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Campus de Sta Apolónia, Apartado 1172, 5301-855 Braganc-a, Portugal

In this work, the volatile composition of kale (Brassica oleracea L. var. acephala) and its variation

during germination were monitored during the first 9 days of seedling development by headspace

solid-phase microextraction (HS-SPME) combined with gas chromatography/ion trap-mass spec-

trometry (GC/IT-MS). Differences were found among the materials in the distinct analyzed periods.

A total of 66 volatile compounds, distributed in several chemical classes, were determined: alcohols,

carbonyl compounds (ketones, aldehydes, and esters), norisoprenoids, and terpenes, among

others, sulfur compounds being the most abundant group in seeds and sprouts that exhibited allyl

isothiocyanate as the major compound. Leaves of fully developed ground plant had the highest

content of norisoprenoids, alcohols, and carbonyl compounds; in opposition, they showed lower

levels of sulfur compounds, suggesting that these are important molecules for the development of

kale, whereas the others are produced mainly during its growth.
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INTRODUCTION

Leaves of the Brassicaceae family are commonly grown and
consumed worldwide. Like leaves, seeds are used for human
consumption as oil (canola seeds) or added to some foodproducts
(e.g., bread and cake). Sprouts, the germinating formof seeds, are
nowadays also used as food and are favored for their nutritional
value, becoming a familiar component in salads (1). Scientific
attention on seeds and sprouts of these vegetables has increased
because of their different kinds of bioactive constituents, which
may act as dietary contributors for good health status (2). Among
Brassica vegetables, kale (Brassica oleracea L. var. acephala) is
important in traditional farming systems in the Iberian peninsula,
and its leaves are consumed fresh or after cooking, as soup.

The benefits of Brassica vegetables’ consumption arises from
their high concentration of vitamins, minerals, and a special
group of phytochemicals, glucosinolates, which co-occur with
myrosinase isoenzymes and are associated with cancer protec-
tion (2, 3). Brassica species have also been extensively studied for
their typical flavor and odor, attributed to volatile sulfur com-
pounds (4-6).

Glucosinolates constitute a main group of sulfur-containing
plant secondary metabolites, which are relatively unique to
cruciferous vegetables. When they come into contact with myr-
osinases, in the presence of water (during processing, cutting,
tissue chewing, or when injured), glucosinolates are transformed

into biologically active products (isothiocyanates, thiocyanates,
nitriles, epithionitriles, andoxazolidines). Someof these hydrolysis
products have a chemoprotective effect against certain can-
cers (3, 7-10); however, they are also involved in goitrogenicity,
although only in situations of iodine deficiency (11). Isothiocya-
nates produce a pungent flavor and sulfurous aroma, playing a
significant organoleptic role in Brassica products (12, 13). These
compounds have been frequently mentioned, due to their health-
promoting properties, as chemoprotective (8, 11).

Besides breakdown glucosinolate products, other volatile me-
tabolites (often monoterpenes, sesquiterpenes, and other aro-
matic compounds) are released from the surface of the leaf and/or
from accumulated storage sites in the leaf. In addition, the green-
leaf odor is attributed to a blend of saturated and unsaturated six-
carbon alcohols, aldehydes, and esters that are released when
leaves are mechanically damaged (14).

Several sulfides, polysulfides, thiols, nitriles, alcohols, carbonyl
compounds, furans, and terpene hydrocarbons have been re-
ported in Brassica vegetables (15), including in the seeds (16, 17).

As far aswe are aware, nopreviouswork concerned the volatile
composition of several stages of development of B. oleracea var.
acephala (seeds, sprouts, and fully developed ground plant), and
much of the existent literature focuses only on fully grown plants
of other B. oleraceae crops (4-6, 15, 17).

As both sprouts and fully developed plants are used in the
human diet, in this study we determined the volatile profile of
seeds, seedlings of up to 6 and 9 days of age, and mature plants of
B. oleracea var. acephala. Headspace solid-phase microextraction
(HS-SPME), combined with gas chromatography/ion trap-mass
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spectrometry (GC/IT-MS) was the analytical tool of choice, due
to its feasibility regarding minimal sample size and preparation,
fast sample throughput, and very high sensitivity for the simulta-
neous extraction of a broad range of analytes (18).

MATERIALS AND METHODS

Standards.Reference compoundswere purchased fromvarious
suppliers: pentanal, hexanal, (E)-2-hexenal, octanal, (E)-2-octe-
nal, ethyl octanoate, ethyl decanoate, ethyl linoleate, ethyl
hexadecanoate, trans-geranylacetone, 6-methyl-5-hepten-2-one,
2,2,6-trimethylcyclohexanone, (E,E)-3,5-octadien-2-one, benze-
nepropanenitrile, β-cyclocitral, β-homocyclocitral, limonene, sa-
franal, and eugenol were from Sigma-Aldrich (St. Louis, MO);
(E)-2-decenal, (E,Z)-2,6-nonadienal, phenylacetaldehyde, β-io-
none, R-ionone, dimethyl disulfide, dimethyl trisulfide, n-butyl
isothiocyanate, hexyl isothiocyanate, 3-methylthiopropyl isothio-
cyanate, and phenylethyl isothiocyanate were obtained from
SAFC (Steinheim, Germany); R-pinene, β-pinene, eucalyptol,
and o-cymene were from Extrasynthese (Genay, France);
menthol was obtained from Fluka (Buchs, Switzerland); and
allylisothiocyanate was from Riedel de Ha

::
en (Seelze, Germany).

Samples. B. oleraceaL. var. acephala seeds and fully developed
plants were obtained in 2008 in Braganc-a, northeastern Portugal.
Two hundred seeds were placed in 15 cm diameter Petri dishes
linedwith fiberglass andwateredwith 200mLof distilledwater to
maintain approximately 100% relative humidity throughout the
germination period. The seeds were germinated at 20-23.5 �C,
under a 16 h light/8 h dark regimen. At 6 and 9 days of
germination four plates were withdrawn.

Both sprouts and leaves were frozen (-20 �C) and freeze-dried
(Labconco 4.5 Freezone apparatus, Kansas City,MO). All of the
samples were powdered and stored in a desiccator in the dark.

SPME Fibers. Several commercial fibers can be used to extract
volatiles. According to the bibliography, recommendations of the
supplier (Supelco, Bellefonte, PA), and our knowledge (19, 20),
three of them are themost indicated for the intended compounds.
The fibers used were coated with different stationary phases and
various film thicknesses: carboxen/polydimethylsiloxane (CAR/
PDMS), 75 μm; carbowax/divinylbenzene (CW/DVB), 65 μm;
divinylbenzene/PDMS (DVB/PDMS), 65 μm. They were condi-
tioned by inserting them into the GC injector; temperature and
time were used according to Supelco’s recommendation proce-
dure: 300 �C for 1 h, 220 �C for 30 min, and 250 �C for 30 min,
respectively.

HS-SPME.Approximately 0.1 g of each powdered samplewas
placed in a 15 mL vial, and 5 mL of 5% ethanol was added. The
same procedure was tried with the same volume of water or
without any solvent. The vial was then sealed with a polypropy-
lene hole cap and PTFE/silicone septum (Supelco). The DVB/
PDMS fiber was exposed to the headspace, and samples were
stirred (150 rpm) at 45 �C for 20 min. Afterward, the fiber was
pulled into the needle sheath, and the SPME device was removed
from the vial and inserted into the injection port of theGC system
for thermal desorption. After 1 min, the fiber was removed and
conditioned in another GC injection port for 20 min, at 250 �C.
The same procedure was used to test CAR/PDMS andCW/DVB
fibers.

Gas Chromatography-Mass Spectrometry Analyses. HS-
SPME analyses were performed using a Varian CP-3800 gas
chromatograph equipped with a Varian Saturn 4000 mass selec-
tive detector and Saturn GC-MS workstation software version
6.8. AVF-5ms (30m� 0.25mm� 0.25 μm) column fromVarian
was used. To check the identity of some of the compounds found
with this column, a Stabilwax-DA fused silica (60 m � 0.25 mm,
0.25 μm) column (Restek) was also used. The injector port was

heated to 220 �C. The injectionswere performed in splitlessmode.
The carrier gas was helium C-60 (Gasin, Portugal), at a constant
flow of 1 mL/min. The oven temperature was set at 40 �C for
1 min, then increased at 2 �C/min to 220 �C, and held for 30 min.
All mass spectra were acquired in electron impact (EI) mode.
Ionization was maintained off during the first minute. The ion
trap detector was set as follows: the transfer line, manifold, and
trap temperatures were 280, 50, and 180 �C, respectively. The
mass ranged fromm/z 40 to 350, with a scan rate of 6 scan/s. The
emission current was 50 μA, and the electronmultiplier was set in
relative mode to autotune procedure. The maximum ionization
time was 25000 μs, with an ionization storage level of m/z 35.
Analyses were performed in full-scan mode.

Compounds were identified by comparing the retention times
of the chromatographic peaks with those of authentic standards
analyzed under the same conditions and by comparison of the
retention indices (asKovats indices)with literaturedata (4,15,17).
MS fragmentation patterns were compared with those of pure
compounds, and mass spectrum database search was performed
using theNational Institute of Standards andTechnology (NIST)
MS 05 spectral database. Confirmation was also conducted using
a laboratory-built MS spectral database, collected from chroma-
tographic runs of pure compounds performed with the same
equipment and conditions. For quantification purposes, each
sample was injected in triplicate, and the results are expressed in
areas (as Kcount amounts). Chromatographic peak areas were
determined by a reconstructed full-scan chromatogram using for
each compound some specific quantification ions (see Table 1):
these corresponded to base ion (m/z 100% intensity), molecular
ion (Mþ), and another characteristic ion for eachmolecule. Some
peaks that are coeluted in full-scan mode (resolution value < 1)
can be integrated with a value of resolution >1.

Statistical Analyses. Principal component analysis (PCA) was
carried out using XLSTAT 2007.5 software. The PCA method
shows similarities between samples projected on a plane and
makes it possible to identify which variables determine these
similarities and in what way.

RESULTS AND DISCUSSION

Analytical Conditions. Several studies recommend the applica-
tion of HS-SPME for volatile profiling purposes in Brassica
species (15, 18) and other fields of plant science (21). HS-SPME
analyses were performed using the odoriferous freeze-dried kale
materials, once the high number of samples renders impractical
the study of fresh samples in due time, because of their obvious
alteration. In addition, samples were freeze-dried in the dark,
which reduced the possibility of compound modification. The
DVB/PDMS fiberwas chosen as it was revealed to be the best and
more selective one for the identification of sulfur compounds,
glucosinolate breakdown products important in Brassica char-
acterization (7).

It was previously demonstrated by our group that the better
liquid/gas equilibrium for the majority of volatile compounds is
obtained with 5% ethanol (19). Therefore, HS-SPME analyses
were performed in the powdered materials mixed with this
solution. In this way, less water-soluble compounds can also be
released to the gas phase and a large range of compounds, with
distinct polarities, is determined.Wehave also tried to analyze the
headspace of the mixture with water only and the headspace of
the dried material. However, with these last procedures lower
amounts of compounds were detected; by superimposing the
chromatograms it was possible to conclude that the use of 5%
ethanol gave a most complete volatile profile. The presence of
ethanol in the samples was excluded by GC/FID analyses; once,
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Table 1. Volatile Compounds in Kale Seeds, Sprouts, and Fully Developed Plant

A/1000 ( SDd

compound RIa IDb QIc (m/z) seeds 6 days 9 days leaves

alcohols

1

1-penten-3-ol 798 T 57 nd nd nd 7.0 ( 0.5

2

(E)-2-nonenol 1216 T 57/70/96 1.7 ( 0.1 16.4 ( 1.3 26.6 ( 0.4 86.0 ( 4.0

aldehydes

3

pentanal 782 S 44/57/58 nd 12.7 ( 0.8 18.6 ( 1.1 14.3 ( 1.2

4

(E)-2-pentenal 871 T 55/83 nd nd nd 9.4 ( 0.8

5

hexanal 914 S 56/67/83 2.3 ( 0.1 5.5 ( 0.3 15.2 ( 0.7 32.9 ( 2.8

6

(E)-2-hexenal 969 S 55/69/83 nd nd 4.5 ( 0.3 152.8 ( 13.7

7

heptanal 1014 T 55/70 nd 1.1 ( 0.1 2.8 ( 0.1 5.4 ( 0.3

8

(Z)-4-heptenal 1071 T 57/70/83 nd nd 2.7 ( 0.2 6.3 ( 0.0

9

(E,E)-2,4-heptadienal 1109 T 53/81 nd nd nd 120.1 ( 7.3

10

octanal 1116 S 67/81/95 nd nd 3.4 ( 0.1 10.0 ( 0.9

11

phenylacetaldehyde 1159 S 91 nd 36.8 ( 1.8 58.5 ( 2.3 40.0 ( 0.5

12

(E)-2-cctenal 1172 S 70/93 nd nd nd 8.0 ( 0.7

13

(E,Z)-2,6-nonadienal 1267 S 41/67/70 nd nd nd 4.4 ( 0.3

14

(E)-2-decenal 1310 S 81/95 1.0 ( 0.0 5.8 ( 0.4 12.4 ( 0.9 11.1 ( 0.5

esters

15

butyl acetate 925 T 44/56/61 3.6 ( 0.1 6.7 ( 0.4 6.5 ( 0.1 13.7 ( 1.1

16

ethyl benzoate 1284 T 77/105/122 nd nd 19.0 ( 0.9 nd

17

ethyl octanoate 1304 88/140 nd nd nd 15.3 ( 0.1

18

ethyl decanoate 1405 S 88/157 nd nd nd 4.6 ( 0.0

19

ethyl hexadecanoate 1907 S 88/157/284 nd 0.5 ( 0.0 1.6 ( 0.1 19.1 ( 1.8

20

ethyl linoleate 1979 S 79 nd nd nd 23.8 ( 2.2

ketones

21

4-methyl-2-heptanone 1049 T 58/85 nd 2.4 ( 0.2 1.9 ( 0.1 nd

22

3-octen-2-one 1152 S 55/97/111 nd nd nd 4.7 ( 0.2

23

(E,E)-3,5-octadien-2-one 1205 S 71/105 nd nd nd 89.3 ( 8.1

norisoprenoid derivatives

24

6-methyl-5-hepten-2-one 1096 S 67/108 nd nd nd 12.6 ( 0.5

25

2,2,6-trimethylcyclohexanone 1150 S 82/140 nd nd nd 12.0 ( 0.8

26

isophorone 1174 T 82/110 nd nd nd 5.0 ( 0.4

27

6-methyl-5-hepten-2-ol 1225 T 77/95/110 nd nd nd 66.6 ( 3.7

28

safranal 1308 S 91/105 nd 4.8 ( 0.2 3.5 ( 0.2 3.6 ( 0.3

29

β-cyclocitral 1320 S 109/137/152 nd 5.9 ( 0.2 10.6 ( 0.7 120.2 ( 11.4

30

β-homocyclocitral 1340 S 107/151 nd nd nd 13.9 ( 0.8

31
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Table 1. Continued

A/1000 ( SDd

compound RIa IDb QIc (m/z) seeds 6 days 9 days leaves

R-ionone 1438 S 93/121 nd nd nd 3.3 ( 0.2

32

trans-geranylacetone 1461 S 107 nd nd nd 12.4 ( 0.8

33

β-ionone 1494 S 177 nd 6.6 ( 0.4 17.4 ( 0.7 331.7 ( 17.2

34

5,6-epoxy-β-ionone 1497 T 177/123 nd nd nd 31.2 ( 1.2

35

dihydroactinidiolide 1542 T 111/137/180 nd nd nd 20.0 ( 0.3

terpenic compounds

36

R-pinene 1047 S 53/93 1.9 ( 0.1 nd nd 2.3 ( 0.1

37

β-pinene 1099 S 69/93 nd nd nd 8.8 ( 0.8

38

m-cymene 1126 T 91/119 nd nd nd 2.6 ( 0.1

39

limonene 1143 S 67/93 0.5 ( 0.0 nd 6.8 ( 0.5 18.0 ( 0.9

40

eucalyptol 1147 S 81/93/139 nd nd nd 9.2 ( 0.8

41

o-cymene 1190 S 91/119 nd nd nd 3.3 ( 0.2

42

menthol 1292 S 81/95/123 1.8 ( 0.1 9.8 ( 0.6 10.3 ( 0.5 5.2 ( 0.2

sulfur compounds

43

dimethyl disulfide 854 S 45/79/94 nd 4.8 ( 0.4 6.3 ( 0.3 nd

44

isopropyl isothiocyanate 945 T 43/86/101 11.9 ( 0.5 10.5 ( 0.7 9.0 ( 0.5 nd

45

allyl thiocyanate 975 T 41/72/99 82.6 ( 2.5 24.6 ( 1.6 29.8 ( 1.7 nd

46

allyl isothiocyanate 997 S 41/72/99 64827.9 ( 2944.5 48642.1 ( 4131.6 53188.3 ( 2543.2 144.5 ( 7.7

47

2-butyl isothiocyanate 1043 T 56/86 87.8 ( 2.8 112.4 ( 10.8 86.2 ( 5.0 nd

48

isobutyl isothiocyanate 1066 T 57/72/115 937.3 ( 47.6 1083.5 ( 82.2 1052.3 ( 67.9 nd

49

dimethyl trisulfide 1083 S 45/79/126 nd 16.6 ( 1.0 31.1 ( 1.6 nd

50

3-butenyl isothiocyanate 1092 T 55/72/113 2907.0 ( 198.0 2042.1 ( 156.8 1901.2 ( 112.9 nd

51

n-butyl isothiocyanate 1107 S 72/100/115 2.8 ( 0.2 4.2 ( 0.3 4.0 ( 0.1 nd

52

3-methylbutyl isothiocyanate 1171 T 55/72/114 559.8 ( 37.1 802.0 ( 53.5 851.0 ( 36.0 nd

53

pentyl isothiocyanate 1207 T 72/101/129 19.9 ( 1.5 34.3 ( 2.4 44.3 ( 1.6 nd

54

4-methylpentyl isothiocyanate 1273 T 72/128/143 16.2 ( 0.6 30.8 ( 1.8 44.3 ( 2.3 nd

55

hexyl isothiocyanate 1305 S 72/115/128 4.8 ( 0.3 18.5 ( 1.5 21.3 ( 1.2 nd

56

3-methylthiopropyl isothiocyanate 1367 S 72/101/147 4010.5 ( 249.0 5108.6 ( 278.4 5661.7 ( 443.8 nd

57

benzyl thiocyanate 1391 T 65/91 168.6 ( 12.8 305.1 ( 17.7 316.1 ( 16.3 nd

58

phenylethyl isothiocyanate 1482 S 91/105/163 773.3 ( 52.1 1290.2 ( 67.2 1563.3 ( 40.9 1.4 ( 0.1

nitrogen compounds

59

3-methylisothiazole 1119 T 59/72/99 41.5 ( 2.3 196.2 ( 15.4 582.0 ( 9.7 nd

60

4-(methylthio)butanenitrile 1195 T 61/115 25.1 ( 2.1 18.2 ( 1.2 75.4 ( 4.0 nd

61

benzylnitrile 1254 T 51/90/117 nd 1.8 ( 0.1 5.3 ( 0.4 nd

62

benzothiazole 1324 T 69/108/135 nd nd nd 8.7 ( 0.7
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when HS-SPME was applied to powdered samples and to an
aqueous mixture, only vestigial amounts of ethanol were found
(data not shown). Additionally, ionization was maintained off
during the first minute of GC-MS analyses to avoid solvent
overload. Ethanol eluted during this period, not influencing the
elution of the samples’ compounds.

Volatile Composition. The chromatographic profile of kale
materials (Table 1) revealed the presence of 66 volatile com-
pounds, distributed in several chemical classes: alcohols (1, 2),
carbonyl compounds (aldehydes (3-14), esters (15-20), and
ketones (21-23)), norisoprenoids (24-35), terpenes (36-42),
sulfur compounds (43-58), nitrogen compounds (59-64), and
other volatiles (65 and 66). As far as we know, all of these
compounds are described for the first time in kale. From these,
26 compounds were found in seeds and 35 and 40 in sprouts at
6 and 9 days, respectively (Table 1). Kale leaves exhibited the
highest diversity of volatiles, presenting 45 compounds (Table 1).
Compounds such as 1-penten-3-ol (1), (E)-2-pentenal (4), (E,E)-
2,4-heptadienal (9), (E)-2-octenal (12), (E,Z)-2,6-nonadienal
(13), ethyl octanoate (17), ethyl decanoate (18), ethyl linoleate
(20), 3-octen-2-one (22), (E,E)-3,5-octadien-2-one (23), 6-methyl-
5-hepten-2-one (24), 2,2,6-trimethylcyclohexanone (25), isophor-
one (26), 6-methyl-5-hepten-2-ol (27), β-homocyclocitral (30),
R-ionone (31), trans-geranylacetone (32), β-ionone (33), epoxy-β-
ionone (34), dihydroactinidiolide (35),m-cymene (38), eucalyptol
(40), o-cymene (41), benzothiazole (62), and eugenol (66) were
detected only in thismatrix (Table 1). Additional differences were
found between materials in the distinct development stages.

Seeds and sprouts mainly contained sulfur compounds. With
the exceptions of dimethyl disulfide (43) and dimethyl trisulfide
(49), detected only in sprouts, all sulfur compounds were present
in both materials. Plants that produce glucosinolates commonly
accumulate them in all vegetative and reproductive parts (22).
Seeds exhibited the highest contents, followedby sprouts.Assum-
ing glucosinolates function in defense against herbivores and
pathogens, the differences among the several stages of develop-
ment are consistent with current theories on optimal distribution
of defense substances (22-24). The reproductive organs, includ-
ing seeds and their germinating form (sprouts), which contribute

most to plant fitness, are expected to have the highest concentra-
tions of defense compounds (22).

Hexanal (5), (E)-2-hexenal (6), heptanal (7), (E,E)-2,4-hepta-
dienal (9), octanal (10), phenylacetaldehyde (11), (E,Z)-2,6-non-
adienal (13), (E,E)-3,5-octadien-2-one (23), 2,2,6-trimethylcyclo-
hexanone (25), safranal (28), β-cyclocitral (29), β-homocyclocitral
(30), R-pinene (36), β-pinene (37), limonene (39), allyl isothiocya-
nate (46), isobutyl isothiocyanate (48), dimethyl trisulfide (49),
3-butenyl isothiocyanate (50), 3-methylthiopropyl isothiocyanate
(56), benzyl thiocyanate (57), phenylethyl isothiocyanate, (58),
benzothiazole (62), and eugenol (66) were previously reported in
the leaves of other B. oleracea varieties (4, 12, 13, 15, 25). Ad-
ditionally, hexanal (5), allyl thiocyanate (45), allyl isothiocyanate
(46), 3-butenyl isothiocyanate (50), 3-methylbutyl isothiocyanate
(52), 4-methylpentyl isothiocyanate (54), 3-methylthiopropyl iso-
thiocyanate (56), and phenylethyl isothiocyanate (58) were also
already described in B. oleracea var. botrytis seeds (15, 17).

Leaves were the material presenting the highest volatile
content, β-ionone (33) being the major compound (Table 1).
A number of biological activities have been described for this
compound, namely, anticancer capacity (26), which may con-
tribute to the known protective properties of kale. In addition,
leaves exhibited the highest content of norisoprenoids (Table 1),
which result from the oxidative cleavage of carotenoids (27).
Carotenoids are tetraterpenoid pigments that are accumulated in
the plastids of leaves, flowers, and fruits (27). Thismay explain the
absence of norisoprenoids in the seeds and their reduced amounts
in sprouts. In addition, norisoprenoid derivatives are important
for the flavor of diverse food products (28).

Leaves also exhibited the highest content of aldehydes, alco-
hols, esters, and ketones (Table 1), which contribute to their
green-leaf odor (14). With few exceptions, such as phenylacetal-
dehyde (11) and ethyl benzoate (16), which derive from amino
acids (27), all of the identified aldehydes, alcohols, esters, and
ketones are formed from fatty acids through a cascade of
biochemical reactions (27). Only some of these compounds were
detected in sprouts, and they were scarce in seeds. The rise in
aldehydes, alcohols, ketones, and esters contents during kale
development can be ascribed to the increased metabolic activity

Table 1. Continued

A/1000 ( SDd

compound RIa IDb QIc (m/z) seeds 6 days 9 days leaves

63

benzenepropanenitrile 1330 S 65/91/131 5.5 ( 0.3 37.0 ( 2.2 76.0 ( 2.2 nd

64

2-methyl-3-(2H)-isothiazolone 1447 T 61/87/115 53.5 ( 2.1 35.9 ( 1.0 69.9 ( 2.1 nd

miscellaneous compounds

65

toluene 881 T 91/92 6.9 ( 0.4 17.6 ( 1.0 14.3 ( 0.9 26.4 ( 2.1

66

eugenol 1386 S 164 nd nd nd 0.9 ( 0.1

identified compounds 26 35 40 45

alcohols (Σ) 1 (1.7) 1 (16.4) 1 (26.6) 2 (93.0)

aldehydes (Σ) 2 (3.3) 5 (61.9) 8 (118.0) 12 (414.8)

esters (Σ) 1 (3.6) 2 (7.2) 3 (27.1) 5 (76.6)

ketones (Σ) 0 1 (2.4) 1 (1.9) 2 (94.1)

norisoprenoid derivatives (Σ) 0 3 (17.3) 3 (31.5) 12 (632.5)

terpenic compounds (Σ) 3 (4.1) 1 (9.8) 2 (17.1) 7 (49.3)

sulfur compounds (Σ) 14 (74410.4) 16 (59530.4) 16 (64810.2) 2 (146.0)

nitrogen compounds (Σ) 4 (125.6) 5 (289.0) 5 (808.6) 1 (8.7)

miscellaneous compounds (Σ) 1 (6.9) 1 (17.6) 1 (14.3) 2 (27.3)

aRetention indices as determined on a HP-5 capillary column using the homologous series of n-alkanes. b Identification: T, tentatively identified by NIST05; S, identified by
comparison with standard. cQuantification ions. dMean area (in Kcounts) ( standard deviation of four replicates, analyzed in triplicate; nd, not detected.
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of seeds, which rapidly resume the biochemical pathway above-
mentioned, after germination (27, 29).

Terpenes, an important group of compounds in leaves
(Table 1), play an important role in the protection and reproduc-
tion of the plant; they have been described as toxins, repellents, or
attractants to other organisms (30). In plants, terpenes are derived
from the mevalonate (cytosol) or from the 2-C-methyl-D-erythri-
tol-4-phosphate (plastids) pathways (27, 31, 32). It is generally
recognized that the cytosolic pathway provides the precursors for
sesquiterpene and triterpene production, whereas the precursors
of isoprene, monoterpenes, diterpenes, and tetraterpenes are
supplied by plastids (27, 31, 32). From all terpenic compounds
identified in leaves, only some were found in the other materials.
The small amount of these secondary metabolites in seeds and
sprouts can be explained by the fact that, during germination,
these matrices direct all available nutrients to primary metabo-
lism (33), whereas in leaves secondary metabolism allows terpene
formation.

Sulfur compounds are the main class of compounds in seeds
and sprouts. This results from the contribution of a single
compound, allyl isothiocyanate (46) (Table 1), a hydrolysis
product of sinigrin, already described as the predominant gluco-
sinolate in kale (9). However, the richness of seeds and sprouts in
sulfur compounds also arises from the contribution of other
glucosinolate degradation products, such as 2-butyl isothiocya-
nate (47), isobutyl isothiocyanate (48), 3-butenyl isothiocyanate
(50), 3-methylbutyl isothiocyanate (52), 3-methylthiopropyl iso-
thiocyanate (56), and phenylethyl isothiocyanate (58). The iden-
tified isothiocyanates allowed us to infer the presence of 14
glucosinolate precursors in kale materials (Table 2). All of them
were already reported in Brassica (2, 3, 8, 9, 11, 17). From those,
gluconapin and gluconasturtiin were described in kale leaves (7),
glucoiberverin was reported in its seeds (34), and sinigrin was
reported in both materials (9). As far as we know, no studies
revealed glucosinolates in kale sprouts.

Sulfur compounds (43-58) have important biological func-
tions in plants and may also exert chemopreventive activity in
humans (11). Nevertheless, numerous studies have demonstrated
that glucosinolates exhibit outright toxicity and, consequently,
isothiocyanates may contribute to the toxicity of their precur-
sors (23). Due to their predominance, they most probably exert a
relevant role in the characteristic aroma of seeds and sprouts.
Dimethyl disulfide (43) and dimethyl trisulfide (49) derive from
(þ)-S-methyl-L-cysteine sulfoxide found in Brassica vegeta-
bles (3). However, sulfides can also be formed by subsequent
degradation of some volatiles derived from glucosinolate break-
down (3).

Statistical Analyses. To assess the variation of volatile compo-
sition during kale sprouting, PCA was performed on obtained
data. Figures 1 and 2 show the projection of chemical variables,
grouped by families (sum of compounds of each chemical class),
in all materials (seeds, sprouts, and leaves) into the plane
composed by the principal axes F1 and F2 containing 100.00%
of the total variance.

Concisely, kale leaves have a high positive correlation with all
volatiles, except sulfur compounds. In contrast, seeds and sprouts
are in very high correlation with sulfur compounds, which may
reflect the need to maximize the defensive potential of these
reproductive stages of the growth cycle, whereas kale leaves
mostly use terpenic compounds as defense (35).

To get more information about seeds and sprouts, a similar
PCA was performed without leaf samples. Figures 3 and 4 show
the projection of chemical variables, grouped by families (sum of
compounds of each chemical class), in seeds and sprouts into
the plane of F1 and F2 containing 88.15% of the total variance.

Table 2. Glucosinolate Breakdown Products Identified in Kale and Their
Precursors (8, 17)

glucosinolate precursor glucosinolate derivative

glucoputranjivin isopropyl isothiocyanate (44)

sinigrin allyl thiocyanate (45)

allyl isothiocyanate (46)

sec-butyl glucosinolate 2-butyl isothiocyanate (47)

isobutyl glucosinolate isobutyl isothiocyanate (48)

gluconapin 3-butenyl isothiocyanate (50)

n-butyl glucosinolate n-butyl isothiocyanate (51)

3-methylbutyl glucosinolate 3-methylbutyl isothiocyanate (52)

pentyl glucosinolate pentyl isothiocyanate (53)

4-methylpentyl glucosinolate 4-methylpentyl isothiocyanate (54)

hexyl glucosinolate hexyl isothiocyanate (55)

glucoiberverin 3-methylthiopropyl isothiocyanate (56)

glucotropaeolin benzyl thiocyanate (57)

gluconasturtiin phenylethyl isothiocyanate (58)

Figure 1. PCA of the volatile compounds in kale analyzed materials:
projection of volatile compounds (variables: Salc, sum of alcohols; Sald,
sum of aldehydes; SE, sum of ester compounds; Sket, sum of ketones;
Ncomp, sum of nitrogen compounds; SCAR, sum of carotenoid molecules;
Scomp, sulfur compounds; Ster, sum of terpenes; others, miscellaneous
compounds) into the plane composed by the principal axes F1 and F2.

Figure 2. PCA of the volatile compounds in kale seeds, sprouts at 6 and 9
days, and leaves: projection of samples (seeds 1, seeds 2, seeds 3, seeds
4, 6 days 1, 6 days 2, 6 days 3, 6 days 4, 9 days 1, 9 days 2, 9 days 3 and 9
days 4) into the two principal components.
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Sulfur compounds decrease during kale development, suggesting
that these can be important constituents for the sprouting
process. In addition, the transport of glucosinolates (precursors
of (iso)thiocyanates and nitriles) frommature leaves to seeds, via
phloem, was demonstrated (23). On the other hand, reproductive
organs are also able to synthesize some of their own glucosino-
lates (23).

The divergent sulfur composition of seeds and the fact that
the absolute amount of these compounds in this matrix is
higher than that in the other stages of plant development also
supports de novo synthesis of glucosinolates in these organs (22).
With regard to volatile alcohols, aldehydes, esters, ketones,
terpenes, and norisoprenoids formed during plant growth,
reaching a maximum in fully developed leaves, it was shown
that carbohydrates, fatty acids, and amino acids represent
the natural carbon pools, which can also be liberated from
their polymers (27, 36). The higher absolute amount of sulfur
compounds in seeds and the rise of alcohols, aldehydes, esters,

ketones, terpenes, and norisoprenoids until the plant has fully
matured have already been observed in other Brassica spe-
cies (12, 13, 15, 25).

In summary, as far as we know, the present study is the first
report on the evolution of volatiles from seeds to mature plant.
According to the results obtained, it may be anticipated that the
volatile profile varies in accordance with the plant’s development
stage. In addition, kale’s vegetal material, namely, seeds and
sprouts, may have a wide biological potential, which include both
negative (outright toxicity) and positive (chemoprotective effect
against certain cancers) nutritional attributes. The rapid changes
in glucosinolate profile that occur during germination and early
seedling growthmake the duration of the sprouting period to be a
particularly relevant factor in maximizing the concentration of
the desirable bioactive compounds. Therefore, the importance of
the production and commercialization of Brassica sprouts is
incremented.
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