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Abstract: Thermal stress causes the reduction in productivity and harvest quality. To adapt to
different temperature ranges, plants activate protecting metabolic pathways. Previous studies have
reported that stressful environments due to abiotic stresses have an impact on the accumulation of
glucosinolates (GSLs) in Brassicaceae plants. In order to determine the role of GSLs in the plant
response to thermal stress, we conducted a study comparing four populations with a high and low
GSL content. The GSL levels were analysed at different temperatures [control (20), 12 and 32 ◦C],
detecting that populations with a higher GSL content increased their resistance to the cold. In
addition, populations subjected to the cold increased the content of indolic GSLs. Populations
with high levels of GSLs show higher levels of glucobrassicin (GBS) and sinigrin (SIN) under cold
temperatures than plants grown under control conditions. High temperatures have a lower impact
on GSLs accumulation. To elucidate the induced metabolic changes due to the accumulation of
GSLs under cold conditions, we performed an untargeted metabolomic analysis and identified
25 compounds differentially expressed under cold conditions in the populations with a high GSL
content. Almost 50% of these compounds are classified as lipids (fatty amides, monoradylglycerols,
diterpenes, glycosylglycerols, linoleic acids and derivatives). Organoheterocyclic and nitrogenous
organic compounds are also over-represented. Therefore, the current results suggest that GSLs play a
key role in cold tolerance. Although the associated molecular mechanisms have not been elucidated,
the non-targeted metabolomics assay shows a significant change in the lipid profile, with compounds
that need to be studied further.

Keywords: cabbage; glucosinolates; metabolomics; cold temperature

1. Introduction

Temperature is one of the major modulator factors of life distribution on Earth. Life
beings only can survive on a relatively narrow range of temperatures, though optimal
growth temperatures are distinct on different species. Plants are a poikilothermic organism
and, due to their lack of motility, are specially exposed to air temperature variations. Even
pioneer plants, which modulate plant development and phenology, are sensitive to air
temperatures [1]. Specific temperature sensors have not been identified thus far in plants.
Indeed, due to their large surface/volume ratio, almost every molecule of the plant is sus-
ceptible to temperature variations [2]. However, some molecular structures are especially
sensitive to temperature changes. The physical properties of cell membranes change with
fluctuations in air temperatures [3]. As temperatures descend, movements of lipids within
membranes slow down and cell membranes become more rigid. Conversely, as air tem-
peratures rise, membranes become more fluid. The fluidity of the cell membranes can be
modulated by changing the lipid composition. The increase in the ratio of polyunsaturated
lipids is a well-known strategy for cold adaptation [4,5].
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Changes in a membranes’ fluidity triggers an intracellular signal cascade mediated
by Ca2+. The transient increase in cytosolic Ca2+ is a common response to plants exposed
to cold and heat stresses [6,7] and can be mimicked by compounds that interfere with
membrane fluidity. Aside from Ca2+, hydrogen peroxide (H2O2) and nitric oxide (NO) are
a common secondary messenger on the plant response to thermal stress. The downstream
cascade differs between the heat and cold response. The response to cold temperatures
activates the expression of the COR (cold-responsive) genes mediated by CBF transcription
factors in Arabidopsis [8]. Though, a few years later, these authors also demonstrate
that a significant part of the cold-response is CBF-independent [9]. The response to high
temperatures is accompanied by the activation of heat-shock transcription factors (HSFs)
which bind the promoter of heat shock proteins (HSPs) genes [10]. The final result of the
signaling cascade to cold or heat stress is a modulation of the plant metabolome. Kaplan
et al. [11] studied the metabolic response to temperature shock in Arabidopsis thaliana. They
reported that 38% of the identified metabolites respond specifically to cold temperatures,
whereas 4% respond only to heat stress and 19% respond to both stresses. Thermal stress
affects both the primary and secondary metabolome [12,13].

Interestingly, some papers suggest that glucosinolates (GSLs) have a role on the
thermal shock response. Glucosinolates are sulphur-containing compound characteristics
of the Brassicaceae plant family. The major biological role of these compounds in response
to the biotic interactions has been extensively studied [14–17]. Several papers reported
that changes in growth temperatures affect the accumulation of different GSLs on brassica
plants. On field experiments, Bohinc and Trdan [18] find a positive correlation between
the highest temperature and epiprogoitrin content and a slightly negative correlation with
the glucobrassicin (GBS) content in different Brassicaceae species. Controlled experiments
were performed by Engelen-Eigles et al. [19], showing that night temperatures below 20 ◦C
induce a gluconasturtiin accumulation in watercress (Nasturtium officinale R. Br.). The tu8
Arabidopsis mutant shows an altered GSL profile and a reduced tolerance to heat stress [20].
We have recently reported that a kale population with a higher content of GBS shows a
better agronomical performance on field experiments than a population with the same
genetic background and a lower GBS content under different environmental conditions [21].
The objective of the present paper was to elucidate the role of GSLs on plant resilience to
thermal stress and to determine the metabolomic changes that drive that response.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Plant material consists of four kale (Brassica oleracea var. acephala) populations with a
modified content of GSLs. Two divergent populations for the glucobrassicin (GBS) content
(High-GBS and Low-GBS) and two for the sinigrin (SIN) content (High-SIN and Low-SIN)
were obtained as described previously by Sotelo et al. [22] by mass divergent selection.
The starting material was a kale population (MBG-BRS0062) showing variability for GSL
concentration, from the brassica germplasm bank at MBG-CSIC (Pontevedra, Spain). The
plant material was evaluated on a walk-in growth chamber in multi-pot (0.8 L each) trays
filled with sterilized peat (Gramoflor GmbH & Co. KG, Vechta, Germany) with one seed per
cavity. The seedlings were grown under white light (228 µmol m−2 s−1) in a 16 h light/8 h
dark–light regime. The temperatures were set at constant day–night 20 ± 1 ◦C for the control
experiments and 12 ± 1 ◦C and 32 ± 1 ◦C for the cold and heat treatments, respectively.

2.2. Agronomic Parameters

The fresh weight was recorded immediately after the harvest of the aerial part of the
seedling on 25 biological replicates per population and temperature at the three leaves
developmental stage.
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2.3. Biochemical Analysis

The glucosinolates were extracted and desulphated as described by Rodriguez et al. [23]
from ten biological replicates. The detection and quantification were performed using an
Atlantis® T3 C18 column (3 µm particle size, 2.1 mm × 100 mm i.d.) and a mobile phase
consisting of acetonitrile and water. Glucotrapeolin (GTP) was used as the internal standard.
The quantification was performed at 229 nm in a Nexera LC-30AD UHPLC (Shimadzu,
Kyoto, Japan) using the chemical standards for the major glucosinolates identified in
kale and expressed as µmolg−1 of the dry weight. Standard curves were made with
at least five data points. The total glucosinolates content and the content of the two
classes of GSLs (indolics and aliphatics) were calculated by adding the content of the
individual glucosinolates.

An analysis of the untargeted metabolomics were performed as described by
Poveda et al. [21] on ten biological replicates. Before the injection, the LC-qTOF sys-
tem stability was tested by three consecutive injections of chloramphenicol (ESI − mode;
∆RT = 0.02 min; ∆m/z = 0.002) and triphenyl phosphate (ESI + mode; ∆RT = 0.02 min;
∆m/z = 0.001). The peak alignment and feature detection on the raw data were performed
using the T-Rex 3D algorithm from MetaboScape 4.0 software (Bruker Daltoniks, Bremen,
Germany). The peak stability was determined by using the QC samples obtained by pool-
ing two µL of each individual sample. The QC samples were injected in every 10 samples.
An in-house R script was used to remove from the analysis the peaks that were not present
at least in 50% of the QC samples or with a relative standard deviation (RSD) > 20%.

2.4. Statistical Analysis

A one-way ANOVA was performed to analyse the agronomic parameters, as well
as the GSL content, within each temperature treatment using the procedure GLM of SAS
(SAS Institute Inc., Cary, NC, USA; 2008). The populations and replications were used
as the classification variables. Replications were considered to be the random effects and
populations were fixed. Comparisons of the means were made using the Fishers’ protected
LSD at p ≤ 0.05.

A multivariate statistical analysis approach was used to analyse the untargeted
metabolomics data. Positive and negative data sets were combined to remove redun-
dancies based on the retention time and neutral exact mass. Data were analysed using the
web-based software Metaboanalyst [24]. In order to remove non–informative variables,
the data were filtered using the interquantile range filter (IQR). Pareto variance scaling
was used to remove the offsets and adjust the importance of high- and low-abundance
ions, whilst keeping the data structure partially intact. The resulting three-dimensional
matrix (peak indices, samples and variables) was further subjected to statistical analysis.
A partial least squares discriminant analysis (PLS-DA) was carried out to investigate and
visualize the pattern of the metabolite changes. The PLS model was evaluated through a
cross-validation (R2 and Q2 parameters). The differential ions from both conditions were
selected according to the VIP (variable importance in projection; VIP score ≥ 2) list obtained
from the PLS-DA. These important features were selected as parent ions for the MS/MS
and identification analysis.

2.5. Compound Identification

The feature table was hand-filtered to remove the putative fragments due to the in-
source fragmentation of real metabolites. Features that coelute (RT window ≤ 6 s) and
with an intensity correlation coefficient ≥ 0.8 among the samples were considered as the
potential fragments. We used the software MetaboScape 4.0 (Bruker Daltoniks, Germany)
and SIRIUS 4.7.0 [25] to assign a molecular formula to each metabolite based on the exact
mass and the isotopic pattern. The molecular formula was used to search for candidates
in different publicly available databases: METLIN, KEGG, Pubchem, ChEBI, HMDB and
the Plant Metabolic Network. Candidates were filtered by the comparison of the MS/MS
fragmentation patterns against the reference compounds found in the previously mentioned
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databases. Once identified, the compounds were classified following a chemical ontology
rule using the web-based application ClassyFire [26].

3. Results
3.1. Populations with High GSLs Content Performed Better at Cold Conditions

To test the role of GSLs on plant adaptation to extreme temperatures, we evaluated
four divergent populations from a selection of a high and low content of the two major
GSLs present in B. oleracea (GBS and SIN). The two populations with a higher content
of GBS (HGBS) and SIN (HSIN) showed a higher fresh weight than those with a lower
content (LGBS and LSIN) (Figure 1a), suggesting that these GSLs may play a role in plant
adaptation to low temperatures. We observed a significant accumulation of GSLs when
plants are grown at low temperatures compared to that measured at the control conditions
(Figure 1b). This accumulation is more remarkable in the two populations with higher a
content of GBS and SIN. There was no clear effect observed when the plants were grown
at a high temperature. Only the population with a high SIN content shows a significant
increase in the total GSLs content at those conditions, but this is not correlated with changes
in the fresh weight.

B. oleracea accumulates two major groups of GSLs, aliphatics and indolics [27]. Low
temperatures clearly stimulate the accumulation of indolic GSLs in the four populations
evaluated in this study, but there is not a clear effect on the aliphatic GSLs (Figure 1c,d).
Conversely, high temperatures significantly inhibit the accumulation of indolic GSLs in
three out of the four evaluated populations. Once again, the effect is more drastic on the
populations with a higher content of GBS and SIN than in those with a lower content.
Populations with a high GSLs content show a significant increase in GBS and SIN when
plants are grown at cold conditions compared to the levels recorded and the control
temperatures (Figure 2). There was no impact of high temperatures in the accumulation of
this GSL, except for the SIN content in the HSIN population. This tendency is not so clear
for other GSLs (Figure S1).

3.2. Profile of Metabolomics Reorganization of Plants with High GSLs Content at Low Temperatures

We performed an untargeted metabolomics study in order to determine the metabolomic
changes that occur in the B. oleracea populations that could be correlated with a better
performance at low temperatures. Since, in general terms, we observed a common response
in the populations with a higher GSL content compared to that of the populations with a
lower content, we combined the two groups of the populations for a metabolomics analysis.
When we analysed all the samples together, the first component explains more than 50%
of the variability of the model (Figure S2). The distribution of the samples along this
axis is due to the differences among the temperatures. For this reason, we decided to
compare the populations with a high and low GSL content independently at the control
and low temperatures. Values of Q2 > 0.71 and R2 > 0.98 were obtained for the PLS-DA
model comparing the high and low GSL populations at low temperatures, whereas values
of Q2 > 0.58 and R2 > 0.95 were obtained in the analysis at the control temperatures. A
PLS-DA model is believed to be reliable when Q2 > 0.5 and R2 > Q2. Thus, these results
indicate a good prediction power of the model.

The score-plot representation of the multivariate PLS analysis shows a clear separation
on the metabolomic profile of both groups of populations at low temperatures, whereas the
separation at the control conditions is less clear (Figure 3a,b). Features with a VIP score > 2
were hand filtered and features an intensity correlation coefficient > 0.6 among the samples
and a ∆RT < 0.8 s was carefully studied to remove those that were most likely due to the
in-source fragmentation of real metabolites. Finally, we identified 71 putative metabolites
with a higher relevance on the PLS model at a cold temperature. A molecular formula
was assigned to 56. This molecular formula was used to search on the publicly available
metabolites databases (see M&M). We were able to associate a putative unique compound
name to 54 features. Based on the chemical classification of the web database ClassyFire
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(http://classyfire.wishartlab.com/ (accessed on 23 June 2022)) [26], these compounds were
grouped on six major chemical classes (Figure 4).
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Figure 1. Effect of air temperatures on fresh weight and glucosinolates content on four kale pop-
ulations from two divergent selections. (a) Bars represent the mean of the weight of 25 biological
replicates per genotype and temperatures. Error bars represent ± SE. Different letters above the
bar within each temperature [control (20), 12 and 32 ◦C] indicate significant differences (p ≤ 0.05,
ONE-way ANOVA). (b–d) Glucosinolates content in four populations from two divergent selections
for sinigrin (SIN) and glucobrassicin (GBS) content. Bars represent the mean content of 10 biolog-
ical replicates per genotype and temperature. Error bars represent ± SE. Means with a * indicate
significant differences between temperature treatment and control within each population (p ≤ 0.05,
T-test). Different letters above the bar within each temperature indicate significant differences among
populations (p ≤ 0.05, one-way ANOVA).

http://classyfire.wishartlab.com/
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represent ± SE. Means with a * indicate significant differences between cold and control treatments
within each population (p ≤ 0.05, t-test).
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Figure 3. Untargeted metabolomics analysis on kale populations with high and low glucosinolates
content evaluated at control (20 ◦C) and cold (12 ◦C) temperatures. (a) Score-plot of the three principal
components from a PLSD analysis under control (20 ◦ control (20 ◦C)) conditions. Ten biological
replicates were used per population. (b) Score-plot of the three principal components from a PLSD
analysis under cold (12 ◦C) conditions. Ten biological replicates were used per population.
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Figure 4. Chemical classification of compounds identified at low temperature (12 ◦C). Structural
classification of metabolites differentially accumulated between populations with high and low
glucosinolates content at cold (12 ◦C) computed using the ClassyFire web-based application.

Almost 40% of these compounds are classified as lipids and lipid-like compounds.
Most of these lipids are fatty amides, although monoradylglycerols, diterpenes, glycosyl-
glycerols, linoleic acids and derivatives are also present. Organoheterocyclic and nitroge-
nous organic compounds account for a 14 and 12% of the cold differentially expressed
compounds, respectively. The organoheterocyclic group includes tetrapyrroles, indolines,
benzofurans, purines, indoles and hydropyridines. Within the group of nitrogenous com-
pounds, we detected quaternary ammonium salts, aminoxides and amines. The remaining
quarter of the compounds are organic acids, carbohydrates and coumarins. Ten per cent of
these features could not be assigned to any chemical class.

In order to identify the core metabolomic response to low temperatures in plants
with a high GSL content, those features that are also relevant in the comparison between
populations with a high and low GSL content at the control conditions have been removed
from the list. Overall, 46 features show a common behaviour at both conditions (control vs.
cold treatments). The remaining 25 compounds are listed on Table 1; the fold changes of
these compounds are listed in Table S1.
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Table 1. Putative identification of metabolites identified in a multivariant supervised analysis (PLS-DA) with a VIP-score > 2 specifically under cold (12 ◦C) conditions.

m/z Neutral Mass RT 1 Ionization Molecular Formula Theoretical Mass Mass Deviation (ppm) Putative Identification

381.0803 342.1166 1.01 [M+K]+ C12H22O11 342.1162 −0.98 Glucose disaccharide
136.0629 135.0551 1.45 [M+H]+ C5H5N5 135.0545 −4.70 Adenine
166.0868 165.0790 3.48 [M+H]+ C9H11NO2 165.079 −0.07 Phenylalanine
146.0818 145.0740 4.31 [M+H]+ C6H11NO3 145.0739 −0.60 L-Allysine
477.0641 478.0719 8.92 [M−H]− C17H22N2O10S2 478.0716 −0.69 Methoxyglucobrassicin
225.1566 224.1488 9.44 [M+H]+

251.0322 250.0244 14.85 [M+H]+ C11H10N2OS2 250.0235 −3.73 Spirobrassinin
181.1229 180.1151 15.51 [M+H]+ C11H16O2 180.115 −0.28 Dihydroactinidiolide

671.3268 648.3371 16.54 [M+Na]+ C31H52O14 648.3357 −2.20 Digalactosylmonoacylglycerol
(DGMG; 16:3)

200.2377 199.2299 16.72 [M+H]+ C13H29N 199.23 0.45 Tridecanamine
299.2008 300.2086 16.75 [M−H]− C20H28O2 300.20893 1.10 Dehydroabietic acid

294.2431 293.2353 17.09 [M+H]+ C18H31NO2 293.2355 0.71 Hexadecatrienoic acid ethanol
amide

301.2162 300.2084 17.43 [M+H]+ C20H28O2 300.2089 1.90 Dehydroabietic acid
235.0365 234.0287 17.65 [M+H]+ C11H10N2S2 234.0285 −0.55 Cyclobrassinin
338.3045 338.3045 18.32 [M]+ C21H40NO2 338.3059 4.18 9,12-Hexadecadienoylcholine
368.3526 367.3448 20.16 [M+H]+

375.2510 352.2613 20.26 [M+Na]+ C21H36O4 352.2614 0.11 Glyceryl linolenate (enantiomer2)
324.2898 323.2820 20.45 [M+H]+ C20H37NO2 323.2824 1.42 Linoleoyl ethanolamide
375.2516 352.2618 20.48 [M+Na]+ C21H36O4 352.2614 −1.37 Glyceryl linolenate (enantiomer1)
377.2664 354.2766 21.47 [M+Na]+ C21H38O4 354.277 1.27 Glyceryl linoleate

601.4235 600.4157 21.64 [M+H]+ C31H52N8O4 600.4112 −7.60

N-[2-[2-(2-
Aminoethoxy)ethoxy]ethyl]-4-

[[[4-[(4-
hydroxycyclohexyl)amino]-6-
(octylamino)-1,3,5-triazin-2-
yl]amino]methyl]benzamide

(YTC_000721)
282.2788 281.2710 22.3 [M+H]+ C18H35NO 281.2719 3.07 Oleamide
296.2952 295.2874 23.14 [M+H]+ C19H37NO 295.2875 0.28 Palmitic amide propyl ester
535.2704 534.2626 23.31 [M+H]+ C33H34N4O3 534.2631 0.99 Pyropheophorbide A
607.2917 606.2839 24.12 [M+H]+

1 Retention time in reverse-phase liquid chromatography.
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4. Discussion

Like the rest of the species of the Brassicaceae family, B. oleracea plants are characterized
by the presence of a type of secondary metabolites, specific to the Brassicales order and
practically exclusive to the Brassicaceae family, called GSLs. The role of these compounds
against biotic stresses have been extensively studied. When plants undergo a tissue break-
down, GSLs are degraded to biological active compounds (i.e., nitriles or isothiocyanates)
that have an antibiotic activity. Intact GSLs accumulate in the plant chloroplasts of healthy
tissues. Such an accumulation could be considered as a reservoir of the biological active
derivates. It has been shown that GSLs can act as a sulphur reservoir, so an increase
in the GSL concentration can lead to higher availability of this compound and a further
growth under stress conditions [28]. However, more and more different studies suggest
that intact GSLs may play a role in the plant metabolism. Some studies have shown that
abiotic stresses have an impact on the accumulation of these compounds. Salinity, drought
and increases in the ultraviolet radiation levels produce a considerable increase in the
accumulation of GSLs in plants of different species of the Brassica genus [29], while high
temperatures produce the opposite effect [23]. Ludwing-Müller et al. [20] reported that the
tu8 mutant of Arabidopsis shows a defective phenotype when grown at high temperatures.
This mutant is also defective in the synthesis of GSLs, though the tu8 mutation does not
directly affect the biosynthesis of GSLs.

In the present paper, four B. oleracea populations obtained from the divergent selection
by a mass selection program have been used for the two major GSLs quantified in kale
(GBS and SIN) [22] to elucidate the role of GSLs conferring thermal protection to brassica
plants. The two populations with a higher GSL content increased their cold hardiness,
whereas no differences were observed on the populations grown at high temperatures.
The performance of the populations with a high GBS and high SIN content was similar
at both thermal conditions. Since the four populations come from the same original kale
population, and therefore have the same genetic background, this protecting effect is most
likely due to the accumulation of GSLs in these genotypes. Interestingly, both populations
selected for their high GSL content showed a significant accumulation of GBS and SIN
under cold conditions, supporting the hypothesis that these GSLs may play a protective
role under thermal stress. Under cold conditions, all populations increased the synthesis of
indolic GSLs. Ljubej et al. [30] also reported an increase in the accumulation of indolic GSLs
despite being under freezing temperatures. This may indicate that, although GSLs may be
correlated with a protective effect at low temperatures, they show different accumulation
patterns, and their mechanisms of action should be further studied. The complexity of
the GSLs response to abiotic stresses is reflected in the bibliography, since different types
of GSLs respond differentially to different magnitudes of stress. For example, only the
gluconapin and glucobrassicin levels increase under severe salt stress in B. rapa [31], while
high temperatures produce significant increases in glucoraphanin and glucoiberin synthesis
in B. oleracea [23].

To elucidate how the metabolome is reorganized on high-GSLs containing plants
under cold conditions we performed in an untargeted metabolomic study. A multivariant
supervised statistical analysis allow for an identification of a group of 71 compounds that re-
spond differentially in plants with a high GSL content under cold conditions. Among these
compounds, we may highlight the presence of lipids and lipid-like molecules, amino acids,
phenolics (coumarins), phytoanticipins, photosynthesis-related metabolites and osmotically
active compounds. These results are part of a normal plant response to stress conditions.
Osmotically active compounds include soluble sugars such as trehalose (C4H6O5). Several
studies have described that during different abiotic stresses such as cold [32], heat, salt
stress and desiccation [33], its concentration increases significantly. Its function is to main-
tain the membrane integrity, stabilize cell membrane and cellular organelles [32,34–36].
Some of the metabolites have been associated with a favourable response to abiotic stress
conditions, such as phytoalexins (spirobrassininin and cyclobrassinin) and phytoanticipins
(methoxyglucobrassicin) [37]; phenolic compounds such as coumarins [38]; and amino
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acids such as homocysteine thiolactone and phenylalanine [39]. Spirobrassinin and cyclo-
brassinin are biosynthesized from indolic GSLs. We observed a swift in the accumulation
of these compounds under cold conditions, as reflected in the fold change results (Table S1).
Populations with a high GSL content accumulate more spirobrassinin and cyclobrassinin
than populations with low GSLs content under cold conditions, whereas at the control
conditions, we observed the opposite results. This may be an indication of a different usage
of GSLs in the plant metabolism under both conditions.

The reorganization of the lipid metabolism may be due to biochemical changes in
cellular membranes. When plants are subjected to temperatures below 15 ◦C, changes in
cellular membranes occur to maintain functionality, since low temperatures affect their
fluidity, ion transport, photosynthesis, etc. In particular, we detected an enrichment in
fatty amides (oleamide, linoleoyl ethanolamide and linoleamide), which stand out as
endogenous signalling molecule in animals and are gaining relevance in signalling in
plants and in plant–microbe interactions [40]. Among these linoleic acid derivatives, the
MS/MS fragmentation pattern shows the presence of a putative linoleyl-choline (Figure 5).
To the best of our knowledge the presence of choline acylated with unsaturated fatty acids
has not been described previously in plants. Nevertheless, the presence of acetylcholine
in Arabidopsis seeds has been demonstrated [41], opening the possibility that choline
acetyltransferases in plants could also esterify choline to longer fatty acids.
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The core metabolomic response to cold temperature in populations with a high content
of GSLs is constituted by 25 metabolites that are identified exclusively in the analysis at
low temperatures. Lipids are still the predominant molecules that specifically respond
to cold temperatures, accounting for 50% of the identified compounds. Most of these
lipids are fatty acid amines and glycosylated linolenic (18:3) and linoleic (18:2) acids. Two
putative enantiomers of the diterpenoid, dehydroabietic acid, were also identified. The
second major groups of compounds, organoheterocyclic compounds, includes defensive
molecules such as phytoalexins (spirobrassininin and cyclobrassinin), intermediates of
chlorophyll catabolism (pyropheophorbide a) and a purine nucleotide (adenine). Curi-
ously, one derivate of GBS, methoxyglucobrassicin, was also identified, specifically under
cold conditions.

5. Conclusions

Our results indicate that some GSLs have a positive effect on the adaptation of
B. oleracea plants to cold stress conditions. Populations with a higher GSL content showed
a better adaptation to the cold, reflected in a higher vegetative development. The levels of
GBS and SIN were significantly higher in plants grown at cold temperatures, supporting
the hypothesis that these GSLs may play a role protecting the plant from physiological
damage at low temperatures. The mechanisms involved in this process seem to be specific
since plants with a high and low GSL content performed in a similar way under high tem-
peratures, and no clear pattern of accumulation of GBS or SIN was observed under these
conditions. When exposed to cold temperatures, B. oleracea plants undergo an extensive
metabolome reorganization that is somehow driven by GSLs accumulation. Most of the
metabolites involved in this reorganization were identified as lipid or lipid-like molecules,
highlighting a previously undescribed compound in plants, linoleoyl-choline and cold
protective molecules such as coumarins or phytoalexins. Although the exact mechanism by
which they influence plant physiology is unknown, our recent results point to a profound
reorganisation of the lipid metabolism that could act as a triggering signal to activate the
cold-protective metabolic pathways.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12112652/s1, Figure S1: Content of individual glucosi-
nolates in four kale populations from two divergent selections for glucosinolate content grown at
cold (12 ◦C) conditions. Figure S2: Score-plot of the three principal components from a PLSD analysis
under control (20◦) and cold (12 ◦C) conditions. Ten biological replicates were used per population.
Table S1: Fold change of compounds listed on Table 1 comparing population with high (H) and
low (L) glucosinolates content under control and cold conditions.
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