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Abstract

The interplay of processes in central and specialized metabolisms during seed development of Nigella sativa L. was studied
by using a high-throughput metabolomics technology and network-based analysis. Two major metabolic shifts were
identified during seed development: the first was characterized by the accumulation of storage lipids (estimated as total
fatty acids) and N-compounds, and the second by the biosynthesis of volatile organic compounds (VOCs) and a 30%
average decrease in total fatty acids. Network-based analysis identified coordinated metabolic processes during
development and demonstrated the presence of five network communities. Enrichment analysis indicated that different
compound classes, such as sugars, amino acids, and fatty acids, are largely separated and over-represented in certain
communities. One community displayed several terpenoids and the central metabolites, shikimate derived amino acids,
raffinose, xylitol and glycerol-3-phosphate. The latter are related to precursors of the mevalonate-independent pathway for
VOC production in the plastid; also plastidial fatty acid 18:3n-3 abundant in “green” seeds grouped with several major
terpenes. The findings highlight the interplay between the components of central metabolism and the VOCs. The
developmental regulation of Nigella seed metabolism during seed maturation suggests a substantial re-allocation of carbon
from the breakdown of fatty acids and from N-compounds, probably towards the biosynthesis of VOCs.
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Introduction

During seed development, carbon metabolism is committed to
three different directions, namely, accumulation of storage
reserves, preparation for germination, and acquisition of desicca-
tion tolerance [1-3]. In parallel to driving the development of
seeds on the mother plant, central carbon metabolism provides the
building blocks for the production of specialized metabolites,
including: fatty acids, pigments, phenolic compounds, and
alkaloids, as well as volatile organic compounds (VOCs) in
VOC-producing seeds. The seeds of most species do not
commonly accumulate volatiles, but those of the Brassicaceae
and of some other families do accumulate non-volatile glucosino-
lates, the precursors of sulfur volatiles, which are degraded into
volatile compounds upon tissue disruption [4]. The so-called
“seeds” that accumulate essential oils in species like fennel,
caraway and anise are in fact mericarps (fruits) [5]. In contrast,
Nigella sativa L. (Ranunculaceae), popularly known as black cumin,
accumulates essential oil in its true seeds, thus providing a model
system to study the inter-regulation between the production of
VOCs and the accumulation of the storage reserves that are
characteristic of seed development and maturation [6].
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Nigella seeds have been widely used since antiquity both as a
medicine and as a spice in the Middle East, India and Europe [7].
These seeds contain major pharmacoactive components, including
the monoterpene thymoquinone, the saponin o-hederin, and
unique alkaloids [7]. The seeds also contain relatively high levels of
fixed oil, triacylglycerols composed mainly of unsaturated fatty
acids (oleic and linoleic acids), palmitic acid and, unusually,
eicosadienoic acid (20:2n-6), which rarely accumulates in seeds [7—
10]. Although the genetics underlying the production of the VOCs
has been documented, knowledge of the biochemistry of the
volatiles, which include more than 30,000 compounds, remains
fragmented [11,12]. Moreover, profiles of volatiles can change
swiftly as a consequence of environmental and herbivorous
pressure or in response to developmental cues [13,14]. Therefore,
it is likely that there is a highly dynamic interplay between central
metabolism and the biosynthesis of volatiles. We hypothesize that
during the period of seed development, which generally requires
tight regulation of metabolic processes [15—-17], there is probably a
balance between incorporation of carbon and nitrogen into
storage reserves and production of volatiles.

The recent development of advanced analytic tools enables
comprehensive phenotyping of plant tissue and molecular
characterization of developmental processes [1]. The metabolic
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phenotyping of seeds has aided in the description and identifica-
tion of the processes central to seed physiology [17-19]. To
understand the organization of relational ties between metabolites,
reflecting not only substrate-product relationships but also
regulatory effects, one may apply various similarity measures to
(normalized) metabolic profiles. The resulting similarity matrices
can, in turn, be eflectively used to generate hypotheses and
descriptive analyses of metabolism [20,21]. The analysis of the
relationships between time-resolved profiles is usually performed
by applying symmetric similarity measures (e.g., Pearson, Spear-
man, and partial correlation), eventually extracting undirected
relationships [22]. However, cellular networks spanning different
molecular levels (e.g., gene regulation, signaling, and metabolism)
are in fact inherently directed, implying the existence of driving and
responding biochemical entities (e.g., feedback regulation, tran-
scription factors and signaling proteins). The use of similarity
measures for determining directed (causal) relationships is
precluded by the need for very long time-series data, exceeding
100 time points [23].

Here, we gathered and analyzed, using different analytical
platforms, metabolite data sets from developing VOC-producing
seeds of MNgella. We then integrated the time series metabolite
dataset via a network-based analysis to study the coordinated
interplay between the metabolisms of volatile and non-volatile
products during seed development. To this end, we employed a
recently introduced similarity measure to identify directed
coordinated patterns of change between metabolites during seed
development [24]. The results are discussed against the back-
ground of the current understanding of seed metabolism and of
the biosynthesis of volatiles.

Materials and Methods

Chemicals

All chemicals were purchased from Sigma-Aldrich Israel Ltd.
(Jerusalem, Israel) with the exception of N-methyl-N-[trimethylsi-
lyl] trifluoroacetamide (Macherey-Nagel GmbH & Co. KG,
Diiren, Germany).

Plant Growth and Seed Collection

Nigella sativa L. seeds, accession Ein Harod (EH) from Ein Harod
in Israel (latitude: 32° 33" 00"’ N; longitude: 35° 23" 00" E [7])
were collected from plants grown in open field conditions at Newe
Yaar Research Center in Northern Israel. Plants were drip
irrigated and fertigated using commercially accepted practices.
Twenty milligrams of seeds were collected from three individual
plants (n=3) at 15 time points during their development from
anthesis [0 days after anthesis (DAA)] to mature seeds (75—
85 DAA).

Extraction and Analysis of Total Protein and Chlorophyll-
a Content

Total protein was determined by the Bradford method [25]
using Protein Assay reagent (Sigma-Aldrich Israel Ltd., Jerusalem,
Israel). Protein extraction was performed by crushing the seeds
with 0.1 M NaOH at 95°C for 1 h. The samples were mixed with
the reagent and measured at 595 nm after incubation at room
temperature. To measure the amount of chlorophyll-a (Chl-a)
seeds were crushed, placed in 80% ethanol, and then held at 4°C
for two days in tightly closed tubes in the dark. The chlorophyll-a
content was estimated from the measurement of the supernatant
absorbance at 665 nm by using the equation Chl-a, in ug/
mg = (ODge5%13.9)%2/weight [26].
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Extraction, Derivatization and Analysis of Primary
Metabolites Using GC-MS

Material collected as described above was extracted according
to the protocol described in Lisec et al. [27] and analyzed using a
sqGC-MS (Thermo Scientific Ltd) by adjusting the extraction
protocol to seed material, as described in Fait et al. [17]. Relative
metabolite content was calculated as described in Roessner et al.
[28] following peak identification using Xcalibur software.
Metabolites were annotated by comparison to mass spectra in

the NIST library and the Golm database [29,30].

Extraction and Analysis of Fatty Acids

Seeds were ground and transmethylated with 2% HySOy in dry
methanol (v/v) at 70°C for 1 h. Heptadecanoic acid (C17:0) was
added as the internal standard. Gas chromatographic analysis was
performed according to Cohen et al. [31]. Fatty acid methyl esters
were identified by co-chromatography with authentic standards.

Multivariate and Statistical Analysis

Principal component analysis (PCA) was performed on the data
sets obtained from metabolite profiling with the software package
tMEV [32]. Prior to the analysis, data were log-transformed and
normalized to the median of the entire sample set for each
metabolite. Differences between means were tested for significance
by the sum of squares simultaneous test procedure (SS-STP) [33]
to reduce the number of multiple tests. Hypothesis testing was
carried out at significance level of 0.05. Model-based clustering
was conducted by using the “cluster” package in R version 2.15.1.
The Bayes information criterion was used to determine the
number of clusters.

Directed Network Generation

For directed network generation, we wused the recently
mntroduced asymmetric measure, known as ifa (denoted by ).
Iota is a permutation-based measure, which relies on sorting a
time series in increasing order and quantifying how the implied
order affects the monotonicity of the remaining time series [24,34].
The monotonicity in a re-ordered time series, based on the order-
inducing permutation of the other, is quantified by the normalized
number of crossing points. For instance, two time series, illustrated
in the upper left corner Figure S2, are denoted as red and black.
Sorting of the black time series in increasing order induces a re-
ordering of the red time series, which results in 4 crossing points
and a value for iota of 4/10 (where 10 is the maximum number of
crossings in a time series on 6 time points). If this value is
statistically significant, then a directed edge 1is established
originating in the node described by the black time series and
ending in the node whose behavior is characterized by the red
time series. To reconstruct the network, we first determined the
threshold value for 7 to ensure a g-value of 0.05. For a threshold
value T, the g-value is defined as the minimum false discovery rate
(FDR) attained at or above the given threshold score. The g-value
can be readily determined from an empirically estimated null-
distribution. Here, the null distribution is obtained by 500
shuffling of the profiles independently of each other, followed by
re-estimation of the iota values. For the case of the Nigella
metabolomics data set, there are 100 metabolites, for which the
threshold value 1;=0.966 implies a ¢g-value of 0.05. Finally, the
network in which the nodes represent metabolites includes
directed edges only for those pairs whose i value is above the
threshold t,. The directed edges can be regarded as capturing
putative substrate-product and regulatory relationships as well as
the dependence between biochemical pathways.
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To further reveal the clustering structure of this network,
communities were determined by performing short random walks
on the network and imposing a limit of £=20 on the number of
nodes in each of the identified communities. The idea behind this
procedure is that short random walks tend to remain in the same
community. The robustness of the community results was
established by varying the parameter £ in the intervalke[10,30].
The resulting communities were visualized using Cytoscape
version 2.8.3.

Results

Nigella seeds remain green up to 46 DAA; at 55 DAA the color
turns gradually to black (Figure 1A). The content of chlorophyll a
at late maturation (Figure 1B) suggests that light reactions are
taking place, probably reaching a maximum at 43 DAA and
subsequently decreasing gradually to the minimum observed at
70 DAA. After this time, seeds lose chlorophyll and acquire black
pigmentation (Figure 1B).

Metabolic Profiling Analysis of Nigella Seeds Identifies
Distinct Developmental Milestones in Central and
Specialized Metabolism

To investigate the regulation between central metabolites
during seed development, we utilized an established gas chroma-
tography-mass spectrometry (GC-MS)-based protocol [28]. The
relative contents of over 70 annotated metabolites from seeds at 14
different time points from early, through mid to late development
were quantified (Materials and Methods). The resulting data set is
presented in Table SI.

The Bayes information criterion in combination with model-
based clustering of the developmental time series (Materials and
Methods) was used to estimate the number of clusters, with each
cluster exhibiting similar metabolite profiles distinct from the other
samples occupying different clusters. This resulted in three clusters
(Figure S1), in line with the dispersion suggested by the PCA
(Figure 2, Table S3), which shows that samples from early, mid,
and late maturation belong to different clusters. The three clusters
corresponding to the different developmental periods are charac-
terized by two distinct shifts in metabolite abundance. By using the
conservative SS-STP [33] to test for differences between groups of
samples, we identified the metabolites that contribute significantly
to the shift between the determined clusters (Table S3). The first
shift occurs at 35 DAA, and it is characterized by a significant
drop in the content of sugars and glycolysis intermediates, of the
triacylglycerol precursor glycerol-3-phosphate, and of myo-inosi-
tol, malate and nicotinate. Exceptions among the sugars were
galactinol, raffinose and sucrose, whose abundance increased
significantly. Among the N-compounds, Asn (at 35 DAA) followed
by dopamine (at 35-40 DAA), displayed an exceptionally high,
but transient, accumulation during this period [10 and 1000-fold
change, respectively, Figure 3A-C)], although the majority of
amino acids had increased transiently earlier in development
(25 DAA). The second shift from 55 to 60 DAA was characterized
by decreased contents not only of the hexoses and sugar alcohols,
but also of shikimate and the shikimate-pathway-related metab-
olites 3,4-dihydroxyphenyl-acetate, dopamine and beta-Ala. In
addition, an increase in raffinose, a dehydration-associated sugar,
was prominent at this stage (Table S3).

Metabolites contributing to the overall distribution of the
samples on the principal components (PCs) were derived from the
loadings of the first three components and include the sugars
galactinol, raffinose, glucopyranose and cellobiose, together with
3,4-dihydroxyphenyl-acetate, glycerate, threonate 1,4-lactone,
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succinate, nicotinate, malate, fumarate, and the amino acids Ser,
Pro, Gln, GABA, and Tyr and the related catecholamine,
dopamine (Table S2). Analysis of the pattern of changes of the
individual metabolites across the different developmental stages
resulted in the trends depicted in Figure 3A-C, as described in the
following sections.

Glycolysis and sugar metabolism. Most glycolytic inter-
mediates and other sugars displayed an increase between day 10
and day 25-30, followed by an abrupt decrease. The above
patterns of change was characterized by a sharp increase in
abundance of these sugars as well as in arabinose, lyxose and
xylose between 20 and 30 DAA. The general decrease in sugars
was coupled to the accumulation of galactinol and raffinose, which
are desiccation-associated sugars. Raffinose increased 100-fold, a
finding that emphasizes the functional relevance of this sugar in
seed late maturation as suggested for Arabidopsis [16,17,35].

TCA cycle and amino acid metabolism. TCA cycle
intermediates such as succinate, fumarate and, to some extent,
malate, as well as the associated metabolite GABA where shown to
increase markedly between 25 and 35 DAA. In contrast, the levels
of itaconate, a precursor of aconitate, dropped dramatically
following anthesis and then increased transiently at 25 DAA and
between 35 and 43 DAA. The increased activity of the TCA cycle,
reflected by the abundance of TCA intermediates, was associated
with the production of pyruvate-derived 2-isopropyl malate, a
precursor of the amino acids Val, Leu and Ile. Similarly to
itaconate, 2-isopropyl malate was shown to transiently but
dramatically increase at 25 DAA and later at 43 DAA, a time
point that was also characterized by major changes in N-
compounds (see below).

Amino acids. Rapid changes characterized the level of amino
acids in the Nigella seeds during development. The contents of the
amino acids Val, Leu, Ile, Thr and particularly of Tyr and Ser,
increased transiently by more than 10-fold between 20 and
30 DAA. The majority of the amino acids, including Asp, Glu,
Ala, B-Ala, Ser and homo-Ser, accumulated at 25 DAA. Stages
subsequent to 30 DAA were characterized by a gradual but steady
decrease in the content of all amino acids, with the exception of
Asp, Asn, Ala, Val, and B-Ala and to a lesser extent Glu and Gln.
The latter showed a second transient increase in content around
43-46 DAA (Figure 3A).

A succession of changes in the content of different amino acids
during seed development could be indicative of inter-convertibility
between amino acids. For example, Pro showed the most
pronounced change of a 20-fold decrease in abundance between
the first and second sampling dates, probably as a result of its
catabolism to Glu. The content of Pro continued to decrease
significantly for the next 2 time points. Increases in Asn and
particularly in Gln preceded the first wave of general increases in
amino acid content; at day 20, the abundances of Gln and Asn
increased transiently (by 5-fold and 2-fold, respectively) and then
decreased to initial levels at the subsequent time points (25 and
30 DAA). For the N-containing compounds, the content of Asp-
derived nicotinate doubled at 20 DAA and dropped by fivefold at
35 DAA, when comparatively sharp increases in dopamine, Asn,
Ala-COy and Trp were measured (Figure 3A). Moreover, during
this period, the nicotinate-derived compound 6 hydroxy nicotinate
accumulated by about 25-fold in comparison to its level during
early development. At the very end of the developmental period
under investigation, namely, between 70 to 82 DAA, significant
accumulation of the amino acids Glu, Asp, and Ala-COy was
found in the dry seeds.
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mg/g of dry weight

70 Days after
anthesis

Figure 1. Phenotype (A) and chlorophyll content (B) of Nigella sativa developing seed from 40" to 70" DAA.

doi:10.1371/journal.pone.0073061.g001

Shikimate-associated Changes

An increase in the abundance of Trp followed that of Phe and
Tyr at 20-30 DAA. As seed development proceeded, Trp showed
additional peaks in relative content at 46 DAA. Major changes
were also observed for shikimate-derived dopamine and for Phe-
derived  3,4-dihydroxyphenyl-acetate from 40-43 DAA to
55 DAA. Shikimate, a precursor of chorismate, accumulated
transiently during early seed development at 0-25 DAA and later
between 46 and 55 DAA. Chorismate-derived 4-amino-benzoate
(anthranilate) was decreased gradually throughout seed develop-
ment. The cinnamate derived 4-hydroxy-benzoate (from Phe
metabolism) displayed a 10-fold increase at the end of seed
maturation (70 DAA).

PLOS ONE | www.plosone.org

Fatty Acids Analysis of Nigella Seeds

The composition of fatty acids was determined in mature Nigella
seceds from the representative accession (EH), and the relative
proportions [expressed as percentage of total fatty acids (TFA)]
and absolute concentrations of fatty acids (g per gram of seeds)
were determined in Nigella seeds at different stages of their
development (Figure 4, Table 1). Both the polyunsaturated fatty
acid o-linolenic acid (18:3n-3), a substrate of lipoxygenase [LOX
(linoleate:oxygen oxidoreductase, EC 1.13.11.12)], and Cg
unsaturated fatty acids were present during early stages of seed
maturation (“‘green’ stage) when the immature seeds were still rich
in photosynthetic pigments (Figure 1A). These unsaturated fatty
acids are components of the chloroplast membrane lipids of
flowers and of “green developing” seeds. Of note was the sharp
decrease in the concentration of the 18:3n-3 fatty acid between 20
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Figure 2. Principal component analysis of central metabolites data during seed development in DAA (see legend). Plot represents 1°
(X-axis) and 2" (Y-axis) principal components. Variance explained by each component is indicated in brackets. Shapes represent different
developmental clusters.

doi:10.1371/journal.pone.0073061.g002
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and 25 DAA and its continued low levels throughout maturation. above processes were associated with the first rise in VOCs
In contrast, the rapid increase in TFA content, which had production (Figure S3), in accordance with the recently revealed
occurred by 35 DAA, was accompanied by the accumulation of ~ VOC patterns of developmental change for the same material as
the polyunsaturated fatty acids 18:1n-9 and 18:2n-6, and the that used in this study [7].

long-chain fatty acids 20:1 and 20:2, which increased to more than The content of TFA increased between 35-50 DAA, reaching
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Figure 3. Relative content of central metabolites identified by GC-MS analysis of Nigella seeds during development. A - relative
content of amino acids, B - relative content of carboxylic and other acids, C - relative content of sugars, sugar alcohols and others. Each bar
represents the mean values of three replicates*+SE.

doi:10.1371/journal.pone.0073061.9003
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Figure 4. Fatty acid content of Nigella seeds during development. The unit of the Y-axis is mg g™' fresh weight. Each bar represents the mean

values of three replicates *=SE.
doi:10.1371/journal.pone.0073061.g004

triacylglycerols (TAG). Later in the time course of seed maturation
(50 to 80 DAA), TFA content decreased significantly, and the final
content amounted to 60 to 70% of the maximal value, with the
composition being retained (Table 1). The here-described trend
was observed for the absolute contents of the major fatty acids
(16:0, 18:0, 18:2, 18:1n-9). A different pattern of change was
shown for C, unsaturated fatty acids and for 18:3n-3, which were
present in low levels in mature seeds. A coordinated decrease in
TAG-associated fatty acids [36] occurred after 50 DAA, partic-
ularly in linoleic acid (18:2), with this decrease being associated
with the accumulation of VOCs (Figure S3).

Directed Network Analysis Highlights Coordinated
Metabolic Shifts

To wunderstand the relationships between the metabolic
processes occurring during the development of Nigella seeds,
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time-resolved profiles of volatiles, of central metabolism com-
pounds, and of fatty acids were subjected to network-based
analysis. To create directed network edges, we used the
asymmetric similarity measure iota [24] (see Materials and
Methods) in combination with a threshold value ensuring
statistical soundness; here, the threshold was selected to guarantee
a false discovery rate of 5%, corresponding to a threshold value of
0.995. A directed edge is indicative of the dependence of the
originating on the receiving node, which may indicate either a
regulation-associated association or a product-substrate relation-
ship. In both cases, monotonous changes in the time series profile
attributed to the receiver node are expected to relate to a
monotonous change in the profile of the originator node.
Following this approach, the resulting network contains 107
nodes, corresponding to the annotated metabolites, connected by
1087 directed edges. The relative densities of this directed network
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Table 1. Fixed oil composition of Nigella sativa at 50 DAA
and 82 DAA seeds.

Fatty acid % of TFA at 50 DAA % of TFA at 82 DAA
14:0 0.2+0.01 0.3+0.03
16:0 12.5*+0.19 13.2+0.51
16:1 0.3%+0.01 0.3£0.01
16:3 0.1+0.01 0.14+0.01
18:0 26*+0.10 2.6+0.07
18:1 n-9 21.9%0.39 20.9%+1.13
18:1 n-7 0.5*£0.19 0.7%£0.19
18:2 58.4+0.76 58.5+0.30
18:3 n-3 0.5+0.04 0.3%+0.03
20:0 0.1+0.01 0.2+0.01
20:1 0.3%+0.02 0.3+0.01
20:2 2.3+0.06 2.6*+0.18

Means of three independent determinations originating from three separate
plants each*SE. Fatty acid composition is presented as relative percentage (%)
of total fatty acid and was analyzed by GC-FID after their transesterification with
2% H,S0, in dry methanol. Identification was accomplished by comparison of
sample peak retention times with those of FAME standard mixtures.
doi:10.1371/journal.pone.0073061.t001

(compared to all possible edges that could be established on the
given number of nodes) was 0.0958. The diameter of the network,
1.e., the length of the longest of all the shortest paths connecting
any two nodes, was equal to 7, suggesting the presence of denser
subnetworks.

To characterize the locally dense parts of the obtained network
suggesting coordinated changes in metabolic content, we next
identified network communities. A network community corre-
sponds to a sub-network of nodes that are more connected
between each other than with other nodes in the network
(Figure 5). We used the walk-trap community algorithm, and
found five communities by bounding their size between 2 to 20
nodes. Robustness analysis was conducted to test the stability of
the identified communities (see Materials and Methods).

Generally, the network communities highlighted both the tight
coordination between metabolite classes and the crosstalk between
central and specialized metabolisms. Figure 5 shows the commu-
nities containing more than one node. Community 1 is enriched
with amino acids and organic acids, most of which show crosstalk
(i.e., in-coming and out-going edges) with each other. Fumarate
and GABA have an increased number of in-coming edges, while
4-OH-benzoate displays a high number of out-going edges.
Thymoquinone, the only volatile in this community, has mostly
in-coming edges.

Community 2 is predominantly characterized by sugars; sucrose
has mainly out-going edges, while the other sugars have mainly
incoming edges, suggesting that sucrose 1s the source and probable
regulator of the biosynthesis of other sugars. The rest of the
community is composed of a mixture of different compound
classes of the central metabolism, i.e., amino acids, organic acids,
polyols, N-compounds, polyhydroxy compounds and a 16:00 fatty
acid. This fatty acid has only in-coming edges. Community 2 does
not contain any volatiles.

Community 3 is enriched with fatty acids. Community 4
represents the transitory stage between central metabolism and
VOUCs, reflected by a balanced distribution of central metabolites
and volatiles. In this community, the central metabolites, proline,
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lyxonate, phosphoric acid, sinapate and glutarate-3-hydroxy, are
clearly receiving nodes. Community 5 is characterized by the
predominant presence of terpenes and terpenoids, all showing a
balanced crosstalk with each other. Similar to Community 4, in
Community 5 xylitol and glycerol-3-phosphate are sink nodes,
having only in-coming edges, a finding that highlights the interplay
between the components of central metabolism and the VOCs.
Raffinose appears to occupy a transitory position in this
Community, with a balanced number of in- and out-going edges.

Discussion

To date, studies of the metabolic processes occurring during
seed development and maturation have largely been dedicated to
the understanding of the accumulation of storage reserves of
proteins, starch or TAGs [6], to the imposition of dormancy, and
to the acquisition of desiccation tolerance, processes to which the
maturation of orthodox seeds is indeed dedicated [37]. Nonethe-
less, during desiccation seeds can recycle a significant percentage
of storage reserves [38] and accumulate unbound metabolites [17]
to sustain long-term storage of reserves and in preparation for the
early events of germination [2]. Against this background, the
phenomenon of orthodox true seeds accumulating volatiles during
maturation has not received adequate attention. By using
developing Nigella seeds as a model system, we investigated the
central metabolic processes in VOC-producing seeds and the
interaction between VOCs and central metabolites during seed
development.

Nigella Seed Development is Characterized by Two Key
Metabolic Shifts

The integration of the data from the current analysis of central
metabolites and acyl moieties of complex lipids [determined as
fatty acid methyl esters (FAMEs)] with volatile profiles measured in
our earlier study [7] revealed that Nigella metabolism undergoes
two metabolic shifts during the transition of the seed from
development to photosynthetic maturation and pigmented desic-
cation. PCA analysis and model-based clustering suggest that,
from a metabolic standpoint, Ngella development can be divided
into three phases during which the seeds exhibit considerable
differences in metabolism, as controlled by two shifts in C-N
metabolism. The first shift during the maturation of the seced was
marked by significant changes in the levels of metabolites such as
sugars and sugar alcohols and precursors of TAG metabolism;
these findings suggest intensive activity in storage resource
accumulation and glycolysis to support the production of fatty
acids (Figure 4) and their incorporation in to TAGs. Outstanding
among the amino acids, Asn and the N-containing compound
dopamine were found to significantly, but transiently, increase
during this period, reflecting their role as key sources of N
nutrition for the developing seeds. For Asn, these findings are in
keeping with the peak intake from the phloem to the soluble
nitrogen pool in white lupin developing seeds [39]. The second
shift was characterized by a reduction in hexoses, sugar alcohols
and fatty acids. Shikimate and precursors of the secondary
shikimate metabolism 3,4-dihydroxyphenyl-acetate and dopa-
mine, were also decreased at this stage, probably reflecting their
incorporation into downstream secondary metabolic pathways.
Initiation of VOC: biosynthesis at this stage partly supports this
suggestion. Raffinose accumulation follows the earlier accumula-
tion of galactinol, the galactosyl donor for the biosynthesis of
raffinose family oligosaccharides (RFO) [40]. Raffinose and
galactinol — along with sucrose — are desiccation-related
compounds, which have long been known to be involved (by
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contributing to the formation of a glassy matrix) in the structural different plant species [17,44]. These sugars provide also a carbon
acquisition of desiccation tolerance [41-43] in orthodox seeds of pool at the beginning of germination [16].
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Amino Acid Pattern of Change Suggests Intermittent N
Metabolism Rearrangement. Could it Sustain N-

containing Secondary Compounds Biosynthesis?

In MNgella, amino acids initially accumulated during early
development of the seed, possibly reflecting input of N-containing
compounds from the phloem; thereafter they decreased, either
gradually or abruptly, probably due to their incorporation into
storage proteins. Our results show fluctuations of Phe and Trp
concentrations during seed development, with the values increas-
ing slightly above their median contents at 20-25 DAA, 43—
46 DAA and during desiccation. Such “waves” of accumulation
are common for most amino acids, albeit to different extents. In
this study, we found the accumulation of amino acids between 25
and 30 DAA to be rather general (although a marked 10-to 100-
fold change was observed in the contents of Tyr, Ser, Ile and Leu,
Ala and beta-Ala) and was probably associated with the earlier
increase in Gln and Asn, and/or the recycling of N from ornithine
and Pro, the content of the latter decreasing 100 times between 0
and 20 DAA. During later waves of increases in the concentra-
tions of N-compounds, a sequential accumulation of Phe/Trp and
an associated increase of the chorismate-derivative 3,4-dihydrox-
yphenyl-acetate were observed. In parallel to increased shikimate
metabolism, dopamine increased transiently between 35 and
55 DAA. Dopamine is the product of decarboxylation of L-DOPA
(3,4-dihydroxy-phenylalanine), which is governed by Tyr decar-
boxylase (TYDC) downstream of the shikimate pathway. Note-
worthy, directed network analysis generated communities includ-
ing shikimate amino acids Phe, Tyr together with terpenes and
terpenoids. The analysis also linked between Leu derived
kaempferol-3-o-glucopyranoside-6-(also known as 3-hydroxy-3-
methylglutarate) and terpenes. These lines of evidence strongly
call for more work on the contribution of amino acids to Nigella
seed volatiles.

C Partitioning Toward VOC Biosynthesis

Profiling and quantification of fatty acids in Nigella seeds showed
that TFA accumulation occurred during early-mid maturation,
probably due to biosynthesis and deposition of storage TAGs in
the developing seeds. Later in development, the levels of TFA
decreased by about 30% of their maximum accumulation
(Figure 4). Malate, a major precursor of fatty acid biosynthesis
in the heterotrophic plastid of the developing seed [45], increased
during early maturation (25 DAA), preceding the rise in TFA
content, and decreased abruptly at mid maturation (35 DAA) and
again at the onset of desiccation (60 DAA).

These significant changes in pattern of fatty acids during
maturation could be representative of C repartitioning toward the
biosynthesis of secondary metabolites. Indeed, polyunsaturated
fatty acid catabolism can lead to the direct production of a series of
volatiles, including the volatile aldehydes. However, an indirect
relation between TAG and volatiles is more likely in Ngella seeds.
For example, terpenoids, such as carvacrol, are expensive (in
carbon “‘currency”) to produce due to their chemical reduction
and the need for dedicated enzymes [46]. Moreover, the
terpenoids are synthesized from acetyl CoA units hence providing
a competitive metabolic process to TAG production. Among the
fatty acids measured, we observed a continuous stepwise reduction
of linolenic acid 18:3n-3, a substrate of LOX, which in the
network analysis clustered tightly within the volatile module
(community 4). LOXes catalyze the regio- and stereo-specific
dioxygenation of PUFAs (18:2 and 18:3) and are involved in many
different developmental processes, including the production of
plant specific volatiles [47]. LOX has been shown to initiate the
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mobilization of TAGs in germinating cucumber seeds and to
initiate the production of volatile aldehydes [48]. This supposedly
dual role of fatty acids during the development of Nigella seeds is
reflected in: (i) the developmentally alternated accumulation of
fatty acid and VOCs, and (ii) the association between fatty acids
and VOCs in the community analysis of the directed network.

Directed Network Analysis Identifies Coordinated
Processes during Nigella Seed Development and Possible
Metabolic Dependencies

When analyzing the data via directed network analysis, we
identified significant relationships between metabolites closely
related to precursors of known biochemical pathway for VOC
biosynthesis. In the communities enriched with VOCs, the
metabolites xylitol and glycerol-3-phosphate were characterized
by incoming edges. These metabolites are closely related forms of
precursors of the chloroplastic deoxyxylulose phosphate pathway,
i.e. the mevalonate-independent pathway in the plastid, for VOC
biosynthesis [12]. The analysis also confirmed the coordinated
pattern of change between amino acids, sugars, fatty acids and
volatiles, each enriching a different community. That having been
said, the directionality of the edges, being based on a mathematical
measure, is not trivially interpretable. In-coming edges suggest a
regulatory dependence of the originator node on the receiver node
or, on a temporal scale, a product and precursor relationship,
respectively. However, such relationships cannot be obtained by
the classically used measures, such as correlations, which usually
fall in the category of symmetric measures. For example, the
incoming edges on sucrose suggest the dependence of the other
sugars on the sucrose pool, similar to the example given above for
the chloroplastic deoxyxylulose phosphate pathway for VOC
biosynthesis. However, more difficult to interpret are the
numerous incoming links from amino acids to thymoquinone.
Importantly, within communities shared between central metab-
olites and VOCis, the relation usually involved central metabolites
acting as receiving nodes, suggesting a dependence of VOCs on
central intermediates. Nevertheless, beyond this generalized
statement, a more specific interpretation of these results is not
possible and would require further methodology-related develop-
ments.

Finally, Figure 6 presents a schematic comparison of the broad
developmental patterns of metabolite changes in abundance
between current knowledge of Arabidopsis seeds and the current
data for Ngella seeds. A striking difference is evident in the patterns
of change and the major reductions in sucrose, fatty acids and
proteins during MNigella seed maturation. While to some extent
speculative, it is tempting to suggest a link between these
differences and the metabolic investment in VOC production.
Future work could test this hypothesis by using metabolic flux
analysis during MNigella seed development.

In conclusion, the results of metabolite profiling and directed
network analysis presented here suggest that in MNigella, major
degradation of fatty acids and N-compounds provides the building
blocks for the biosynthesis of volatiles, as is known to be the case in
several other plant species [11]. Amino acids, especially the
aromatic amino acids, branched chain amino acids and methio-
nine serve as precursors for many aroma volatiles in fruits [49,50].
While these volatiles are generally absent in MNigella, an indirect
metabolic link probably exists, e.g. via Leu derived kaemperol
glycoside (glutarate 3 hydroxy 3 methyl in community 4). Network
analysis inferred a link between fatty acids and fatty-acid-derived
volatile caproic acid (2-ethylhexanoate) [51]. Moreover, the
analysis supported the involvement of the LOX substrate fatty
acid 18:3n-3 and metabolites of the central metabolism closely
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related to terpenoid precursors [52] in the biosynthesis of volatiles Further, functional research on VOC-producing seeds is required
during Ngella seed maturation. Future work should explore the to address the open questions still remaining.

biological meaning of directionality in iota-based networks,

however it is safe to suggest that the direction of the edge is at Supporting Information

least to some extent a representation of metabolic dependence, e.g.
carbon metabolism is largely dependent upon sucrose pools as
suggested by the edges directed toward the latter metabolite in
community 2. Finally, seed VOCs have been associated with the
regulation of germination [53], with plant/pathogen interactions Figure $2 The concept of the iota measure.
[54-56], and with structure of pest communities [57]. Yet, our (PDF)

understanding of the role of VOC role in seeds is limited. The
present study shows that VOC-producing seeds probably repar-
tition their C—IN metabolism during the stage of VOC production.

Figure S1 Number of clusters for k-means clustering
with highest probability (in red) for Nigella EH.
(DOC)

Figure S3 Relative content of volatiles of Nigella seeds
(see legend). The heatmap is an elaboration of data published in
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Botnick et al., 2012, and it is here presented with permission of the
authors.

DOC)

Table S1 Relative metabolite content from GC-MS
analysis of Nigella sativa EH accession. The data is here
presented as normalized metabolite content on internal standard
ribitol. Three biological replica, each consisting of 20 mg seeds
from 3 individual plants, were used at each time point from
anthesis (0 DAA) to seed maturity (82 DAA).

(XLS)

Table S2 Eigenvectors values (in descending order) of
metabolites were calculated by PCA algorithm for 1st,
2nd and 3rd components of EH genotype.
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