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Abstract

Heterosis refers to the superior performance of F1 hybrids over their respective parental inbred lines. Although the genetic
and expression basis of heterosis have been previously investigated, the metabolic basis for this phenomenon is poorly
understood. In a preliminary morphological study in Brassica juncea, we observed significant heterosis at the 50% flowering
stage, wherein both the growth and reproduction of F1 reciprocal hybrids were greater than that of their parents. To identify
the possible metabolic causes or consequences of this heterosis, we carried out targeted LC-MS analysis of 48 primary
(amino acids and sugars) and secondary metabolites (phytohormones, glucosinolates, flavonoids, and phenolic esters) in five
developmental tissues at 50% flowering in hybrids and inbred parents. Principal component analysis (PCA) of metabolites
clearly separated inbred lines from their hybrids, particularly in the bud tissues. In general, secondary metabolites displayed
more negative heterosis values in comparison to primary metabolites. The tested primary and secondary metabolites
displayed both additive and non-additive modes of inheritance in F1 hybrids, wherein the number of metabolites showing an
additive mode of inheritance were higher in buds and siliques (52.77-97.14%) compared to leaf tissues (47.37-80%). Partial
least regression (PLS) analysis further showed that primary metabolites, in general, displayed higher association with
morphological parameters in F1 hybrids. Overall, our results are consistent with a resource-cost model for heterosis in B.
Jjuncea, where metabolite allocation in hybrids appears to favor growth, at the expense of secondary metabolism.

Introduction of Mendel’s laws in the twentieth century and accumulation

of experimental data on the positive effects of cross-

Heterosis (hybrid vigor) refers to the superior performance
of heterozygous F1 hybrid plants compared to the average
of their homozygous parental inbred lines in terms of
increased biomass, size, yield, speed of development, fer-
tility or resistance to disease, insect pests and environmental
stresses (Hochholdinger and Hoecker 2007). Although the
phenomenon has been exploited for centuries by various
civilizations for increasing crop production, the rediscovery
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pollination led to the first description of the concept of
heterosis (Crow 2001). Shull (1952) first recognized het-
erosis while working on hybrid corn, and his concept stated
that different alleles exert a complementary physiological
action when combined in heterozygous form, resulting in
increased size, yield and vigor in hybrids.

Despite the agronomic importance of heterosis, its
underlying genetic and molecular basis remains obscure.
Quantitative genetic theories (dominance, overdominance
and epistasis) have been used to explain the phenomenon
for more than a century (reviewed by Birchler et al. 2003).
Based on these theories, gene expression or protein abun-
dance in hybrids should show a non-additive mode of
inheritance in case of heterosis being equal to or greater
than that of the parent with a greater value. On the other
hand, if both parental alleles contribute equally to gene
expression in a hybrid, they are said to exhibit additive
behavior and the expression level of genes or proteins is
equal to the average of both the parents referred to as the
mid-parent value (MPV). High throughput methods have
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enabled the re-examination of the proportion of additive and
non-additive expressions in heterosis, including analysis of
quantitative trait loci (QTL; Li et al. 2008; Meyer et al.
2010; Shi et al. 2011; Andorf et al. 2012; Giraud et al. 2014;
Liu et al. 2014a), gene expression (Song et al. 2007; Stupar
et al. 2008; Ma et al. 2011; Shen et al. 2012; Qin et al.
2013), genome-wide transcriptomics (Paschold et al. 2012;
Zhai et al. 2013; Ding et al. 2014; Paschold et al. 2014;
Zhiguo et al. 2014; Groszmann et al. 2015, Wang et al.
2015), DNA methylation pattern analysis (Shen et al. 2012;
Liu et al. 2014b), comparative proteomics (Dahal et al.
2012; Wang et al. 2014) and small and micro RNA tran-
scriptomics (Ding et al. 2012; Shen et al. 2012; Li et al.
2014; Zhang et al. 2014; Xin et al. 2015). However, none of
the current genetic models sufficiently explain heterosis in
polyploid plants, which is compounded by genomic dosage,
complex allelic and genic interactions, and epigenetic
regulation.

With more emphasis on genetic and gene expression
analysis, studies related to inheritance of metabolites have
been largely under-represented in heterosis research.
Metabolites are key components and regulators of biologi-
cal processes, and high-throughput methods coupling gas or
liquid chromatography with mass spectrometry are now
able to detect a large number of plant metabolites with great
accuracy (Patti et al. 2012). Metabolite analysis has pro-
vided some initial insights into the mode of inheritance in
hybrids of maize (Romisch-Margl et al. 2010; Lisec et al.
2011; Meyer et al. 2012; Wang et al. 2014), rice (Ma et al.
2011) and Arabidopsis (Korn et al. 2010). However, all
these studies have analyzed the metabolites of a single
organ at a single developmental stage, which may not reflect
the overall mode of metabolite inheritance in hybrids.

Here, we investigate the metabolic basis of heterosis in
B. juncea, an economically important oilseed crop culti-
vated globally not only for its edible oil, but also for use as a
vegetable, animal food and condiment. The crop has been
frequently studied for various seed quality related traits such
as oil and protein contents, fatty acid profiles and levels of
secondary metabolites including glucosinolates (GSLs)
(Augustine et al. 2014). In the current study, we selected a
well-adapted Indian line (Varuna, V) and an early flowering
east European line (Early Heera-2, EH2) and their F1
reciprocal crosses (VXEH2 and EH2xV). We conducted
LC-MS based targeted analysis of key primary metabolites
(amino acids and sugars) as well as secondary metabolites
(phytohormones, glucosinolates, flavonoids and phenolic
esters) in five different tissue types (flower buds, siliques,
flag leaf, young leaf, and mature leaf), at the 50% flowering
stage. Our study demonstrates that (i) the metabolic profile
of B. juncea F1 hybrids are distinct from their inbred par-
ents; (ii) some secondary metabolites (indolic glucosinolate,
flavonoids and phenolic esters) display more negative

heterosis (deviation from the mid-parent value) in compar-
ison to primary metabolites (amino acids and sugars),
whereas phytohormones show mixed trends of heterosis;
and (iii) F1 hybrids predominantly exhibit an additive mode
of metabolite inheritance, particularly in reproductive
tissues.

Materials and methods
Plant material and growth conditions

The B. juncea inbred lines Varuna (V, an Indian cultivar)
and early flowering Heera-2 (EH2, an Eastern European
cultivar) and their two F1 reciprocal crosses (EH2xV and
VxEH2) were used in present study. The plants were grown
in a greenhouse having controlled growth condition of 14 h
light (24 °C), 10 h dark (20 °C) and 60% RH.

Quantitative measurement of morphological
characters

Morphological measurements were performed at two
developmental stages viz., (i) 30 days after germination, and
(i1) at 50% flowering stage (samples were collected for
metabolite profiling at this stage). We selected morpholo-
gical characters based on the recommendations of Interna-
tional Board for Plant Genetic Resources (IBPGR, Rome)
for Brassica descriptors, which include (1) plant height, (2)
leaf length, (3) petiole length, (4) leaf width, (5) number of
nodes, (6) lamina length, (7) primary branches, (8) sec-
ondary branches, (9) main shoot length, (10) number of
siliques on main shoot, (11) silique length on main shoot,
and (12) silique density/unit length of main shoot.

Targeted metabolite analysis

A targeted metabolite analysis to quantify the levels of
amino acids, sugars, phytohormones, glucosinolates, fla-
vonoids and phenolic esters was conducted for each geno-
type. Five tissues namely unopened flower buds (hereafter
buds), siliques, flag leaf, young leaf and mature leaf were
harvested in 50% flowering stage (around 60 days post
germination), from five independent biological replicates in
the morning hours, snap cooled in liquid nitrogen and stored
at —80 °C until further analysis was carried out.

Extraction of samples
B. juncea samples were freeze-dried and ground to fine
powder. About 10 mg of the powder was extracted with 1 ml

of 80% methanol solution containing 50 uM of intact 4-
hydroxybenzyl-GSL and 40ng of Dg-Jasmonic acid (HPC
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Standards GmbH, Cunnersdorf, Germany), 40 ng D,-salicylic
acid (Sigma-Aldrich, USA), 40ng Dg¢-abscisic acid (Santa
Cruz Biotechnology, Santa Cruz, USA) and 8 ng of Jasmonic
acid *Cg-isoleucine conjugate as internal standards. Jasmonic
acid *Cg-isoleucine conjugate was synthesized as described
by Kramell et al. (1988) using '*Ce-lle (Sigma-Aldrich,
USA). Samples were centrifuged, and the supernatant was
used for chemical analyses as detailed below.

Quantification of free amino acids

A 50l aliquot of the extract was diluted to a ratio of 1:10
(v:v) in water containing the 13C, BN labeled algal amino
acid mix (Isotec, Miamisburg, OH, USA). Amino acids in
the diluted extracts were directly analysed by LC-MS/MS
according to the protocol of Madsen et al. (2015) (Sup-
plementary Table S1). Chromatography was performed on
an Agilent 1200 HPLC system (Agilent Technologies,
Boeblingen, Germany) using Zorbax Eclipse XDB-C18
column (50 x4.6 mm, 1.8 um, Agilent Technologies). The
liquid chromatography was coupled to an API 5000 tandem
mass spectrometer (Applied Biosystems, Darmstadt, Ger-
many) equipped with a Turbospray ion source operated in
the positive ionization mode. The instrument parameters
were optimized by infusion experiments with pure standards
(amino acid standard mix, Fluka, St. Louis, USA). Analyst
1.5 software (Applied Biosystems, Darmstadt, Germany)
was used for data acquisition and processing.

Quantification of phytohormones

A 2l aliquot of the extract was subjected to LC-MS/MS
analysis for the quantification of phytohormones. Chroma-
tography was performed on an Agilent 1200 HPLC system
according to the protocol described by Vahabi et al. (2015).
Separation was achieved on a Zorbax Eclipse XDB-C18
column (50 x 4.6 mm, 1.8 um, Agilent). An API 5000 tan-
dem mass spectrometer equipped with a Turbospray ion
source was operated in negative ionization mode. The
instrument parameters were optimized by infusion experi-
ments with pure standards. Multiple reaction monitoring
(MRM) was used to monitor analyte parent ion — product
ion, according to supplementary Table S2. For the quanti-
fication of 12-oxophytodienoic acid (cis-OPDA), Dg-jas-
monic acid was used as the internal standard applying an
experimentally determined response factor (RF = 0.5).

Quantification of free sugars
A 50l aliquot of the extract was diluted in a ratio of 1:10
(v:v) in water. Sugars in the diluted extracts were directly

analyzed by LC-MS/MS. Chromatography was performed
on an Agilent 1200 HPLC system according to the protocol
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described by Madsen et al. (2015). Separation was achieved
on a HILIC-HPLC-column (apHera NH, Polymer;
15 x4.6 mm, 5 um, Supelco). The liquid chromatography
was coupled to an API 3200 tandem mass spectrometer
(Applied Biosystems, Darmstadt, Germany) equipped with
a Turbospray ion source operated in negative ionization
mode. The instrument parameters were optimized by infu-
sion experiments with pure standards viz., p-(+)-glucose,
D-(-)-fructose and sucrose (Sigma-Aldrich, USA).
D-(+)-glucose, b-(-)-fructose and sucrose were quantified by
external standard curves.

Quantification of glucosinolates

An 800 pl portion of the extract was loaded onto DEAE
Sephadex A 25 columns (flow through was collected for
further analysis of flavonoids and phenolic ester) and treated
with aryl sulfatase for desulfation (Sigma-Aldrich)
as described by Burow et al. (2006). The eluted desulfo
GSL were separated using Agilent 1100 HPLC system on
a reversed phase C-18 column (Nucleodur Sphinx RP,
250 x4.6 mm, 5pum, Machrey-Nagel, Diiren, Germany)
using water (solvent A)-acetonitrile (solvent B) gradient
(0-1 min, 1.5% B; 1-6 min, 1.5-5% B; 6—8 min, 5-7% B,
8-18 min, 7-21% B; 18-23 min, 21-29% B; 23-23.1 min,
29-100% B; 23.1-24 min 100% B and 24.1-28 min 1.5%
B; flow rate of 1.0 ml min_l). Detection was performed with
a photodiode array detector and peaks were integrated
at 229nm. For the quantification of individual GSL,
following response factors were used: aliphatic GSL, RF =
2; aromatic GSL, RF=2; and indolic GSL, RF=0.5
(Burow et al. 2006).

Quantification of flavonoids and phenolic esters

The flow-through fraction (800 ul) from DEAE Sephadex
column used for GSL extraction and the fraction from
washing the column with 800 ul 80% methanol (v:v) were
collected and combined for flavonoid and phenolic ester
analysis. Samples were separated on Agilent 1100 HPLC
system equipped with a C-18 reversed phase column
(Nucleodur Sphinx RP, 250x4.6 mm, 5um; Macherey-
Nagel, Diiren, Germany). The mobile phase consisted of
0.2% formic acid in water (v:v) (solvent A) and acetonitrile
(solvent B) used in gradient mode at a flow rate of 1 ml min~!
at 25°C. The gradient was as follows: 100% A (5 min),
0-45% B (15 min), 45-100% (0.1 min), 100% B (1.9 min),
and 100% A (3.9 min). The eluent was monitored by a pho-
todiode array detector at 330nm. The compounds were
identified based on UV visible absorption and mass spectra
from LC-MS analysis on a Bruker Esquire 6000 Ion Trap
mass spectrometer (LC conditions were the same as for
HPLC-UV analysis) by comparing them to the identified
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metabolites reported in the literature (Lin and Harnly 2010;
Lin et al. 2011; Table S3). Relative quantification of flavo-
noids and phenolic esters were performed by calculating peak
area per mg of dry weight in the UV chromatograms at
330 nm. For a number of flavonoids, conversion factors for
absolute quantification were determined based on an external
standard curve of quercitin—3-glucoside (Sigma-Aldrich,
Taufkirchen, Germany) applying a relative molar response
factor (RF = 1.0); and for some phenolic esters based on an
external standard curve of sinapic acid (Fluka, Buchs, Swit-
zerland) applying a relative molar response factor (RF = 1.0,
Table S3).

Statistical analysis

All the metabolites were analyzed in five biological repli-
cates and experimental results were expressed as mean +
standard deviation (SD). Metabolic data were log trans-
formed (log;y) to better resemble a normal distribution.
Principal component analysis (PCA) was performed in
order to check whether data reduction obtained through a
new set of variables (PCs) revealed any mode of inheritance
among inbreds and hybrids or gave any indication of mode
of inheritance in metabolites. When the heterosis is esti-
mated over the mid parent (mean value of the two parents) it
is known as mid parent heterosis (MPH); whereas when it is
estimated over better parent it is called better or best parent
heterosis (BPH). In the current study, we estimated MPH
only, which is one of the most adopted ways of reporting
heterosis (Melchinger et al. 2007). The MPH value was
calculated using the formula MPH = 100(F1—-MP/MP),
where MPH = mid parent heterosis, F1 = First filial gen-
eration and MP = mean of both parents (Lisec et al. 2011).
The MPH was plotted on XY axis to determine the devia-
tion from mid-parent value. Linear contrasts in ANOVA
model was used to compare hybrid vs mid-parent value (V
+ EH2/2 vs. EH2 xV, V + EH2/2 vs. V x EH2) for deter-
mination of heterotic mode of inheritance in metabolites
(Romisch-Margl et al. 2010). To compute the mid-parent
heterosis contrast, we utilized estimates of all four geno-
types and specified null hypothesis as described below:

P 4
Hop, :pg — = —

0,

2
q
=0
2 )

NSHIS I 8]

Ho,, :qp —

where “pq” and “gp” represents hybrids EH2 XV and V x
EH2 respectively, “p”’ the inbred EH2 and “q” the inbred V.

For visualization of differences between two inbred
parents, we computed linear contrast for parents (EH2 vs.
V) by specifying following null hypothesis:

Ho :p — g =0,

where “p” the inbred parent EH2 and “g” the inbred parent V.
The MPH and average of inbred parent’s linear contrasts
(LC) were used to decipher the heterosis effects. An additive
mode of inheritance was assumed when the F1 genotype
mean was not significantly different from the mean of the
parents. Morphological parameters were also compared by
linear contrast using one-way ANOVA (contrast: EH2 x V
vs. EH2; EH2 x V vs. V; VxEH2 vs. EH2; Vx EH2 vs. V;
EH2 vs. V) and MPH was estimated as described above.

Partial least square (PLS) regression modeling

The PLS regression modeling was performed to study the
relationship between metabolites and morphological char-
acters. PLS regression was conducted on log transformed data
with the PLS extension bundle of SPSS. Maximum numbers
of latent factors were fixed as 10. A suitable model was
selected based on latent factor which explained maximum
variance and have the highest adjusted R* value. For inter-
pretation of the PLS model, VIP (variable importance pro-
jection) scores were used, where VIP scores symbolized the
influence of each variable on the PLS model. VIP scores were
useful in determining the metabolites that primarily influenced
the morphological parameters (Hurtado et al. 2017). There-
fore, VIP scores of the selected model were used to find out
the most discriminatory metabolite for a specific morpholo-
gical parameter. VIP score of >1 was used for selecting the
discriminant metabolite for a specific trait. All statistical
analyses were performed with SPSS software package v.17.0
for Windows (SPSS Corporation, Chicago, Illinois, USA).

Results
Morphological parameters of B. juncea hybrids

The two contrasting inbred lines of B. juncea used in the current
study, namely Varuna and EH2, belong to two distinct and
genetically diverse gene pools of B. juncea (see EH2 vs. V linear
contrast in Table 1 and Table S4). The F1 hybrids obtained from
these inbred lines showed heterotic potential for various agro-
morphological characters during different developmental stages.
Most of the morphological characters analyzed at 30 days after
germination (DAG) showed positive MPH in both the F1 hybrids
(Table S4). Linear contrast analysis revealed high additive inheri-
tance in F1 (EH2x V), whereas non-additive inheritance was
observed for the F1 (VxEH2) hybrid. A high positive MPH
for characters was also observed at a later 50% flowering stage
(Table 1). Linear contrast of MPH showed that majority of char-
acters in both hybrids displayed an additive mode of inheritance (8
out of 12 parameters in EH2 x V and 7 out of 12 in VxEH2 in
Table 1). All the three tested reproductive characters (number of
siliques on main shoot, silique length on main shoot and silique

SPRINGER NATURE
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Table 1 Comparison of Trait Estimate of MPH LC for MPH Pair wise LC Average
morphological characters parent LC
between B. juncea inbred lines EH2xV VxEH2 EH2xV VxEH2 EH2xV EH2xV VxEH2 Vx EH2 vs. V
and reciprocal F1 hybrids during vs. EH2  vs. V vs. EH2 EH2 vs.
50% flowering stage \

PH 9.34 13.92 w3k ok - h** h* h** h#**

LL 11.33 23.97 * wE h* h* h#** h#** -

PL -5.03 17.91 0.854 0.056 I* h** - h** h#**

LW 5.54 20.58 0.329 ok - h** - h** h#**

NN 8.11 4.50 0.072 0.287 - h#** - h* h#**

LML 14.01 24.96 ok Hk h#** - h#** h** 1*

PB -1.12 -5.62 0.928 0.328 - - - - -

SB 5.93 26.48 0.536 wE - - h#** - I*

MSL -10.91 0.31 * 0.843 - I - - 1*

NSM -0.71 5.26 0.748 0.147 % h#** I* h#** h#**

SLMS 30.79 -9.77 0.664 0.664 % I h#** 1% %

SD 7.69 1.92 0.204 0.540 I* h** I h** h#**

Overall 8 ad 7 ad

pattern 4 nad 5 nad

*p<0.05; ¥*p <0.01; “~” non-significant (one-way ANOVA); direction of relationship denoted by “h” and

“1” (h = respective trait mean is high in first genotype, 1 = respective trait mean is low in first genotype)

MPH mid-parent heterosis, LC linear contrast, PH plant height, LL leaf length, PL petiole length, LW leaf
width, NN number of nodes, LML lamina length, PB primary branches, SB secondary branches, MSL main
shoot length, NSMS no. of siliques on main shoot, SLMS silique length on main shoot, SD silique density/
unit length of main shoot, ad additive inheritance; nad non-additive inheritance

density/unit length of main shoot) showed additive inheritance.
Further, pairwise linear contrast between F1 hybrids and parents at
50% flowering stage demonstrated that hybrids were significantly
different from their parents. Notably, when comparison was made
with the Indian parent (V) 9 out of 12 morphological characters
displayed a significant difference (p <0.05). In B. juncea, 50%
flowering stage was adopted in earlier studies to estimate the
agronomic performances of hybrids (Pradhan et al. 1993;
Ramchiary et al. 2007).

Levels of metabolites in B. juncea inbred lines and
F1 hybrids

Based on the above observations, five different tissue
samples representing key organs at the 50% flowering stage
were taken from the two reciprocal F1 hybrids and the two
inbred parents of B. juncea and used for targeted metabolite
profiling. A total of 48 metabolites were quantified
including 18 amino acids, 6 phytohormones, 3 sugars, 8
glucosinolates, 9 flavonoids and 4 phenolic esters. The level
and distribution of these metabolites in the two inbred lines
and F1 hybrids were found to vary across organs
(Table S6-S10).

Amino acids

The analysis method allowed the quantification of 18 amino
acids in B. juncea and the concentration of all amino acids

SPRINGER NATURE

was highest in flower buds followed by siliques and then the
leaf (Table S6). Gln was found to be present in highest
concentration (3012.2 to 541,753.6 nmol g~! dry wt) fol-
lowed by Glu, Pro, Ala, Ser, Asp, Thr, Val, His, Ile, Asn,
Leu, Phe, Met, Tyr, Lys, Arg and Trp (574 to
1452.25 nmol g~ 'dry wt). Buds and siliques did not show
any specific trend in amino acid concentrations, whereas in
flag leaf, young leaf and mature leaf, a total of ten (Thr, Glu,
Trp, Ser, His, Asn, Pro, Gln, Asp, Lys), nine (Glu, Trp, Ser,
Asn, Pro, Leu, Gln, Asp, Lys) and eight (Glu, Ser, Ile, His,
Pro, Phe, Asp, Tyr) amino acids of F1 hybrids were within
parental limits, respectively. However, few amino acids in
F1 hybrids also showed transgressive variation, outside the
parental range.

Phytohormones

Metabolic profiling of six phytohormones viz. salicylic acid
(SA), jasmonic acid (JA), abscisic acid (ABA), (-)-jasmo-
noyl-L-isoleucine  (JA-Ilel), (+)-7-iso-jasmonoyl-L-iso-
leucine (JA-Ile2) and cis-(+4)-12-oxo-phytodienoic acid
(cis-OPDA) was carried out. The concentration of SA, JA,
ABA, JA-Ilel and JA-Ile2 was higher in reproductive tis-
sues (floral buds and siliques), whereas cis-OPDA showed
highest concentrations in vegetative tissues (flag leaf, young
leaf and mature leaf) (Table S7). It was apparent that in
buds, except for SA, all other phytohormones in F1 hybrids
were within the parental limits, whereas, in siliques, only
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SA and ABA were within the parental range. No specific
trend was observed in foliar tissues.

Sugars

Sugar profiling identified three major free sugars viz. fruc-
tose, glucose and sucrose, wherein, fructose was present in
highest concentrations in all the plant organs studied (Table
S8). Among all organs, the highest concentration of these
sugars was observed in buds and siliques. The occurrence of
fructose and glucose in F1 hybrids was within the parental
range in young leaf, whereas other tissues exhibited trans-
gressive variation. Sucrose was present within the parental
limits across all the leaf tissues while showing transgressive
variation in bud and silique of F1 hybrids.

Glucosinolates (GSL)

In total, eight GSL were detected in metabolite profiling,
among which 3-butenyl GSL was found at highest con-
centration in all plant tissues followed by allyl GSL and
4-pentenyl GSL (Table S9). The non-aliphatic GSL namely,
Indol-3-ylmethyl ~ (I3M),  4-Hydroxyindol-3-ylmethyl
(40HI3M), 4-Methoxyindol-3-ylmethyl (4MOI3M) and
2-Phenylethyl (2-PE) were relatively low in abundance.
Unlike  other  metabolites, most GSL, except
5-methylsulphinylpentyl (SMSOP), were not preferentially
localized in any specific plant part. While Varuna accu-
mulates the highest concentration of 3-butenyl GSL and
allyl GSL in all plant parts, most GSLs were either absent or
present in very low concentrations in the EH2 inbred line.
The allyl GSL and 3-butenyl GSL content of F1 hybrids
was within the parental ranges in the flag, young and mature
leaf whereas bud and silique showed transgressive variation
(Table S9).

Flavonoids and phenolic esters

We detected a total of 13 flavonoids and phenolic esters in
B. juncea of which 10 compounds were identified each in
flag leaf, young leaf and mature leaf, whereas only seven
were identified in buds and siliques (Table S10). Two fla-
vonoids, quercetin-glucoside-rhamnoside (QN-GR) and
isorhamnetin-glucoside-rhamnoside (IS-GR) were unique to
buds. Phenolic esters sinapic acid glucoside (S-G) and
isorhamnetin-3-glucoside (IS-G) and a flavonoid sina-
poylferuloylgentiobiose (SF-GB) occurred in all five plant
organs. Five flavonoids namely, kaempferol-3-hydro-
xyferuloylsophoroside-7-glucoside (KM-HFSG), kaemp-
ferol-3-sophorotrioside-7-glucoside (KM-STG), kaempferol-
3-glucoside-7-glucoside (KMGGQG), kaempferol-3-fer-
uloylsophoroside-7-glucoside (KM-FSG) and a phenolic

ester, hydroxyferulic acid glucoside (HF-G) were observed
only in leaf tissues. It was notable that isorhamnetin deri-
vatives were only found in buds and siliques, while
kaempferol derivatives were present only in leaf. Interest-
ingly, among the three leaf tissues, the flag leaf revealed
increased abundance of all the kaempferol derivatives. Four
compounds {isorhamnetin-3-glucoside-7-glucoside  (IS-
GG), S-G, IS-GR and IS-G} out of six were within parental
limits in the F1 hybrids while two others showed trans-
gressive variation. Among the four genotypes, EH2 had a
higher concentration of flavonoids and phenolic esters in all
plant tissues except siliques. In flag leaf, the concentration of
four flavonoids (KM-HFSG, KM-GG, KM-SSG, S-G,) and
a phenolic ester (KM-SSG) was within parental range while
other tissues displayed transgressive variation (Table S10).

Principal component analysis of metabolic data

We performed principal component analysis (PCA) on log),
transformed metabolite data (of all 48 metabolites) from the
five different tissues of B. juncea. The first two components
(PC1 and PC2) explained 49.4-60.8% of the variability
across all the developmental tissues (Table S11).

The PCA factor loading plot (Fig. 1a) of the first two PCs
of bud samples clearly separated F1 hybrids (EH2 x V and
V xEH2) from their inbred parents (EH2 and V), where
both F1 hybrids were clustered together and are separated
from both inbred parents, forming their own clusters. PCA
factor loading revealed that Ala, Ser, Pro, Val, Thr, Ile, Leu,
Met, Arg, Tyr, Lys, cis-OPDA and glucose were highly
correlated with PC1; while Phe, 3-butenyl GSL, IS-GG, JA,
JA-Ilel, JA-Ile2 were highly correlated with PC2 (Table
S12). In the PCA loading plot (Fig. 1b) of the first two PCs
of siliques, hybrids clustered together while inbred parents
formed their own separate clusters. However, the separation
was not as clear as for buds. The metabolites Ala, Ser, Val,
Thr, Ile, Phe, Arg, Tyr, Asn, Gln, SA, fructose and glucose
were highly correlated with PC1; while Glu, IS-GG, S-G,
SHF-GB, JA-Ile2, 4-OHI3M GSL, 4-pentenyl GSL and
I3M GSL were highly correlated with PC2 (Table S13).

PCA analysis of metabolites was also performed in the
three leaf tissues (flag, young and mature leaf). The PCA
loading plot (Fig. 2a) of the first two PCs of flag leaf
clustered hybrids together, whereas inbred parents formed
separate clusters. The plot showed that hybrids were located
closer to the Indian parent (Varuna). PCA factor loading
revealed that Ser, Pro, Asp, Glu, Trp, Asn, Gln, allyl, 3-
butenyl GSL, KM-HFSG, KM-STG, KM-GG, KM-SSG,
KM-FSG, S-G, SHF-GB, IS-G, SF-GB, fructose and
sucrose were highly correlated with PC1; while Leu, Phe,
Tyr and ABA were highly correlated with PC2 (Table S14).
The PCA loading plot (Fig. 2b) of the first two PCs of
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Fig. 1 PCA loading plot of metabolites in B. juncea showing separa-
tion of hybrids (EH2 x V and V x EH2) from inbreds (EH2 and Var-
una) in a bud and b silique. Orange box represents metabolites and
blue box represents lines (n=15). The variability for each principal

young leaf revealed a clustering of hybrids and inbreds,
wherein hybrids formed a distinct cluster separated from
their inbred parents. The hybrids were located towards the
center of inbreds, but closer to one of the parents (Varuna).
A high correlation was observed with PC1 in metabolites
Ser, Pro, Ile, Asp, Glu, Gln, allyl GSL, 3-butenyl GSL, I3M
GSL, KM-HFSG, KM-GG, KM-SSG, S-G, SHF-GB, and
IS-G, while Val, ABA and sucrose were highly correlated
with PC2 (Table S15). In the PCA loading plot (Fig. 2¢) of
the first two PCs of mature leaf, hybrids clustered together
between the two inbred lines. In mature leaf, Ser, Pro, Ile,
Leu, Asp, Glu, Phe, Tyr, Gln, allyl GSL, I3M GSL, KM-
SSG GSL, S-G and JA were highly correlated with PC1,
while KM-STG, KM-GG and KM-FSG were highly cor-
related with PC2 (Table S16).
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PC1 (34.48 %)

component is depicted in parenthesis and provided as supplementary
Tables S12-S13. The hybrids are grouped separately from their inbreds
(marked as circles)

Mid-parent heterosis of metabolites in F1 hybrids

The mid-parent heterosis (MPH) of hybrids from parental
means for all the tested metabolites was investigated
across the five developmental tissues. Most metabolites
showed negative MPH values in all tested plant tissue
types of the two F1 hybrids of B. juncea (Fig. 3), except in
buds of the V x EH2 hybrid wherein most of the identified
metabolites showed positive MPH (Table S17). We fur-
ther made a comparison of MPH observed for each of the
primary and secondary metabolite classes across devel-
opmental tissues of the two F1 hybrids. Negative MPH
values were obtained for amino acids in both F1 hybrids.
Four amino acids (Val, Thr, Phe, and Tyr) in the EH2xV
hybrid, and three amino acids (Asp, Glu, and Gln) in the
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Fig. 2 PCA loading plot of metabolites in B. juncea showing separa-
tion of hybrids (EH2 x V and V x EH2) from inbreds (EH2 and Var-
una) in a flag leaf, b young leaf, and ¢ mature leaf. Orange box
represents metabolites and blue box represents lines (n=35). The

VxEH2 hybrid showed negative MPH values in all five
developmental tissues (Fig. 3; Table S17). A mixed trend
of MPH (both negative and positive MPH observed) was
evident for occurrence of phytohormones in both the F1
hybrids (Table S17). Interestingly, among sugars, fructose
indicated negative MPH values in almost all tissues types

PC1 (37.11 %)

variability for each principal component is depicted in parenthesis and
provided as supplementary Tables S14-16. The hybrids are grouped
separately from their inbreds (marked as circles)

of both the F1 hybrids. Glucose and sucrose exhibited
both positive and negative trends in MPH depending upon
tissue type and hybrid (Fig. 3; Table S17). A mixed pat-
tern of MPH values was observed for GSL metabolites
across all the five developmental tissues of both the F1
reciprocal hybrids (Fig. 3; Table S17). The aliphatic GSL,
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Fig. 3 Plot showing deviation of mid-parent heterosis (MPH) from
mid-parent value at five developmental tissues namely, a buds,
b siliques, ¢ flag leaf, d young leaf, and e mature leaf. Each bar
represents average deviation of hybrids from MPH value provided in
Supplementary Table S18. Values within (—) 20% to (+) 20% MPH
are only depicted in the figure. ABA, abscisic acid; cis-OPDA, cis-12-
Oxo-Phytodienoic acid; JA, jasmonic acid; JA-Ilel, (-)-jasmonoyl-L-
isoleucine; JA-Ile2, (4)-7-iso-jasmonoyl-L-isoleucine; SA, salicylic
acid; Allyl, allyl isothiocyanate; I3M, indol-3-ylmethyl; 4MOI3M,
4-Methoxyindol-3-ylmethyl;  5-MSOP,  5-methylsulphinylpentyl;

3-butenyl GSL and 4-pentenyl GSL showed positive
heterosis across five developmental tissues of both the F1
hybrids, whereas allyl GSL displayed positive MPH
values across four developmental tissues. Out of ten fla-
vonoids and phenolic esters detected in the leaf, seven
(HF-G, KM-HFSG, KM-STG, KM-GG, KM-SSG, KM-
FSG, and S-G) had negative MPH values in both F1
hybrids (Fig. 3; Table S17). However, in buds and sili-
ques, these compounds displayed a mixed pattern of MPH
values in both the crosses. S-G is a common phenolic
ester that showed negative MPH values in both F1 hybrids

SPRINGER NATURE

4-OHI3M, 4-Hydroxyindol-3-ylmethyl; 2PE, 2-Phenylethyl; HF-G,
hydroxyferuloylglucose; 1S-G, isorhamnetin 3-glucoside; IS-GG, iso-
rhamnetin 3-glucoside-7-glucoside; IS-GR, isorhamnetin glucoside-
rhamnoside; KMFSG, kaempferol 3-feruloylsophoroside-7-glucoside;
KMGG, kaempferol 3-glucoside-7-glucoside; KMHFSG, kaempferol
3-hydroxyferuloylsophoroside-7-glucoside; KMSSG, kaempferol
3-sinapoylsophoroside-7-glucoside; KMSTG, kaempferol 3-sophoro-
trioside-7-glucoside; QN-GR, quercetin glucoside-rhamnoside; SF-
GB, sinapoylferuloylgentiobiose; SH-FGB, sinapoylhydroxyfer-
uloylgentiobiose; S-G, sinapoylglucose

in all developmental tissues and can be a potential can-
didate for detecting negative MPH in Brassica. The
negative MPH values of flavonoids and phenolic esters
were significantly higher (ranging from 0 to —74.848)
compared to amino acids and sugars (ranging from 0 to
—10.086) (Table S17).

Mode of inheritance analysis

To dissect the mode of inheritance of metabolites in F1
hybrids, linear contrasts in ANOVA model was used to
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compare the levels of metabolites between hybrid and
parental mean (EH2xV vs. (V+EH2)/2; VxEH2 vs.
(V + EH2)/2). Metabolites displayed both additive and non-
additive mode of inheritance in B. juncea F1 hybrids
(Table 2). Notably, the numbers of metabolites showing an
additive mode of inheritance were higher in buds and sili-
ques (52.77-97.14%) compared to leaf tissue (47.37-80%)
in both reciprocal F1 hybrids. Additive mode of inheritance
was observed in buds and siliques for more than 85%
metabolites except for metabolites of V xEH2 hybrid,
which revealed additive mode of inheritance in 51.42%
cases. Similarly, higher additive mode of inheritance was
also detected in young and mature leaf tissues (53.85-80%)
compared to the flag leaf (47.3%). To visualize the differ-
ences between two inbred parents, a linear contrast in
ANOVA model was also performed between two inbred
lines (EH2 vs. V). It was observed that 51.28, 29.72, 63.16,
39.02, and 64.86% metabolites were significantly (p < 0.05)
different in the bud, silique, flag leaf, young leaf and mature
leaf, respectively, between the two inbred parents (Table
S18). Non-additive behavior was mainly shown by flavo-
noids and phenolic esters in case of foliar tissues (Table 2).
Flag leaf showed non-additive mode of inheritance in both
hybrids for almost all flavonoids and phenolic esters.
Among GSL, 3-butenyl GSL and 4-pentenyl GSL demon-
strated non-additive behavior in almost all tissues (Table 2).

Covariation of metabolites and morphological
parameters by PLS regression

PLS regression was performed to investigate the covariance
between the metabolites and morphological traits. The ana-
lysis revealed preferential association of primary and sec-
ondary metabolites with morphological parameters of hybrid
and inbred lines, respectively (Tables 3, 4; Table S19-S28).
In buds, primary metabolites (Ala, Ser, Pro, Val, Thr, Ile, His,
Phe, Trp, fructose, and glucose) displayed higher positive
association with morphological parameters in hybrids (Tables
3, S19), whereas secondary metabolites, particularly jasmo-
nates and flavonoids displayed higher positive association
with morphological parameters in inbreds (Table S20). The
preferential association of metabolites with morphological
parameters were not clearly visible in silique. Most of the
secondary metabolites of inbred siliques showed positive
association with morphology (Table S22).

Among foliar tissues, differential association of second-
ary metabolites with morphological parameters was quite
visible in flag leaf (Tables 3, S23, and S24). In flag leaf of
inbreds, secondary metabolites (allyl GSL, 3-butenyl GSL,
4-pentenyl GSL, KM-HFSG, KM-STG, KM-GG, KM-
SSG, KM-FSG, S-G, SHFGB, ISG, and SFGB) displayed
both negative and positive association with morphological
parameters, in equal proportion. In young leaf, differential

association of metabolites was not clearly visible (Tables 3,
S25 and S26). Secondary metabolites in hybrids displayed
negative relationship with morphological parameters, in
contrast to inbreds that showed positive association. Mature
leaf also exhibits comparatively higher and positive asso-
ciation of secondary metabolites with morphological para-
meters in inbreds compared to hybrids (Tables S27 and
S28). Mature leaf displayed comparably higher association
of primary metabolites with morphological parameters in
hybrids.

Detailed association of morphological parameters with
specific metabolites are described in Table 4. Among dif-
ferent class of metabolites, Ser and Pro in amino acids;
ABA in phytohormones; sucrose in sugars; 3-butenyl in
GSL; and KM-SSG, KM-HFSG, S-G, KM-GG, and SFGB
in flavonoids and phenolic ester, displayed higher associa-
tion with morphological parameters (Tables 4, S19-S28).

Discussion

Heterosis is a complex genetic phenomenon wherein hybrids
show superior performance over their parental inbred lines.
Indian oilseed mustard, B. juncea (AjAijBj, 2n =136) is an
allotetraploid species that originated from natural hybridi-
zation of two diploid progenitors, B. rapa (A'A", 2n = 20)
and B. nigra (B"B", 2n = 16). The importance of B. juncea
as an oilseed crop is growing globally due to its unique and
favorable traits, such as resistance to biotic and abiotic
stresses and low rate of pod shattering. Prior efforts have
significantly increased the seed yield and quality traits
(Augustine et al. 2014; Wei et al. 2016) but more genetic
improvement is necessary (Grover and Pental 2003).

Earlier studies have provided some insights into the
mode of inheritance of metabolites in hybrids of maize
(Romisch-Margl et al. 2010; Lisec et al. 2011; Meyer
et al. 2012; Wang et al. 2014), rice (Ma et al. 2011) and
Arabidopsis (Korn et al. 2010). However, metabolite
analysis in these studies was limited to a single tissue type
during early stages of plant development. To get a better
insight of metabolite inheritance, we conducted a detailed
analysis of primary and secondary metabolites in both
vegetative and reproductive tissue types during 50%
flowering stage in oilseed B. juncea. Our data showed
significant difference in morphological parameters for
both vegetative and reproductive characters at 50%
flowering (Table 1). We therefore compared the metabo-
lite profiles of hybrids and parental lines at this stage to
identify differences in a range of primary and secondary
metabolites and to ascertain the predominant mode of
metabolite inheritance during heterosis and dynamics
involved therein. The key information obtained in this
study has been summarized in Fig. 4.

SPRINGER NATURE
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Table 2 Mode of inheritance analysis in B. juncea metabolites (additive and non-additive effects)

Trait Buds Siliques Flag leaf Young leaf Mature leaf

p value p value p value p value p value p value p value p value p value p value

(EH2 x V) (V x EH2) (EH2 x V) (VxEH2) (EH2 x V) (V x EH2) (EH2 x V) (V x EH2) (EH2 x V) (V x EH2)
Ala 0.491 0.300 0.881 <0.05 0.065 0.119 0.094 0.206 0.793 0.478
Ser 0.461 0.162 0.580 <0.05 <0.05 0.052 0.102 0.811 0.890 0.702
Pro 0.261 0.069 0.979 0.651 0.732 <0.05 0.884 <0.05 0.556 <0.05
Val 0.461 0.148 0.834 <0.05 0.111 0.229 0.440 0.052 0.359 0.187
Thr 0.418 0.191 0.763 <0.05 0.641 <0.05 0.699 0.144 0.664 0.105
Tle 0.626 0.099 0.148 <0.05 0.857 0.987 0.075 <0.05 0.358 0.635
Leu 0.617 0.209 0.306 <0.05 0.126 <0.05 0.531 0.355 0.503 0.229
Asp 0.754 0.742 0.475 <0.05 0.352 0.272 0.977 <0.05 0.187 0.163
Glu 0.389 0.601 0.499 0.085 0.197 0.242 0.481 <0.05 0.981 0.062
Met 1.00 0.099 0.211 0.073 nd nd nd nd nd nd
His 0.813 <0.05 0.493 <0.05 0.793 <0.05 0.833 0.541 0.415 0.980
Phe 0.711 <0.05 0.188 0.067 <0.05 <0.05 <0.05 <0.05 <0.05 0.308
Arg 0.236 0.810 0.072 <0.05 nd nd nd nd nd nd
Tyr 0.366 0.255 0.146 <0.05 0.055 0.100 0.181 <0.05 0.773 0.097
Trp 0.532 <0.05 0.578 0.207 0.795 <0.05 0.743 0.757 <0.05 <0.05
Asn 0.428 0.951 0.581 <0.05 0.619 0.440 0.715 0.946 0.519 0.983
Gln 0.054 0.385 0.298 <0.05 <0.05 0.180 0.221 0.182 0.847 0.444
Lys 0.635 0.094 0.352 0.084 0.528 0.472 1.000 0.458 0.932 0.152
SA 0.680 0.611 0.096 <0.05 0.894 0.446 <0.05 <0.05 <0.05 <0.05
JA 0.060 0.341 0.712 0.150 <0.05 <0.05 0.609 0.654 0.828 0.072
ABA 0.480 0.763 <0.05 0.453 <0.05 <0.05 0.152 <0.05 0.976 0.210
JA-Tlel 0.929 0.338 0.214 0.417 0.374 0.374 0.198 0.195 0.287 0.592
JA-Tle2 0.229 0.604 0.629 0.284 0.252 0.120 0.155 0.552 0.717 0.099
cis-OPDA 0.068 0.648 0.141 0.554 <0.05 0.988 <0.05 0.066 0.361 0.072
Fructose 0.983 0.156 0.207 <0.05 <0.05 0.055 0.500 0.919 <0.05 0.425
Glucose 0.834 0.070 0.109 <0.05 0.052 0.155 0.106 0.177 0.282 0.843
Sucrose 0.515 0.247 0.587 <0.05 0.056 0.309 0.678 0.166 <0.05 0.567
Allyl GSL nd nd nd nd <0.05 <0.05 0.374 0.374 0.196 <0.05
3-butenyl <0.05 0.127 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
GSL
4-pentenyl nd nd nd nd <0.05 <0.05 0.07 0.07 <0.05 <0.05
GSL
5-MSOP nd nd nd nd nd nd nd nd nd nd
GSL
4-OHI3M 0.958 <0.05 0.634 0.288 nd nd 0.705 0.705 0.656 0.438
GSL
I3M GSL nd nd <0.05 0.506 nd nd 0.178 1 0.078 0.100
2PE GSL nd nd nd nd nd nd nd nd nd nd
1S-GG 0.711 0.966 0.197 0.848 nd nd nd nd nd nd
S-G 0.070 0.416 0.676 0.687 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
QN-GR 0.387 0.371 nd nd nd nd nd nd nd nd
IS-GR 0.193 0.667 nd nd nd nd nd nd nd nd
1S-G 0.867 0.346 0.263 0.667 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
SF-GB 0.413 0.073 <0.05 0.948 <0.05 <0.05 0.895 <0.05 0.502 <0.05
SHF-GB nd nd <0.05 0.219 <0.05 <0.05 <0.05 <0.05 nd nd
HE-G nd nd nd nd <0.05 <0.05 0.345 <0.05 0.379 0.285
KM-HFSG nd nd nd nd <0.05 0.070 0.427 <0.05 0.236 <0.05
KM-STG nd nd nd nd <0.05 <0.05 0.631 <0.05 <0.05 <0.05
KM-GG nd nd nd nd <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
KM-SSG nd nd nd nd <0.05 <0.05 0.061 <0.05 <0.05 <0.05
KM-FSG nd nd nd nd <0.05 <0.05 0.368 <0.05 0.266 <0.05
Overall 34 ad 31 ad 30 ad 18 ad 18 ad 18 ad 32 ad 21 ad 27 ad 25 ad
pattern 1 nad 4 nad 5 nad 17 nad 20 nad 20 nad 8 nad 19 nad 12 nad 14 nad

Additive: p > 0.05; Non-additive: p <0.05; ad, additive mode of inheritance; nad, non-additive mode of inheritance (values are bold faced); nd, not

detected or insufficient data for analysis

Reproductive tissues accumulate higher levels of
primary metabolites in B. juncea

Metabolite profiling of both inbred parents and F1 hybrids
suggests that reproductive tissues, in general, displayed

significantly higher level of all the investigated primary

SPRINGER NATURE

metabolites (amino acids and sugars) compared to vegeta-
tive tissues. On the other hand, secondary metabolites
(phytohormones, glucosinolates, flavonoids, and phenolic
esters) revealed a mixed trend of distribution across dif-
ferent tissue types (Fig. 4). Higher accumulation of amino
acids in reproductive tissues correlates with higher nitrogen
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Fig. 4 Summary describing
inheritance of primary and
secondary metabolites in the
hybrids of oilseed crop B.
juncea. The figure integrates
different datatypes and statistical
analyses presented in the results.
ABA, abscisic acid; cis-OPDA,
cis-12-Oxo-phytodienoic acid;
JA, jasmonic acid; JA-Ilel,
(-)-jasmonoyl-L-isoleucine; JA-
Ile2, (+)-7-iso-jasmonoyl-L-
isoleucine; SA, salicylic acid;
Allyl, allyl isothiocyanate; 5-
MSOP, 5-
methylsulphinylpentyl; HF-G,
hydroxyferuloylglucose; 1S-G,
isorhamnetin 3-glucoside; IS-
GG, isorhamnetin 3-glucoside-
7-glucoside; 1S-GR,
isorhamnetin glucoside-
rhamnoside; KMFSG,
kaempferol 3-
feruloylsophoroside-7-
glucoside; KMGG, kaempferol
3-glucoside-7-glucoside;
KMHEFSG, kaempferol 3-
hydroxyferuloylsophoroside-7-
glucoside; KMSSG, kaempferol
3-sinapoylsophoroside-7-
glucoside; KMSTG, kaempferol
3-sophorotrioside-7-glucoside;
QN-GR, quercetin glucoside-
rhamnoside; SF-GB,
sinapoylferuloylgentiobiose;
SH-FGB,
sinapoylhydroxyferuloylgentio-
biose; S-G, sinapoylglucose

VARUNA
W)
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| TARGETED METABOLOMICS

Aming acids; Phytohormones; Sugars;

Blucosinolates; Flavonoids & Phenlic ester

| DATA ANALYSIS

v Principal component analysis (PCA)
v linear contrast in ANOVA model

v Partial least square regression (PLS)

| DISCRIMINATING METABOLITES

BETWEEN HYBRID AND INBRED
v Ser (5 tissues)

v'Pra, lle, Tyr, Phe, Bln, Blu, S-G (4 tissues)

v Asp, Leu, SHF-GB, KM-GE, KM-SSE. allyl GSL.
3-butenyl, [3M (3 tissues)

MID PARENT HETEROSIS (MPH)
v'Most metabolites: Negative MPH

v Highly negative MPH: Flavonoids &
phenlic ester & Glucosinolates (indole)

MODE OF INHERITANCE

v'Most metaholites: Additive (more
prevalent in reproductive tissug)
v'Non-additive in leaf tissues for Flavonoids
& phenolic esters

| PLS REGRESSION OF

METABOLITE & PLANT
MORPHOLOGY

v Havonoids & phenolic ester (influence on
morphology): KM-SSG >KM-HFSG>S-G>KM-
BG>SFGB>ISGE>ISE >KMFSG

v Aminoacids (influence on morphology):
Pro>Ser>Gin>Asp

v Secondary metabolites more associated
with morphology in inbred parents

v Primary metabolites more associated with
hybrids
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INBRED 2
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ﬂ F1 HYBRID
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Siligues(S)

Buds (B)

Young Leaf (YL)

METABOLITE LEVELS IN PLANT TISSUES
v Amino acids: Bud >Silique > Leaf tissues (Gln> Glu> Pro> Ala > Ser> Asp> Thr >Val>His > [le> Asn >
Leu > Phe> Met >Tyr > Lys >Arg >Trp).
v Phytohormones: Bud and Silique (High): SA. JA, ABA, JA-llel and .JA-le2
Leaf Tissues (FLYL & ML): cis-OPDA
v Sugars: Bud and Silique > Leaf tissues (Fructose>Glucose >Sucrose)
v Blucosinolates: SMSOP (present only in bud and silique). 3-butenyl > allyl > 4-pentenyl (present in
ll tissues).
v Flavanoids and phenolic esters: Bud: S-GE, S-5, ON-GR, IS-GR, SF-GB, IS-G: Silique: 1S-GE, S-6.
SF-GB, IS-E. SHFGH; Leaf tissues: KM-HFSG, KM-STE, KMGE, KM-FSE.F-G, S-E. IS-G. SF-GB.

demand of developing flowers, which has a significant
consequence with respect to flower setting, amount of floral
abortion, pollen and embryo development and seed pro-
duction. Pollen development represents a major sink for
nitrogen in developing flowers, and it must be imported
from source organs such as leaves (Lee and Tegeder 2004).
Reproductive tissues also exhibited higher sugar accumu-
lation, which is vital as plants undergo transition from
vegetative to reproductive stage in such a manner that
sufficient carbohydrate resources are available to support

SPRINGER NATURE

the energy intensive processes of flowering and seed pro-
duction (Wahl et al. 2013).

Key metabolites discriminating inbreds from F1
hybrids

Some metabolites were more important than others in
shaping the overall mode of metabolite inheritance in F1
hybrids. Factor loading in PCA revealed that the amino
acid, Ser is the most important metabolite in all five
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developmental tissues (Figs. 2, 3). Ser is an important
amino acid serving as an essential constituent of proteins,
and a substrate for the biosynthesis of phosphatidylserine
and Trp, and Trp-derived secondary metabolites such as
auxin and indolic glucosinolates (Benstein et al. 2013). The
amino acids Pro, Ile, Tyr, Phe, Gln, Glu, and phenolic ester
S-G contribute to the differences in four developmental
tissues whereas Asp, Leu, SHF-GB, KM-GG, KM-SSG,
allyl GSL, 3-butenyl GSL and I3M GSL contribute in three
developmental tissues. Further, PLS regression analysis
(Tables 3, 4) revealed that amino acids, flavonoids and
phenolic esters are important contributors in morphological
trait development (Fig. 4). Amino acids Pro>Ser>GIn>Asp
(in order of importance) are the most important contributors
to plant morphology. Among flavonoids and phenolic ester,
KM-SSG>KM-HFSG>S-G>SFGB>ISGG>ISG>KMFSG
seem to have high association with plant morphology.
Differential distribution of these metabolites suggests that
their concentrations could play important roles in causing
heterosis in hybrids. In maize, Romisch-Margl et al. (2010)
reported strong heterotic mode of inheritances for Ser, Glu,
Asn, and sucrose. Notably, amino acids, in general, repre-
sent a key class of primary metabolites that has a potential
to be used as “heterotic biomarkers” in different crops. In
previous studies, Lorenz (1972, 1975) made use of differ-
ences in concentration of seven amino acids (Asp, Glu, Gln,
Gly, Ala, Ser, and sarcosine) between inbred parents as a
biomarker for hybrid yield in maize. Studies over the last
decade on the role of metabolic markers in plant perfor-
mance have been reviewed by Fernandez et al. (2016).

Reproductive tissues predominantly display
additive mode of metabolite inheritance

Using genetic analysis, Shi et al. (2011) reported that a
dynamic and complex genetic network regulates yield het-
erosis in rapeseed (B. napus L.), shaped by additive and non-
additive modes of inheritance, and epistatic interactions. Our
data (Table 2) also demonstrates that both additive and non-
additive modes of metabolite inheritance exist in B. juncea
hybrids. Notably, the reproductive tissues, especially buds,
displayed a higher preference for additivity for most of the
tested metabolites (Fig. 4). Non-additive mode of inheritance
was mainly restricted to secondary metabolites (GSLs and
phenolic esters and flavonoids) in leaf tissues. PCA loading
plots of metabolites, specifically from the buds clearly
separated the parental inbred lines from their hybrids,
wherein hybrids clustered together between the two parental
clusters, indicating additivity (Wang et al. 2014). Since B.
Jjuncea is an oilseed crop, the higher additivity of metabolites
in reproductive tissues may result in higher oilseed content
of the hybrids, even under fluctuating environmental

conditions. Further, our analysis also separated the two
parental B. juncea inbreds, which originated from two dif-
ferent geographic areas (India and Europe) into two different
clusters. These results demonstrate the metabolic distinc-
tiveness of the two gene pools, which correspond well with
various morphogenetic studies reported in B. juncea (Prad-
han et al. 1993; Ramchiary et al. 2007).

Hybrids favor growth by modulating secondary
metabolism

In the present study, the MPH values in B. juncea F1
hybrids for secondary metabolites such as indolic GSL,
flavonoids and phenolic esters were found to be more
negative in comparison to primary metabolites (amino acids
and fructose) (Fig. 4). Phe and Tyr are the most frequent
amino acids, which showed negative MPH that can be
correlated with lower flavonoid levels, as deamination of
Phe is a primary step in flavonoid biosynthesis pathway.
PLS regression analysis further emphasized the role of
secondary metabolite dynamics. Our data revealed a pre-
dominantly higher positive association of secondary meta-
bolites in parents with morphological parameters as
compared to hybrids, especially in case of buds. Among
secondary metabolites, flavonoids play important role in
stress response and act as negative regulators of auxin
transport in vivo (Petrussa et al. 2013; Brown et al. 2001;
Peer et al. 2004). Shen et al. (2012) showed that genes
involved in flavonoid biosynthesis are repressed in hybrids
of A. thaliana and was associated with increased DNA
methylation in intraspecific hybrids. According to Miller
et al. (2015), stress-responsive genes are repressed in
hybrids under normal conditions but are induced to mid-
parent or higher levels under stress at certain times of the
day, thus balancing “trade-off” between stress response and
growth. This diurnal repression of stress-responsive genes
was further substantiated by repression of circadian oscil-
lator genes CIRCADIAN CLOCK ASSOCIATEDI and
LATE ELONGATED HYPOCOTYL (Shen et al. 2012;
Miller et al. 2015). The higher proportion of negative MPH
observed for flavonoids and phenolic esters in B. juncea
hybrids might reflect a reduction in basal defense and stress
responses under normal growth conditions, thereby favoring
the better growth of the hybrids.

Among the glucosinolates, the aliphatic GSL (allyl GSL,
3-butenyl GSL, and 4-pentenyl GSL) displayed positive MPH
values, but the indolic GSL (I3M GSL) had highly negative
MPH values in most of the developmental tissues of the two
F1 hybrids (Fig. 4). It has been generally observed that indolic
GSL are much more stress responsive than aliphatic GSL
(Textor and Gershenzon 2009). Groszmann et al. (2015) also
reported down regulation of indolic GSL in A. thaliana
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hybrids and they concluded that blocking the production of
indole-derived secondary metabolites leads to elevated levels
of indole-3-acetic acid (IAA) via an accumulation of indole-3-
acetaldoxime (IAOX) and subsequently an increased flow
through the TAOX — indole-3-acetamide (IAM) — IAA
route. Thus, the GSL composition in the F1 hybrids is also
consistent with the trend that stress responsive metabolites
have more negative MPH values. In addition, negative MPH
for SA in bud, silique and flag leaf was also observed in this
study. Groszmann et al. (2015) observed that altered expres-
sion in the hybrids leads to down regulation of SA bio-
synthesis pathway and increase in auxin biosynthesis. ABA,
which is commonly known as the “stress hormone”, also
exhibit negative MPH in all the developmental tissues.
Overall, the metabolic profiles of the two reciprocal F1
hybrids appear to show that growth is favored in hybrids by
altering secondary metabolite production. This underpins the
importance of resource ‘trade-offs’ between growth and
defense metabolites (Kleessen et al. 2014) during heterosis in
B. juncea.

Overall, our study unravels the presence of a complex
inheritance pattern of primary and secondary metabolites
across developmental tissues in B. juncea hybrids, which is
coordinately governed by additive and non-additive modes
of inheritance, and alteration of secondary metabolism to
favor plant growth in hybrids. However, analysis of other
key metabolites such as lipids, starch, oil, and other storage
substances could also be undertaken to get better insight
into metabolic controls in B. juncea hybrids. In addition,
information from different omics platforms, circadian
rhythms, photosynthetic capacity, respiration, and flux
measurements can be integrated to provide the system level
information about molecular mechanisms that switch “on”
and “off” growth in different tissues of the plant.
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