influence of Microbial Processes to the Aroma Profile

To assess the source of the above-mentioned changes in the aroma profile of T. caerulea,
an experimental setup was designed to compare the changes in the volatile profile of the
conventional stored herb with herbs grown under sterile conditions to better annotate
the source of the transformational processes. Since secondary metabolites and especially
volatile metabolites can differ on an enormous scale by natural variation already [12,13],
the harvested herb was divided and analyzed before and after storage to further assess
the transformational processes. While our previous work [4] and the first part of this
study focused on the volatiles which could be easily separated via a semi-standard non-
polar column in gas chromatography, for the second part of this study, a column with a
cyanopropyl phenyl-modified dimethylpolysiloxane was used, allowing for the successful
qualification and quantification of a series of even more volatile compounds (Figure 3,
Table 1). Their presence was confirmed by comparing the mass spectra with public libraries.
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Retention indices (RI) were determined, since those compounds did not yet have been
reported in terms of their RlIs for the 624 stationary phase.

Tiglic al dehyde —RT 10 849

Figure 3. GC-MS chromatogram of conventional dried herbs of T. caerulea, showing the superior sep-
aration of the volatiles on the 624 stationary phase and the excellent peak shape of the very volatiles.

Table 1. Volatile compounds identified in T. caerulea herb, including their RIs on the 624 stationary
phase. Compound classification was used for further analysis and based on the most prominent
chemical feature of the compound.

Compound Name Compound Classification RI [TG-624SilMS] !

Acetaldehyde alkane aldehydes 551
Propanal alkane aldehydes 580
Dimethyl sulfide sulfuric compound 582
Propanal, 2-methyl- alkane aldehydes 613
2,3-Butanedione ketones 641
Butanal, 3-methyl- alkane aldehydes 694
Butanal, 2-methyl- alkane aldehydes 701
Furan, 2-ethyl- furan 716
Tiglic aldehyde alkane aldehydes 786
Hexanal alkane aldehydes 838
Heptanal alkane aldehydes 941
Camphor ketones 968
Acetylfuran<2-> furan 982
Pentyl furan<2-> furan 1008
Benzaldehyde aromatic aldehyde 1019
Phenylacetaldeyde aromatic aldehyde 1108
Methylbenzoate monoterpenes 1143
Nonanal alkane aldehydes 1147
t-Menthone ketones 1216
Safranal monoterpenes 1232
p-Cymene monoterpenes 1385
Isobornylacetate monoterpenes 1432

1

no reference data for this stationary phase exists yet.
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Focusing on the compound classes in Table 1, changes in the volatile profile were
monitored (Figure 4). Most notable were the changes in the monoterpene content and
aromatic aldehyde, since they showed contrastive behavior during the drying processes
under sterile and conventional conditions. The monoterpene content was raised signifi-
cantly after storage under conventional conditions, though it did not change significantly
under sterile conditions. The same behavior was observed for aromatic aldehydes, while
alkane aldehydes, sulfuric compounds, and ketones showed similar patterns under con-
ventional and sterile conditions. The changes in the content of furanes were also possibly
contrastive, but the standard deviation is too big to properly annotate those changes to the
different environments.

25 4 *k
sterile, before storage
20 "
o M sterile, after storage
c 4]
[T} é 15
S g’ 21 conventional, before
O ~ 101 storage
" O conventional, after
5 storage
0- 0 __!.i,-_lfl_é_i,.l.lj_
@ &2 2 o 2
S Ry & & & &
AN o & N\ ) )
° K N2 \b -
’b\ 06\ (\0 ka
@ < o RN

& & & &

N O o

° S #

Figure 4. Changes in content of volatiles during the six-month storage period under conventional vs.
sterile conditions. The volatile compounds were grouped according to the classification in Table 1.
Statistical significance was calculated using a t-test for each group (conventional or sterile) between
the content before and after storage, and significant differences are indicated with asterisks for
p <0.05 (*) and p < 0.001 (**).

Additionally, the microbial influence on single compounds, i.e., the changes of the
different monoterpenes, were evaluated (Figures 5 and 6, Table 2). While a small camphor
variability had already been observed before the storage period, in both cases and in both
study lines, the amount only increased significantly under the conventional six-month
storage period, while not being detectable in the sterile samples after the storage period
(Figure 5). The change in the safranal content was more erratic and, therefore, most likely
not dependent on microbial interactions. The frans-menthone content was problematic
to evaluate since the content was below the limit of detection in three study lines (sterile,
before storage; sterile, after storage; conventional, after storage). The decrease in isobornyl
acetate as a likely precursor for the formation of camphor was visible but did not reach the
significance threshold due to the high standard deviation. A clear influence of microbial
influence was visible on the formation of p-cymene, which was only increased significantly
under conventional conditions (Figure 6).
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Figure 5. Changes in content of monoterpenes (except p-cymene) during the six-month storage
period under conventional vs. sterile conditions. The volatile compounds were grouped according
to the classification in Table 1. Statistical significance was calculated using a t-test for each group
(conventional or sterile) between the content before and after storage, and significant differences are
indicated with asterisks for p < 0.001 (**).
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Figure 6. Changes in content of p-cymene during the six-month storage period under conventional vs.
sterile conditions. Statistical significance was calculated using a t-test for each group (conventional or
sterile) between the content before and after storage, and significant differences are indicated with
asterisks for p < 0.001 (**).
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Table 2. Quantification of the volatiles after a six-month storage period with a conventional storage
method or a sterile method for the whole six-month storage period. The results are reported as the
average content of the divided badges before and after storage (1 = 6). Statistical significance was
calculated using t-test for each group (conventional or sterile) between the content before and after
storage, and significant differences are indicated with asterisks for p < 0.05 (*) and p < 0.001 (**).

Sterile Sterile Conventional Conventional
Before Storage After Storage Before Storage After Storage
Compound Average SD Average SD Average SD Average SD
Name [mg/kgl [mg/kgl [mg/kgl [mg/kgl [mg/kgl [mg/kgl [mg/kgl [mg/kgl
Acetaldehyde 1.17 0.27 1.76 0.15 1.39 0.34 2.53 0.23
Propanal 0.77 0.32 0.53 0.14 1.31 0.11 0.57 0.03
Dimethyl sulfide 4.90 3.03 1.62 0.86 * 8.78 1.28 4.64 1.13 *
Propanal, 0.89 0.44 1.66 1.18 0.60 0.13 1.33 0.02
2-methyl-
2,3-Butanedione 0.10 0.07 0.16 0.03 0.15 0.01 0.13 0.01
Butanal, 0.78 0.76 1.88 0.31 0.23 0.07 0.53 0.10
3-methyl-
Butanal, 0.80 0.40 0.39 0.03 0.47 0.06 0.11 0.01
2-methyl-
Furan, 2-ethyl- 0.14 0.11 0.36 0.05 0.17 0.19 0.12 0.15
Tiglic aldehyde 10.61 4.04 12.06 2.13 ** 7.26 0.81 10.32 0.98 **
Hexanal 0.03 0.04 0.15 0.11 0.06 0.04 0.09 0.04
Heptanal 0.03 0.01 0.02 0.01 0.02 0.01 0.01 0.01
Camphor 0.03 0.02 0.00 0.00 0.01 0.01 0.08 0.02 **
Acetylfuran<2-> 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pentyl furan<2-> 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Benzaldehyde 0.07 0.02 0.06 0.02 0.05 0.01 0.08 0.01
Phenylacetaldeyde  0.15 0.08 0.00 0.00 0.01 0.01 0.00 0.00
Methylbenzoate 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Nonanal 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
t-Menthone 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
Safranal 0.05 0.02 0.08 0.02 0.04 0.01 0.07 0.01
p-Cymene 0.57 0.60 0.61 0.64 0.58 0.19 2.82 0.78 **
Isobornylacetate 0.12 0.43 0.14 0.05 0.15 0.08 0.10 0.06

4. Discussion

The transformational processes in T. caerulea herb show a complex mixture of de-
creases and increases in the contents of certain o-keto acids and volatiles, respectively.
Therefore, a-keto acids not only represent flavor-contributing substances but also play a
major role in biological systems, constituting the penultimate step in the biosynthesis of
a-amino acids [14]. Conversely, they are the first degradation products in most microbial
fermentation processes, before they are further metabolized to, e.g., aldehydes via decar-
boxylation [15]. This route of a-amino acid degradation also exists in plants, besides other
routes, i.e., decarboxylation to primary amines or one-step transformation to aldehydes,
respectively. When looking at the dynamics of a-keto acids during our post-harvest study,
the degradation of x-amino acids via a-keto acids only seems to have been applied for
glyoxylic acid (from glycine), as the compound was abundant in much lower amounts
in the (freeze-dried) control sample. Pyruvic acid and a-ketoglutaric acid, in contrast,
were present in much higher amounts in the control sample and thus in the living plant.
Considering the abovementioned degradation pathway, their low amounts would result
from decarboxylation reactions during the drying process, either mediated by microor-
ganisms or the plant itself. In the case of glyoxylic acid, which starts to degrade after two
months in the conventionally dried and stored sample, this process is more likely to be



Horticulturae 2025, 11, 1164

11 of 14

caused by microbial activity. However, glyoxylic acid has also been reported to play a
major role in the conversion of x-amino acids into Strecker aldehydes, i.e., the formation of
phenylacetaldehyde [16].

A better explanation for the increasing aroma intensity is biochemical processes within
the measured volatiles during storage of the herb. In this regard, camphor, trans-menthone,
and p-cymene were the most interesting constituents in the post-harvest study, with con-
stantly increasing amounts during storage after being only slightly present (camphor,
trans-menthone) or not even detected (p-cymene) after harvest. At the same time, the con-
centrations of tiglic aldehyde, methyl benzoate, and isobornyl acetate, as well as menthol,
were found to decrease. However, the strong variety of the composition when setting
up the sterile vs. conventional experiment showed that the standard deviation of some
compounds is too high to certainly predict the faith of those compounds during the storage
period. Still, the initial amounts of menthol and isobornyl acetate can be discussed as
potential precusors for oxidative processes during storage to yield trans-menthone and
camphor, respectively. For the conversion of isobornyl acetate to camphor, however, prior
hydrolysis of the acid ester is necessary. Several microorganisms present on plant sur-
faces and/or in the soil are known to possess the respective hydrolases for this reaction,
such as Moesziomyces antarcticus (syn. Candida antarctica/Pseudozyma antarctica, lipase A),
Burkholderia gladioli (esterase B), or Rhodococcus rhodochrus (esterase C) [17-20]. However, as
the amount of isobornyl acetate decreased to less than 50% during drying, this first step
could result from residual plant enzymatic activity. The subsequent oxidation to camphor,
in contrast, is less likely to be caused by the plant itself. Though there have been reports
on plant species containing borneol dehydrogenases, e.g., Artemisia annua [21], Lavandula
intermedia [22], or Salvia officinalis [23], the onset of camphor formation after two months of
storage indicates microbial activity. Tsang et al. isolated a Pseudomonas strain from soil [24]
which catalyzed the oxidation from borneol and isoborneol to camphor. The oxidation of
menthol to trans-menthone might as well be mediated by microorganisms, as demonstrated
for a Rhodococcus species isolated from sewage [25]. For p-cymene, instead, no potential
conversion could be identified. Though more than 30 microorganisms have been reported
to further metabolize p-cymene [26], no reports for the microbial formation of the com-
pound were found. However, p-cymene is also known to undergo auto-oxidation [27],
which could be a possible explanation for its rapid emergence compared to both camphor
and trans-menthone. Still, this does not explain the high amount only being apparent in the
conventionally grown sample. The role of metabolic pathways is only one explanation for
the emergence of p-cymene, and what also has to be taken into account is the pure amount
of p-cymene in the atmosphere and the emittance from neighboring plants and emission
sites [28]. Cross-contamination during storage cannot be excluded by such a ubiquitous
volatile organic contaminant.

In addition, our study revealed several very volatile constituents which also affect the
aroma of blue fenugreek herb. These include acetaldehyde, an aldehyde with a pungent
odor that has a reported odor detection threshold (ODT) of 0.05 mg/kg; propanal, with a
fruity /pungent odor and an ODT of 0.002 mg/kg [29]; and 2-methyl-propanal, a branched
aldehyde with a chocolate odor and an ODT of 0.001 mg/kg [30]. Other compounds
contributing to the aromatic profile are dimethylsulfide, a sulfuric compound with a
cabbage-like, rotten aroma and an ODT of 0.001 mg/kg [30]; 2,3-butanedione, a diketone
with a buttery/sweet odor and an ODT of 0.025 pg/kg; and 3-methyl-butanal and 2-methyl-
butanal, which are both reported to have a malty/chocolate odor and ODTs of 0.005 ng/kg
and 0.004 mg/kg, respectively [30]. Concerning the previously reported content of aromatic
compounds, it was reported that tiglic aldehyde, phenylacetaldehyde, n-hexanal, methyl
benzoate, and trans-menthone were found to have a great impact on the aroma of blue
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fenugreek herb and that of traditional Schabziger cheese [4]. With respect to the very
volatile components detected in this study, dimethylsulfide would reach the odor activity
threshold when blue fenugreek is added in concentrations of 2.0 to 2.5%. However, it must
be stated that dimethylsulfide is already one of the major aroma compounds in various
cheeses [31,32]. Therefore, the very volatile compounds reported in this study will most
probably not alter the aromatic profile of cheese, but it is possible that the dimethylsulfide
aroma in the cheese is enhanced by the herb.

5. Conclusions

Using various analytical techniques, we deepened the understanding of the volatile
profile of T. caerulea herb and tested the fate of key aroma compounds during drying and
storage studies. While «-keto acids, as a key flavor contributor, were shifted towards
the shorter types, the volatile compounds showed a more differentiated and drastic shift
during drying and storage. The increase in monoterpenes and especially the contents of
camphor and p-cymene was shown to most likely be influenced by microbial processes.
Through the results of our study, a scientific explanation for the traditional agricultural
practices in the alpine region is given, corroborating the aroma-increasing effect of storing
the T. caerulea herb for a period of at least six months.
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